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Encapsulation of Sr-loaded Titanate Spent Adsorbents in Potassium
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Titanate adsorbents have been used to remove Sr radioisotopes from contaminated water at
the Fukushima Daiichi Nuclear Power Station site. This process leads to the generation of
spent adsorbents, which require stabilization for long term storage and disposal.

On

Geopolymers are candidates for matrices to achieve this consolidation. However, more data
are needed to assess the leaching behavior of Sr from the adsorbents embedded in a

ly

geopolymer matrix. In this study, leaching experiments and observations of Sr the distribution
of spent titanate adsorbent embedded in geopolymers, loaded with Sr at realistic
concentrations were conducted. The experimental results illustrate that only 0.75 % of the Sr
was leached out from a K-geopolymer loaded with 30 % (by solid weight) of spent adsorbent
after 360 days of immersion in deionized water. From the observations of Sr distributions by
electron and isotope microscopy, Sr remained in the titanate adsorbent and did not diffuse into
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the geopolymer matrix. Leaching of Sr (loaded at a similar concentration) from the
K-geopolymer without the adsorbent was also limited, only 0.05 % after 360 days of leaching.
In conclusion, both titanate adsorbent in K-geopolymer matrix, and the K-geopolymer itself,
offer an attractive potential for Sr immobilization.

Keywords: adsorption; decontamination; Fukushima Daiichi Nuclear; ion exchange;
radioactive waste management; strontium; alkali activated material; geopolymer; titanate
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1. Introduction
Since the Fukushima Daiichi Nuclear Power Station (FDNPS) was significantly damaged the
high magnitude earthquake and consequent tsunami in 2011, a huge amount of water has been
injected to cool the resulting fuel debris. This coolant water is contaminated with
radionuclides from inside the nuclear reactor, and it has therefore been necessary to
decontaminate the water to enable repeated use of the water in the circulating water-cooling

Fo

system that was established. In the decontaminating/circulating system, sodium titanate as an
inorganic ion exchanger has been used to absorb and remove radionuclides, especially 90Sr,

rP

from contaminated water with a high decontamination factor in the recirculating system. High

ee

removal efficiency has been demonstrated for Sr by sodium titanate compound [1-5].
However, large volumes of the spent adsorbent loaded with Sr have been stored in a

rR

temporary radioactive waste storage site at the FDNPS awaiting conditioning for

ev

solidification prior to the disposal.

Suitable methods for encapsulation and long-term safe storage of these spent ion exchanger

iew

adsorbents have been investigated to determine the formation of monolithic solidified waste
forms, as a key requirement for any conditioning process. The available options for the

On

solidification process and materials, such as vitrification, solidification with cementitious
materials, and solidification with alkaline activated materials, are being considered.

ly

Vitrification involves thermal treatment, and unavoidable generation of gases and secondary
wastes present drawbacks for this process [6]. Conventional cementitious material is an
attractive option due to a simple manufactural process and minimal secondary waste
generation. However, high free water content which may induce problematic hydrogen
generation, low resistance to acid and fire conditions, and incompatibility with several types
of waste have been noted as disadvantages of conventional cementitious materials [7-11].
An alternative option is offered by alkaline activated materials known as “geopolymers”. The
alkaline activated materials can be designed to include desirable properties such as excellent

3
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thermal resistance, high and durable performance characteristics and stability against
chemical attack, as well as a low content of free water. Geopolymer is synthesized by the
reaction between an aluminosilicate precursor and an alkaline activator through a process
involving dissolution, polycondensation, and hardening [12-15]. The resulting AlO4-SiO4
structure of the geopolymer that forms during the rearrangement process results in a net
negatively charged framework (as in other aluminosilicate frameworks, zeolites), where

Fo

cations needed to balance the charge, and the structural similarity of geopolymers to zeolites
makes them candidates to participate in ion exchange with charge balancing cations [16-17].

rP

Recently, Ke et al. [18] determined the distribution of Sr in a geopolymer with embedded

ee

titanate adsorbents at high Sr concentrations. The formation of SrCO3 from high
concentrations of Sr was observed to play an important role in immobilizing the Sr inside the

rR

waste form generated. That study showed a strong potential for safe storage of Sr in

ev

geopolymer waste form even at high Sr concentrations. However, the study does not fully
elucidate the behavior at immobilization of low concentrations of Sr, which relates to the

iew

actual conditions where radiation dose rates limit the concentration of Sr radioisotopes in
intermediate level waste to be low. Additionally, there are no data available for the long-term

On

leaching behavior of Sr from this type of waste, especially considering the contrasting
chemical interactions between the titanate adsorbent and geopolymer matrix.

ly

In this context, the purpose of this present study is to investigate the leaching behavior and
encapsulation mechanisms of Sr in titanate adsorbent embedded in a geopolymer waste form.
The titanate adsorbent is loaded with a low concentration of non-radioactive Sr, to replicate
the actual conditions in this study. Alkali-activated metakaolin with potassium silicate
activator was applied as the waste matrix for encapsulation of the adsorbent. Leaching
experiments in deionized water, and a microanalysis of the specimens after different leaching
periods, were also conducted.
2. Materials and Methods

4
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2.1 Materials and sorption
The SrTreat used in the experiments here is a commercial hydrous sodium titanate used as a
strontium selective ion exchanger (Fortum Power and Heat Oy, Finland). The titanate is a
water-insoluble white granular product with a chemical composition NaaTibOc  xH2O and
grain sizes between 0.3 to 0.85 mm. The adsorption process to load Sr2+ on the ion exchanger
was conducted by exposing the ion exchanger to a non-radioactive 3.3 ppm (37.65 M)

Fo

solution of SrCl26H2O (Wako Pure Chemical Industries, Ltd., Osaka, Japan) at a ratio of ion
exchanger mass to solution volume of 1:100 (g/mL), and shaking at 160 rpm for 24 hours.

rP

Then, the granules were separated by filtration and dried at ambient temperature till achieving

ee

a constant weight.

2.2 Manufacture of solidified waste form

rR

Alkaline-activated binder components for geopolymer specimens were produced by the

ev

reaction between an alkaline activator solution and metakaolin (Metastar 501, Imerys, UK)
as aluminum and silica sources (SiO2: 51.75 wt.%, Al2O3: 43.87 wt.%, and some trace

iew

elements). The XRD pattern of the metakaolin is shown in Figure 1, the spectrum has a broad
peak at around 22 2 due to structural disorder of the metakaolin, and peaks from minor

On

crystalline phases anatase, quartz, and mica as impurities. The alkaline activator solution was
prepared by dissolving KOH (Wako Pure Chemical Industries, Ltd., Osaka, Japan) pellets into

ly

a commercial potassium silicate solution (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) to reach a final SiO2/K2O molar ratio of solution equal to 1.0, and adding distilled
water to give a constant H2O/K2O ratio in each sample. The final stoichiometry of sample is
K2OAl2O33SiO211H2O, which is followed by our previous studies to achieve a dense and
stable gel matrix [18-19]. The same activator was used for all samples. The mixing process
involved mixing the loaded ion exchanger with metakaolin at a mass ratio of 0.30, then
adding the prepared alkaline activator solution to form the geopolymer paste. The mixtures
were manually blended for 15 minutes using a glass rod, and then cast in cylindric 1.3 cm

5
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diameter and 1.5 cm high molds, with the lid of each mold tightly sealed by Parafilm. The
specimens were cured at 40 C for 24 hours followed by 24 hours at 25 C.
Geopolymer with Sr but with no adsorbent, and conventional cement pastes including Sr with
and without adsorbent, were also prepared and used for comparison. For the geopolymer
materials without adsorbent, the calculated powder amount of SrCl26H2O was dissolved in
water before mixing with the alkaline activator solution, to obtain 2.25 mol Sr2+ in each

Fo

specimen (assumed as the same calculated amount of Sr2+ in the adsorbent including to each
geopolymer), then mixed with metakaolin and molded by the same methods as for the

rP

geopolymer matrices with adsorbents. Cement paste samples were prepared by mixing the

ee

loaded ion exchanger with ordinary Portland cement (standard material “211S” provided by
Japan Cement Association) at a mass ratio of 0.30. Then, water was added to give a liquid to

rR

solid (OPC and adsorbent) ratio of 0.35. For the cement paste without adsorbent, the

ev

calculated powder amount of SrCl26H2O was dissolved in the water before mixing the
sample, to obtain 2.25 mol Sr2+ in each specimen. The fresh mixture was molded and sealed

iew

like the geopolymer specimens and cured at ambient temperature for four weeks.
< Figure 1>

On

2.3 Leaching experiments

Leaching experiments were conducted to investigate the leaching behavior of Sr after

ly

immersing into deionized water. The ANSI/ANS-16.1-2003 standard test [20] was applied.
Each specimen was immersed in 88 mL distilled water as leachant (the ratio of leachant
volume to specimen surface area is 10 mL/cm2) and the leachant was completely replaced
after cumulative leach times of 2 hours, 7 hours, and 1, 2, 3, 4, 5, 19, 47, 90, 150, 210, 270,
330, and 360 days from the start of the test. Leachate strontium concentrations were
determined to measure the released fractions, and solid specimens were removed at 19, 90,
and 360 days of leaching time for a solid phase analysis.
2.4 Liquid-phase analysis

6
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The solution, after sorption of Sr onto the ion exchanger, and the leachate at each timestep in
the leaching experiment, were analyzed by inductively coupled plasma-mass spectroscopy
(ICP-MS) (iCAP Q ICP-MS, Thermo scientific, USA) to determine the Sr concentration and
obtain the leaching rates of Sr from the specimens. The pH values of the liquid samples were
also determined.
2.5 Solid-phase analysis

Fo

To identify changes in the crystalline phases of the ion exchanger before and after loading
with Sr2+, and also in the solidified waste form incorporating Sr2+ before and after the

rP

leaching, the samples were ground in a mortar and measured by X-ray diffractometry (XRD)

ee

(Rigaku X-Ray Diffractometer, Rigaku, Japan) with Cu-K radiation at 30 kV and 20 mA,
and a 2 scan range of 2 to 70. The chemical composition of sectioned polished sample

rR

surfaces were observed using scanning electron microscopy (SEM) with energy dispersive

ev

X-ray spectroscopy (EDX) (JSM-IT200, JEOL, Tokyo, Japan), operated at the acceleration
voltage of 15 kV, and an isotope microscope by secondary ion mass spectrometry (SIMS)

iew

(CAMECA IMS-1270, CAMECA, France). For the microscopic imaging, the samples were
Pt-coated to increase electric conductivity using an ion sputtering device (JFC-1100E, JEOL,

3. Results and Discussion
3.1 Characterization of the titanate adsorbent

ly

On

Tokyo, Japan) at a discharge current of 10 mA, with coating time 120 sec.

The titanate adsorbent is an inorganic ion exchanger which has a layered structure of
titanium-oxygen octahedral sheets. Between the sheet layers there is sodium which forms a
hydrous sodium titanate structure [18,21].

These sodium ions are readily exchangeable, and

the layered structure gives a large surface area with the high amount of interlayer water and
relatively open layered structure. These characteristics support the efficiency of the ion
exchange reaction between Na+ and other more-preferred cations [2-4,22-23]. The Sr2+ has a
higher valence than that of Na+, and the substitution of multivalent for monovalent cations
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will decrease the number of ions between the interlayer of the titanate sheets and will lead to a
shrinking of the layer spacing making the layered structure more stable [3,24-29]. These
characteristics make the adsorption of Sr2+ on titanate adsorbents highly selective when
compared to alkali metal ions, almost all of the Sr2+ exchangeable with Na+ in the sorbent
with remaining Na+ mainly left on the titanate adsorbent as expressed in Equation (1).
(1)

Fo

NaaTibOc + n Sr2+ ⇌ Naa-2nSrnTibOc + 2n Na+

Protons released through water self-ionization can also participate in ion exchanges, resulting
in a protonated or hydrated product (Equation (2)). Here the H+ is a small cation that is

rP

strongly adsorbed, since it can move close to the active site of the adsorbent and obstruct the

ee

ion exchange with Sr2+. Therefore, low pH systems are not suitable for this adsorbent. This is
the reason high pH systems such as geopolymers and cementitious matrices are proposed to

rR

hold the Sr ions in the interlayer structure of the titanate [21,28].

ev

NaaTibOc + x H2O ⇌ Naa-x HxTibOc + x Na+ + x OH-

(2)

iew

The XRD patterns of the titanate adsorbent before and after loading with Sr2+ are shown in
Figure 2. The titanate adsorbent is identified as a long-range disordered (X-ray amorphous)
material, with the broad feature at around 9 2 indicating the interlayer spacing of the main

On

edge-sharing TiO6 sheets [18,30]. With no significant difference in XRD patterns before and

ly

after Sr adsorption, this indicates that no new phases have formed, and there are no
identifiable crystallographic changes occurring as a result of the adsorption processes. For the
samples including the loaded titanate adsorbent in the geopolymer matrix, the interaction
between titanate adsorbent and the matrix, and the Sr distribution after leaching, are
investigated and discussed in more detail in the following section.
< Figure 2 >
3.2 Leaching rates and distribution of Sr
Figure 3 shows the leaching rate of Sr2+ from the geopolymer containing loaded adsorbent.
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The initial leaching period, within the first 5 days, showed relatively rapid leaching of Sr2+.
This situation can be explained as Sr2+ wash-out from the superficial parts of the adsorbent
particles located near the binder surface, including effects of hydrolysis due to the high
selectivity of H+ on titanate adsorbent [21] according to Equation (3), when the very alkaline
geopolymer was placed into a neutral pH environment.
(3)

Fo

SraTibOc + 2n H2O ⇌ Sra-nH2nTibOc + n Sr2+ + 2n OH-

During the 360 days of the leaching experiment, 0.75% of the Sr2+ leached out from the
specimen to the leachate (calculated on the basis of the known amount of Sr uptake in the

rP

sorbent particles). This shows a high retention performance and limitation by diffusion for

ee

Sr2+ in the geopolymer matrices with titanate adsorbents, potentially due to the high pH
conditions.

rR

< Figure 3 >

ev

The XRD patterns of the K-geopolymer with spent titanate adsorbent before and after

iew

leaching are shown in Figure 4. The broad hump centered at around 28 2 is characteristic
of potassium aluminosilicate geopolymer phases [31,32], and the small crystalline peaks of
anatase and quartz from the metakaolin precursor are also present. Similarly, there is no

On

difference in the patterns between those before and after the leaching for the different periods,
indicating that there was no formation of new crystalline products in this experimental

ly

system.
< Figure 4 >

The SEM images and elemental maps of the geopolymer specimens with embedded loaded
titanate adsorbent Sr before and after leaching for different durations are shown in Figure 5.
The Ti-rich regions are the adsorbent particles, with the clearly distinguished distribution
boundary between adsorbent and matrix, indicating the absence of any interaction that could
lead to a breakdown and release of Ti from the titanates between adsorbent and geopolymer

9
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matrix during the manufacturing (geopolymerization) and leaching processes. This is
consistent with the results of Ke et al. [18]. There Al- and Si-rich areas consistent with
geopolymer regions have no Ti, also indicating no specific interaction. Kuenzel et al. [33]
observed the interaction between zeolite (clinoptilolite) and geopolymer matrix, and
considered that in those forms, an interfacial alteration zone forming between the zeolite
particle and the bulk geopolymer could act as a barrier to aid retention of Cs in the adsorbent.

Fo

When focusing on Na- and K- rich areas in the results presented here, Na and K were mainly
distributed in (respectively) the titanate adsorbent and the geopolymer matrix before leaching.

rP

However, as the samples age and are leached, the maps show the Na and K distribution

ee

becoming indistinct. This indicates that Na in the titanate adsorbent exchanged for K supplied
by the geopolymer matrix during the leaching experiment; even though the titanates are not

rR

expected to be selective for K+, the very high concentrations of this ion in the geopolymer

ev

pore fluid were sufficient to induce a somewhat high degree of exchange. The Na+ released
from the titanate can be accepted on the negatively charged sites of Al tetrahedra in the

iew

geopolymer matrix by a corresponding cation exchange reaction between Na+ and K+ during
the geopolymerization and leaching processes [16].

On

< Figure 5 >

The low concentration of Sr2+ used in this study would be very difficult to detect with

ly

SEM-EDX, and so the distribution of Sr alone in the elemental maps were not possible, and
Isotope Microscopy (IM) was employed in this study to obtain Sr isotope maps. The IM is a
device that uses Secondary Ion Mass Spectroscopy (SIMS) technology to provide distribution
maps of isotopes in materials and which offers a much lower detection limit than SEM-EDX.
The system used here has a spatial resolution of 200 nm in the lateral direction and 10 nm in
the depth direction for isotopes up to a concentration of 1 ppb, which is adequate to provide
an image of the trace element distribution on the surface of the samples within a small spot
size for high precision isotopic imaging [34-35]. Figure 6 shows maps of the 48Ti and 88Sr
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isotopes at selected regions around the center of the geopolymer specimens containing loaded
adsorbent before and after leaching. The Ti-rich area indicates the adsorbent particle, and its
Sr isotope intensity and distribution remain essentially unchanged even after 360 days of
leaching. These isotope maps suggest that almost all of the Sr2+ was retained within the
titanate adsorbent, although Na+ was leached out from the adsorbent by cation exchange for
K+ in the matrix. Relate to this, Ke et al. (2019), working at much higher Sr concentrations,

Fo

concluded that Sr2+ was retained inside the titanate adsorbents within their geopolymer matrix
samples by the formation of SrCO3 due to oversaturation conditions. However, in this study,

rP

no formation of SrCO3 was observed, probably due to the undersaturated conditions. As

ee

mentioned above, there is also no chemical barrier formation by interaction and alteration
between the adsorbent and matrix. In conclusion, it may be assumed that Sr2+ remained in the

rR

titanate particles without formation of a specific low solubility phase or chemical barrier, and

ev

despite the extensive cation exchange of Na+ for K+ entering from the matrix. This retention
was presumably achieved due to the higher selectivity of divalent Sr2+ than that of the

iew

monovalent K+ on the adsorption sites of the titanate.

< Figure 6 >

On

To compare the efficiencies of the retention of Sr2+ inside the geopolymer matrix, specimens
of K-geopolymer without titanate adsorbent and specimens of ordinary Portland cement

ly

(OPC) with and without titanate adsorbent were also investigated (Figure 7). Even without
the addition of the titanate adsorbent, almost all of the Sr2+ was retained in the geopolymer
matrix, indicating that the geopolymer matrix itself offers a high potential to immobilize Sr2+
in case it is released from a loaded exchanger particle (Figure 7, curve a). Only 0.05 % of the
Sr2+ leached out from the matrix after 360 days of leaching. At the low concentration of Sr2+,
the Sr2+ ions are easily accommodated within the geopolymer gel framework and do not
significantly change the local gel structure [36]. This indicates that both the titanate adsorbent
in K-geopolymer matrix and the K-geopolymer itself offer a high potential for Sr

11
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immobilization.
The leaching ratios of OPC with titanate adsorbent (12.23 % after 360 days in Figure 7, curve
c) and without titanate adsorbent (50.63% after 360 days in Figure 7, curve d) were very
much higher than those the of geopolymer however. With the adsorbent, Sr2+ in the adsorbent
may leach out to the matrix by cation exchange with Ca2+ in the pore solution of the OPC
matrix. With the similar properties of Sr2+ and Ca2+, the selectivity of Sr2+ and Ca2+ on the

Fo

titanate layered structure is not significantly different [21,28]. In the initial stage of the
leaching experiment, the exchange process may proceed due to the steeper activity gradient of

rP

Sr2+ and Ca2+ between the adsorbent and the OPC matrix. After the Sr2+ is leached or

ee

exchanged from the adsorbent into the cement binder, however, Sr2+ shows a lower preference
than Ca2+ for substituting and binding with hydrated phases in cements when in contact with

rR

alkaline pore fluid [9]. For this reason, the OPC matrix has a poor ability to prevent the

ev

release of Sr2+ which has moved into the OPC matrix. Eventually, much of Sr2+ is leached
from the OPC specimens, as shown in the experimental results.

iew

< Figure 7 >

Finally, the encapsulation mechanisms of the low concentration Sr in the titanate adsorbent

On

within a K-geopolymer matrix is summarized (Figure 8). The K-geopolymer matrix provides
favorable chemical conditions for immobilization of Sr2+ in the adsorbent. First, the

ly

K-geopolymer imposes hyperalkaline conditions which are able to completely reduce
exchanges by H+. The H+ has the highest selectivity among several cations in the following
order: H+ >> (Sr2+  Ca2+) >> K+ > Na+ [21]. This suggests that in a hyperalkaline system, the
exchange of Sr2+ for H+ is very highly restricted because of the low activity of H+ (Figure 8, b).
Second, the K-geopolymer matrix also provides a high-K environment surrounding the
adsorbent. Due to the higher cation exchange selectivity of Sr2+ over K+, Sr cations are
selectively retained in the adsorbent (Figure 8, a), although Sr cations would easily be leached
out from the adsorbent in a high Ca system such as in an OPC matrix. However, in the high
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pH and K conditions such as our matrix, the interference by external Ca is not detrimentally
affected the Sr exchange because competitive calcium concentration is limited at high pH
conditions due to precipitation hydroxide and/or carbonate. Third, metakaolin-based
geopolymer provides the sites with a negative charge in the Al-tetrahedra enabling Sr
retention, even if it could be released from the titanate particles. The Sr2+ cations are easily
accommodated within a geopolymer gel framework at low concentrations, and do not

Fo

significantly change the local gel structure [36] (Figure 8, c). Likewise, ionic diffusion and
surface dissolution could happen at the edge of specimens (Figure 8, d). Base on this

rP

reasoning, this study clearly suggests that a geopolymer structure formed by K-silicate

ee

activation of metakaolin offers an excellent form for a waste matrix which limits Sr leaching
from loaded titanate adsorbent granules.

rR

< Figure 8 >

ev

4. Conclusions

Titanate adsorbents exhibited high selectivity for Sr2+ and maintained their initial physical and

iew

chemical properties during embedding (in particulate form) in geopolymer binders, and
through the subsequent leaching processes. After encapsulation of the adsorbent with a

On

realistic Sr concentration in a K-silicate-activated metakaolin-based geopolymer, almost all of
the Sr was retained in the adsorbent without formation of precipitating phases or interfacial

ly

alterations between the titanate and geopolymer. A low leaching rate of Sr (0.75 % released
after 360 days of leaching) arises from the hyperalkaline geopolymer pore fluid conditions
which limit the Sr2+ exchange by H+, the high K content of the system further limits leaching
out of Sr, and there are sites that strongly fix Sr by ion exchange onto the geopolymer
framework in the event that it is released by the titanate. In addition to other advantages of
geopolymer materials such as the excellent thermal resistance, the potential of designs for a
relatively low content of free water, and prevention of hydrogen release with its attendant
danger of explosion, the low leaching rate of Sr suggests the K-aluminosilicate geopolymer is

13
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an excellent candidate for a waste matrix in a form that is suitable for long term storage and
disposal of spent titanate adsorbent in the proper repository.
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Figure captions

Figure 1.

XRD pattern of the metakaolin precursor

Figure 2.

XRD patterns of titanate adsorbent before and after loading with Sr2+

Figure 3.

Cumulative leaching of Sr2+ from geopolymer mixed with titanate adsorbent,

applying the ANSI/ANS 16.1 test method with full replacement of leachate at each sampling

Figure 4.

Fo

point shown

XRD patterns of K-geopolymer with spent titanate adsorbent before and after

rP

leaching for different durations as marked

ee

Figure 5.

SEM images and elemental maps of specimens with titanate adsorbent; a)

before, and after b) 19days, c) 90days, and d) 360 days of leaching in deionized water
48Ti

rR

Figure 6.

and 88Sr isotope maps surrounding a titanate adsorbent particle in

ev

geopolymer specimens a) before, and after b) 19 days, c) 90 days, and d) 360 days of leaching

Figure 7.

iew

in deionized water

Cumulative leached percentage of Sr2+ from: a) geopolymer without adsorbent,

Figure 8.

On

b) geopolymer with adsorbent, c) cement with adsorbent, d) cement without adsorbent
Schematic diagram of geopolymer matrix encapsulated titanate adsorbent

ly

adsorbed strontium, the interaction where a) between titanate adsorbent and geopolymer
matrix inside specimen, b) the edge between titanate adsorbent and deionized water, c)
geopolymer binder area, d) the edge between geopolymer matrix and deionized water.

19

URL: http://mc.manuscriptcentral.com/tnst E-mail: hensyu@aesj.or.jp

Journal of Nuclear Science and Technology

r
Fo
er

Pe
vie

Re
Figure 1. XRD pattern of the metakaolin precursor
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Figure 2. XRD patterns of titanate adsorbent before and after loading with Sr2+
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Figure 3. Cumulative leaching of Sr2+ from geopolymer mixed with titanate adsorbent, applying the
ANSI/ANS 16.1 test method with full replacement of leachate at each sampling point shown
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Figure 4. XRD patterns of K-geopolymer with spent titanate adsorbent before and after leaching for different
durations as marked
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Figure 5. SEM images and elemental maps of specimens with titanate adsorbent; a) before, and after b)
19days, c) 90days, and d) 360 days of leaching in deionized water
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Figure 6. 48Ti and 88Sr isotope maps surrounding a titanate adsorbent particle in geopolymer specimens a)
before, and after b) 19 days, c) 90 days, and d) 360 days of leaching in deionized water
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Figure 7. Cumulative leached percentage of Sr2+ from: a) geopolymer without adsorbent, b) geopolymer
with adsorbent, c) cement with adsorbent, d) cement without adsorbent
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Figure 8. Schematic diagram of geopolymer matrix encapsulated titanate adsorbent adsorbed strontium, the
interaction where a) between titanate adsorbent and geopolymer matrix inside specimen, b) the edge
between titanate adsorbent and deionized water, c) geopolymer binder area, d) the edge between
geopolymer matrix and deionized water.
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