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Abstract  

 

A basic investigation into whether a geopolymer can be utilized as a part of an artificial barrier during 

radioactive waste disposal was conducted in this study. Geopolymers are comprised primarily alumina 

and silica, and they exhibit negligible leaching owing to the absence of calcium. Studies on geopolymers 

are limited compared to those on other cementitious materials because the physical characteristics of 

geopolymers vary with the production conditions. In this work, metakaolin (MK)-based geopolymers 

were prepared, and their diffusion performance was analyzed. The results indicate that the diffusivity 

of cesium in a geopolymer is affected by the type of alkali activator. Sodium-activated geopolymers 

had higher cesium adsorption capacity than potassium-activated geopolymers. The cesium adsorption 

capacity also had a significant effect on the diffusivity of cesium in the geopolymers. It was shown that, 
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in addition to the pore structure and surface area, the mobility of water affects the diffusion performance 

of the geopolymer. 
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1. Introduction 

 

The disposal of radioactive waste from nuclear power plants is a significant challenge in Japan. The 

development of technologies for decommissioning nuclear facilities has become a critical issue 

following the accident at the Fukushima Daiichi Nuclear Power Station that produced a substantial 

quantity of radioactive waste. There is ongoing research to reduce the volume of radioactive waste and 

to develop suitable disposal techniques. Methods of radioactive waste disposal may be divided into four 

categories, depending on the radiation level of the waste: trench disposal, pit disposal, medium-depth 

disposal, and geological disposal. Effective disposal of radioactive waste is achieved using multiple 

protective barriers, both artificial and natural, to suppress the migration of radionuclides. These barriers 

delay the diffusion and migration of radionuclides, thereby inhibiting interactions between the waste 

and the living environment. For safety, radioactive materials must be confined until their effects are 

minimized; thereafter, the level of supervision can be relaxed one step at a time. The capacity of 

artificial barrier materials to confine radionuclides is determined by evaluating the radioactive 

concentration and characteristics of the waste. It is expected that cement-based materials, such as 

concrete, can be used as artificial barriers in deep-depth disposal facilities. However, elution of the 

calcium component of calcium silicate hydrate (C-S-H) may induce porosity in cement-based materials. 



 

 

It has been demonstrated that leaching induces variations in the diffusion performance of cementitious 

materials [1]. Leaching-induced variations in the diffusion coefficient are attributed to the elution of 

calcium hydroxide from hardened cement. However, the diffusion coefficient may increase in blended 

cements that contain fly ash and blast furnace slag powders. This study conducts a basic investigation 

into whether geopolymers can be utilized as a part of an artificial barrier during radioactive waste 

disposal. Joseph Davidovits, a French scientist, proposed the term ''geopolymer" in 1988 to describe 

solids formed by the reaction between active fillers and alkaline solutions [2]. Initially, geopolymers 

attracted significant attention because they are fire resistant, unlike the flammable organic polymers. 

Geopolymers are utilized in civil engineering and construction, and as a solidifying material for 

industrial and radioactive waste [2]. They can be produced by the reaction of blast furnace slag or fly 

ash, an industrial by-product, with an alkaline solution. This polycondensation reaction is accompanied 

by dehydration, which results in significant shrinkage during curing, and high acid resistance. Alkali-

aggregate reactions are negligible in geopolymer systems; furthermore, the fire resistance of 

geopolymers is superior to that of ordinary Portland cement. The reaction between blast furnace slag 

and an alkaline solution yields C-S-H, which is an alkali-activated slag (AAS), not a geopolymer [3]. 

The alkaline aluminosilicate structure of geopolymers is similar to that of natural zeolite. This structure 

consists of aluminum and silicon connected in the form of three-dimensional tetrahedra. Hardened 

geopolymers exhibit low CO2 emissions during cement production, as well as high leaching resistance 

[2,4]. However, the physical properties of these materials vary depending on the materials used for 

synthesis. The rheological properties depend on the alkali [4, 5], and the reactivity depends on the types 

of metakaolin (MK) and alkali. The strength development varies depending on the amount of Si added 

to the alkali activator [6–9]. The reported Si/Al ratio used to optimize the strength development varies 

between studies. The optimal curing temperature was reported to be 40 °C in one study [10] and 60 °C 

in others [11–13]. It has been reported that the fluidity and strength development vary depending on the 

types of MK and alkaline solution used for synthesis [14–17]. There has been extensive research on the 

diffusion performance of geopolymers and alkali activated materials manufactured using blast furnace 

slag and fly ash [18–24]. In addition, the elution of Cs and Sr from zeolite embedded in geopolymers 

has been investigated [21, 25, 26]. Although many studies have been conducted on the immobilization 



 

 

of heavy metals with respect to metakaolin geopolymers[27, 28], there are few papers on the penetration 

of ion from the outside[29–32]. In the above-mentioned previous studies, only the results of using 

sodium-type activators were used, and no experiments were conducted in which potassium-type 

activators or changes in Si/Al of activator were performed. Despite multiple studies on the diffusivity 

of chloride ions, the diffusivity of cations in MK-based geopolymers remains relatively unexplored. It 

is necessary to understand the diffusion performance to predict the durability of MK-based geopolymer 

structures because some radionuclides also contain cations (Sr2+, Cs+). Moreover, few studies have 

explored the relationship between the pore structure, the state of the water, and the diffusion 

performance of the geopolymer. In this study, the effect of the type of alkaline activator on the 

diffusivity of Cs is elucidated. Variations in the pore structure are investigated using mercury intrusion 

porosimetry (MIP) and nitrogen adsorption measurements. Furthermore, low temperature differential 

scanning calorimetry (LT-DSC) measurements and proton nuclear magnetic resonance (NMR) 

measurements are used to analyze the state of water in geopolymer samples. 

 

2. Material and methods 

 

2.1. Materials used and specimen preparation 

 

MK (Metamax, BASF), whose chemical composition is presented in Table 1, is an aluminosilicate 

powder that was utilized as a source of alumina and silica (SiO2/Al2O3=2.0 in mol/mol). The average 

particle size and the Brunauer–Emmett–Teller (BET) specific surface area were 1.3 µm and 12.9 m2·g-

1, respectively. According to the X-ray diffraction (XRD) measurements with an internal standard 

(corundum), as shown in Supplement Figure 1, most of the MK was amorphous. The alkali activators 

were prepared using potassium silicate solution (FUJIFILM Wako Pure Chemical Corporation), sodium 



 

 

silicate solution (FUJIFILM Wako Pure Chemical Corporation), potassium hydroxide (KANTO 

CHEMICAL CO.,INC.), sodium hydroxide (KANTO CHEMICAL CO.,INC.) as reagent grade, and 

purified water that had conductivity of less than 0.1 mS/m. Alkali activators were mixed with chemicals 

at least 24 hours before geopolymer preparation. The compositions of the alkali activators are 

summarized in Table 2, where M2O represents K2O and Na2O. The alkali activators were prepared 

based on the molar ratio of Al2O3 contained in the MK. The Si NMR results for the alkali activators are 

shown in Supplement Figure 2. The values of Q0 (-71.6 ppm), Q1(-79.1 ppm), Q2(-81.4 and -87.2 ppm), 

and Q3(-89.4 and -95.3 ppm) were assigned based on previous studies [8, 33, 34]. The symbol QΔ stands 

for cyclic oligomers, showing the same connectivity as Q2 and Q3 environments but with different bond 

angles. A sharp peak was observed with the sodium type activator, and a broad peak was observed with 

the potassium type activators in Q0 and Q1. Table 3 shows the results of deconvolution by the Dmfit 

software[35]. The amount of Q2 and Q3 was high in 0.66K, but Q0 and Q1 accounted for 50% of the 

other activators. Previous studies have reported the mixing proportions that have sufficient strength, 

and these were determined based on the requirements for investigations into the effects of the alkali 

cation (Na or K), Si ̸Al ratio, and water content (H2O/Al2O3: 9.0 or 11.0 mol) [7, 36]. For example, in 

specimen K11, the composition of the geopolymer where MK has reacted completely was 

K2O·3SiO2·Al2O3·11H2O. The synthesized alkali activators were mixed with MK. For preparation of 

the mortar samples, the mass of sand was three times the mass of MK. 

To produce the mortar, sand, MK, and alkali activator were mixed for 15 min using a mixer (speed: 198 

rpm). First the sand and MK were mixed in a mechanical mixer for 30 seconds, after which the alkali 

activator was added and mixed. The mixture was placed in a predetermined mold. The air within the 

specimens was removed using a vibrator after mixing. The specimens were cured by sealing them with 

a polyethylene film to prevent evaporation, and aging them for up to 28 days at 23 °C. The mortar 

samples were used for the mechanical property tests, and the paste samples without sand were used for 

microstructural analysis. The preparation procedure of paste is the same as for mortar except for sand. 

 



 

 

2.2. Measurement techniques 

 

The physical characteristics of the specimens were determined via uniaxial compressive strength tests, 

ultrasonic pulse velocity (UPV) tests, diffusion coefficient measurements, and adsorption 

measurements. The pore structure was examined using MIP and the nitrogen adsorption method. 

 

2.2.1. Moisture content and loss on ignition (LOI) 

 

The samples were crushed to 5 mm or less by hammer, and dried at 105 °C. Thus, the moisture content 

(mc) was determined by measuring the change in the mass. The water content was calculated by the 

following formula. 

𝑚𝑐 =
𝑚20℃ −𝑚105℃

𝑚105℃
                        (1) 

Here, 𝑚20℃ is the mass of sample at 20 ° C, and 𝑚105℃ is the mass of sample at 105° C. However, a 

small amount of water can evaporate during crushing. The LOI of specimen was determined from the 

change in the mass of the samples between 105 and 950 °C. 

𝐿𝑂𝐼 =
𝑚105℃ −𝑚950℃

𝑚950℃
                    (2) 

Here, 𝑚950℃ is the mass of sample at 950 ° C. 

 

2.2.2. Uniaxial compressive strength measurement 

 

Cylindrical specimens (Φ 50 mm × 100 mm) were utilized for the compressive strength test. The 

uniaxial compressive strength was measured using an automatic compression tester. The maximum 

stress during the test, obtained from the breaking point of each specimen, was divided by the cross-



 

 

sectional area of the end face to calculate the uniaxial compressive strength. The test was repeated with 

three specimens for each activator, and the average value was taken as the compressive strength. 

 

2.2.3.  UPV measurement 

 

Cylindrical specimens (Φ 50 mm × 100 mm) were utilized for the UPV measurement. Grease was 

applied to the end face of each test piece, and the ultrasonic propagation time was measured. The 

ultrasonic propagation velocity was calculated by dividing the length of the specimen by the measured 

time. The test was repeated with three specimens for each activator, and the average value was taken as 

the UPV. 

 

 

2.2.4. Diffusion coefficient measurement 

 

Cylindrical specimens (Φ 50 mm × 50 mm) were utilized for the diffusion test. One side of each 

specimen was exposed, while the other side was covered with epoxy resin. The specimens were 

immersed in a 50 mM solution of cesium chloride for 1 week or 4 weeks. The cross section of each 

specimen was dry-polished and subjected to electron probe microanalysis (EPMA: JXA-8530F, JEOL) 

to determine the distribution of cesium and chloride after immersion. The conditions of EPMA were 

measured at an acceleration voltage of 15 keV and a sample current of 5 nA. The measurement interval 

for EPMA was 0.1 mm. The apparent diffusion coefficient of cesium (Dap) was determined based on 

the assumption that the concentration distribution of cesium followed Fick's second law. This is given 

by 



 

 

𝐶(𝑥, 𝑡) = 𝐶𝑖 + 𝐶0

{
 

 

1 − 𝑒𝑟𝑓

(

 
𝑥

2√(𝐷𝑎𝑝 × 𝑡))

 

}
 

 

                         (3) 

 

where Ci is the initial ion content in the material (mass %), C0 is the ion content at the surface (mass %), 

erf is the error function, x is the distance from the surface (m), and t is the immersion time (s). 

 

2.2.5. Adsorption measurement 

 

Once the geopolymer reached the specified age, it was roughly crushed with a hammer to 2.5–5 mm 

particles. Then, 5 g samples were immersed in 100 ml of 1, 2, 4, 8, 10, and 20 mM cesium chloride 

solutions for 4 weeks. Subsequently, the concentration of each element in the solution was measured 

using inductively coupled plasma-atomic emission spectroscopy (ICP-AES; CIROS CCD, Spectro 

Analytical Instruments GmbH, Kleve, Germany). Thereafter, the solution was diluted 10-fold and 

subjected to the analysis. The saturated adsorption amount was determined by considering Langmuir-

type adsorption using the equation [21]: 

𝑄𝑒 =
𝑄𝑏𝐶𝑒
1 + 𝑏𝐶𝑒

                         (4) 

where Qe is the equilibrium sorption amount of cesium ions on the adsorbent (mmol g-1), Ce is the 

equilibrium concentration of cesium ions (mmol L-1), Q is the monolayer adsorption capacity (mmol g-

1), and b is the constant that is related to the free energy of adsorption. 

 

2.2.6. Pore structure analysis 

 

Once the geopolymer paste reached the specified age, it was roughly crushed with a hammer to 2.5–5 

mm particles. The reaction was stopped using liquid nitrogen and a freeze dryer. Subsequently, the pore 



 

 

size distribution was determined by MIP (AutoPore V 9620, Micromeritics Instrument Corporation, 

Georgia, USA). The measurement range of the pore size was 3–400 µm. A 0.5 g sample was used for 

the measurement. 

The sample was crushed in a ball mill, and the powder was utilized for the BET adsorption analysis. 

Vacuum drying was performed at room temperature for 24 h. The specific surface area and pore 

structure of the sample were determined using nitrogen adsorption measurements (BELSORP Max, 

MicrotracBEL Corporation, Osaka, Japan). The sample was approximately 0.2 g, and the BET specific 

surface area was calculated from the nitrogen adsorption measurements. 

 

2.2.7. Solid state NMR 

 

Solid-state NMR was used to analyze the chemical bond state of silica and aluminum in the geopolymer. 

The powdered sample was used for 29Si DD MAS NMR and 27Al MAS NMR measurements (AVANCE 

Ⅲ 600WB, Bruker). The observed frequencies were 119.26 and 156.41 MHz, respectively; the spinning 

speed was 12 kHz; and the waiting times were 20 and 5 seconds, respectively. In addition, liquid 29Si 

DD NMR measurements of the alkali activators were made; the relaxation time was 2.0 s, and the total 

scanning number was 5632. For the liquid NMR measurements, 10 mass% of deuterium water was 

added to the alkali activators. 

 

2.2.8. Proton NMR measurement 

 

Proton NMR (minispec, Bruker) was used to examine the state of the water in the paste samples (8 mm 

in diameter). The paste sample was placed in a glass tube and measured. Proton NMR measures the 

presence of water contained inside the specimen by nuclear magnetic resonance, and the shorter the 

relaxation time of proton, the more the state of water is affected and constrained by the solid surface. 

For the 1H NMR measurement, the Car–Purcell–Meiboom–Gill (CPMG) method was applied, and the 

relaxation time T2 was recorded. The CPMG method mainly facilitates measurements of protons in a 



 

 

liquid state [38]. For this measurement, 0.47 T NMR apparatus was used. The experiment used a 2.5 μs 

pulse at 90°, and a 5.0 μs pulse at 180°, with a pulse interval (90° ≤ τ ≤ 180°) of 40 μs. The number of 

recorded echoes in the CPMG echo train was 256, the time between observation points was 85 μs, the 

number of scans was 32, and the waiting time between repetitions was 5 s. In addition, a preliminary 

study confirmed that the number of integrations yielded a sufficient signal/noise ratio for analysis. In 

some previous studies, measurements were performed by changing τ [38, 39], but preliminary tests 

confirmed that the results obtained using a single τ did not differ. It has also been reported that the 

presence of aluminum affects the signal, but the measurements herein were performed to observe the 

qualitative effect [40]. 

 

2.2.9. LT-DSC measurement 

 

LT-DSC measurements were used to identify the state of the water in the paste samples. In the LT-DSC 

results, the smaller the pores of water, the lower the freezing temperature. The paste samples were 

placed in a stainless pan (15 μL), which was then inserted into a low temperature differential scanning 

calorimeter (DSC6220, SII). The samples had an approximate mass of 60 mg, and 25 mg of α-Al2O3 

powder was used as a reference sample. Each sample was exposed to a single measurement cycle 

wherein the temperature changed from 10 °C to -65 °C and back to 10 °C at a rate of 1.0 °C/min. The 

minimum temperature of -65 °C was used for heat exchange because the water/ice phase change has 

not been observed at lower temperatures [41]. 

 

2.2.10. Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis 

 

SEM (JSM-IT200, JEOL) was used to characterize the microstructure of the samples. In the SEM 

observations, the crushed samples were embedded in epoxy resin, and a cross-section with a polished 

surface was observed. Platinum sputtering was used to make the surface electrically conductive. The 



 

 

procedure was performed at an accelerating voltage of 15 keV and a working distance of 10 mm. In 

addition, EDX point analysis was used to determine the elemental composition of the product in the 

geopolymers. In the point analysis, 10 or more points were analyzed using the ZAF method, and the 

average value was calculated. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Uniaxial compressive strength and UPV measurements 

 

Figure 1 shows the results of the compressive strength tests and UPV measurements. The 0.66K sample 

had the highest compressive strength (59MPa), and the K9 sample had the highest UPV (4km/s). A 

sample with a Si ̸Al ratio of approximately 2.0 has previously been reported to have the highest 

compressive strength [7]. Therefore, the 0.66K sample in this study exhibited the highest compressive 

strength. The K9 sample exhibited a high UPV owing to its low moisture content (Supplement Figure 

3). The compressive strength and UPV of the sodium-based sample, N11, were 25% higher than those 

of the potassium-based sample, K11. This is because sodium induced the formation of a strong matrix 

[7]. The KN11 sample was weakest, and the reason for this will be explained in Section 3.4.  Regarding 

the difference between the UPV and compressive strength results, it is considered that the air remaining 

in the highly viscous sample such as K9 and N11 at the fresh state affected the compressive strength. 

 

3.2. Diffusion coefficient measurement 

 

The cesium distribution in the geopolymers was determined by EPMA, and it is presented in 

Supplement Figure 4. The cesium penetration depth in the K11 sample was greater than that in the K9 

sample. The EPMA did not detect chlorine in the specimen. The molecular dynamics calculations 



 

 

suggest that chloride ions were repulsed by the N-A-S-H surface [42]. Therefore, the diffusion 

coefficient of chlorine was not obtained in this study. Figure 2 presents the apparent diffusion 

coefficients of cesium ions in the geopolymers. The diffusion coefficient of chloride ions in a slag-

based geopolymer is approximately 10-13 m2·s-1 [22, 23], which is approximately identical to the 

diffusion coefficient of cesium in the MK-based geopolymers. The diffusion coefficients of the 

specimens immersed for one week were 10-70% higher than those immersed for four weeks, which is 

consistent with the results for the cementitious samples [43, 44]. This can be attributed to the blockage 

of pores owing to the penetration of cesium; however, further studies are required to confirm this. The 

K9 sample presented a low diffusion coefficient because the diffusion of cesium was suppressed by the 

low moisture content. The N11 sample also presented a low diffusion coefficient, and the diffusion 

coefficient of the KN11 sample was intermediate between those of the N11 and K11 samples. This 

indicates that sodium reduced the diffusion coefficient of cesium in the geopolymers. Comparing the 

diffusion coefficients of the K11 and 0.66K samples revealed that differences in the Si ̸Al ratios of the 

geopolymers had a negligible effect on them. 

 

3.3. Adsorption measurement 

 

The cesium adsorption isotherms are presented in Fig. 3a. The adsorption measurements were also 

performed for chlorine, but there was no change in the concentration of the solution, and no adsorption 

occurred. The amount of adsorbed cesium in the sodium-activated geopolymers was approximately 

10% higher in the high-concentration regions. It has been reported that cesium is also adsorbed by fly 

ash-silica fume blend geopolymers [37]. The adsorption of cesium was characterized as Langmuir-type 

adsorption (Equation (4)), and the calculated monolayer adsorption capacities are presented in Fig. 3b. 

These results confirm the high adsorption capacities of sodium-activated geopolymers. The adsorption 

capacities of the sodium-activated geopolymers in this study were 3% higher than those in the previous 

study [37]. 



 

 

Figure 4 shows a plot of the adsorption capacities and apparent diffusion coefficients of the different 

samples. The diffusion coefficient tended to decrease as the adsorption capacity increased, but no strong 

correlation was found. Therefore, the amount of adsorption is an important factor for controlling 

diffusion performance, but other factors also affect the diffusion performance of geopolymers. 

 

3.4. Pore structure analysis 

 

The porosities and BET specific surface areas of the geopolymers were determined by MIP and nitrogen 

adsorption measurements, respectively. The results are presented in Fig. 5. The 0.66K sample had the 

lowest porosity(0.15mL/g), followed by the K9 sample(0.2mL/g). The results of the porosity 

measurements were similar to those of the moisture content measurements (Supplement Figure 3). The 

0.66K sample had the highest specific surface area, and the specific surface areas of the potassium-

activated geopolymer (K11) were 3 times higher than those of the sodium-activated geopolymer (N11). 

This is because the potassium-activated geopolymers were polymerized to a greater extent than the 

sodium-activated geopolymers; moreover, the potassium-activated geopolymers possessed densified 

microstructures. Figure 6 shows the pore size distribution of the geopolymers, as determined by MIP. 

The pore diameter peaks for sodium- and potassium-activated geopolymers were approximately 10 and 

4 nm, respectively. This is indicative of the dense structure of the potassium-activated geopolymers, 

and the results are consistent with those obtained from the specific surface area measurements (Fig. 5). 

A correlation was established between the compressive strengths and porosities of the geopolymers, as 

shown in Fig. 7a. The compressive strength increased as the porosity decreased as shown in previous 

studies[45, 46]. Therefore, the KN11 sample showed the lowest compressive strength, and the 0.66K 

sample showed the highest strength. However, no correlation was established between the diffusion 

coefficients and porosities of the geopolymers, as shown in Fig. 7b. Generally, the diffusion coefficient 

increases with the porosity of the material[19]. Sample K9 exhibited a low diffusion coefficient owing 

to its low porosity. Figure 7c shows a plot of the BET surface area and diffusion coefficients of the 



 

 

geopolymers. A good correlation was found between them, and the diffusion coefficient increased as 

the BET surface area increased. This is considered to be due to the larger the surface area, as the larger 

the contact area with the ions promotes ion exchange for the cations in the geopolymer, which makes it 

easier for the cesium ions to diffuse. As shown in 3.3, it is considered that cesium ions that could not 

be adsorbed due to the low adsorption capacity of the potassium-type geopolymer diffuse inside. 

 

3.5. Solid state NMR and SEM-EDX analysis 

 

Figure 8a and 8b show the 27Al NMR results and the 29Si NMR results, respectively. The NMR results 

for 27Al indicated that all the specimens formed a 5-coordinated structure, because the peak position 

was approximately 59 ppm. In the 29Si NMR results, 0.66K sample can be considered as having a 

structure in which Al is bi-coordinated to Si, and the other samples have a structure in which Al is 3-

coordinated [47]. This is because the chemical state of Si in the alkaline activator is different as shown 

in Table 3. However, the solid-state NMR results show that there was no significant difference in the 

skeletal structure within the solids of the geopolymers.  

Some unreacted MK was present in the N11 sample, but none was observed in the other samples 

(Supplement Figure 4). It has been reported that this reaction is delayed owing to the high viscosity of 

sodium silicate solution [9]. The EDX measurement results (Supplement Table 1) confirm that the 

composition depends on the proportions of the mixture. Therefore, the reaction is considered to have 

been sufficiently close to completion. 

3.6. State of water measured via LT-DSC and Proton NMR 

 

Figures 9a and 9b show the results of the LT-DSC freezing and melting processes, respectively. The 

water in the pores froze at the temperature where the peak occurred during the freezing process, and the 

ice melted during the melting process. The lower the temperature, the more water in the small pores 

was frozen or thawed by the theory of thermoporometry [48]. In the K11 and KN11 specimens, the 

peak at approximately -20 °C was large, suggesting that there were many large pores [49].  In the 0.66K 



 

 

sample, many small pores were present, indicated by many peaks below -30 °C. The total amount of 

heat detected was relatively small in the K9 and N11 samples; this indicates that little water was present 

in the pores of these specimens. The amount of water frozen to -30 ° C in the K11 specimen was more 

than 10 times higher than that in the N11 sample, the total amount of water in K9 and N11 was half that 

of the K11 sample. The total amount of frozen water was in the order of K11 > KN11>0.66K > K9 > 

N11. This order is the same as the order of the diffusion coefficient of the geopolymer. Therefore, since 

the amount of water that can be frozen in the N11 sample is small, it was shown that the water inside 

the pores is greatly affected by the solid surface, which suppresses mass transfer. These results differed 

from the MIP results; this is considered to be due to structural changes caused by drying the samples. 

During the melting process, a large peak was detected at approximately 0 °C for all the samples as 

shown in Fig.9b. Hysteresis may have occurred during the freezing and melting processes due to cracks 

appearing in the specimens during measurement, but the details are currently unknown and should be 

investigated in future. 

Figure 10a shows the proton NMR measurement results. The signal intensity is proportional to the 

quantity of protons detected in the specimen. The initial signal intensity decreased in the order of K11 

> 0.66K > K9 > KN11 > N11, indicating that they contained different amounts of free water, as shown 

in Supplement Fig. 3. This was in good agreement with the LT-DSC results except for KN11. It was 

shown that the relaxation of protons in the pores of the K11 and 0.66K samples was slow, and that it 

was fast in the pores of the N11 sample. Figure 10b shows the normalized signal intensity results 

obtained by dividing the observed signal intensity by the initial signal intensity. When the effect of the 

initial value is excluded, the proton relaxation is notably faster in the sample containing sodium. The 

time it takes for the signal intensity of the N11 specimen to decay in half is 1.76 times faster than that 

of the K11 and 0.66K specimens. This result also shows that the pore water of the N11 specimen is 

strongly constrained to the solid surface, which is considered to be the result of suppressing the diffusion 

of ions. 

From the results of the two measurement methods, the sample containing sodium was more strongly 

influenced by the water near surface of solid than the sample containing only potassium, which resulted 



 

 

in water being confined to the pores and the movement of ions being suppressed. Furthermore, the 

viscosity of the pore solution in the potassium-activated geopolymers was lower than that in the sodium-

activated geopolymers, which facilitated the transfer of substances. It has been shown that the alkali 

activator of sodium is highly viscous with respect to the fluidity of the geopolymer paste [50]. Therefore, 

it was clarified that it is effective to use a sodium-type alkali activator to suppress the diffusion of 

cations. Moreover, research has been conducted, using different materials, which has shown that the 

durability of cement concrete can be increased by changing the viscosity of the pore solution[51]. On 

the other hand, even in a potassium-type specimen such as the K9 specimen, it is possible to suppress 

the diffusion of ions by reducing the amount of water in the activator. When considering the diffusion 

of ions in the geopolymer, it is necessary to clarify not only the porosity but also the state of pore water 

in the geopolymer. 

 

4. CONCLUSIONS 

 

This study demonstrated the diffusivity of cesium in MK-based geopolymers. The following 

conclusions were obtained from the investigations:  

1. The use of sodium-based alkali activators and a decrease in the moisture content of the alkali 

activators lowered the apparent diffusion coefficients of cesium in MK-based geopolymers. 

The diffusion of chlorine could not be confirmed for the MK-based geopolymers in this study. 

2. The use of sodium-based alkali activators increased the cesium adsorption capacities of MK-

based geopolymers, and the adsorption of cesium was characterized as Langmuir-type 

adsorption. However, the adsorption of chlorine by the geopolymers could not be confirmed in 

this study. 

3. A correlation between the compressive strength and porosities of MK-based geopolymers was 

established. Although no clear correlation between the diffusion coefficients and porosities of 



 

 

MK-based geopolymers was identified, there was good correlation between the BET surface 

area and diffusion coefficient of cesium in MK-based geopolymers. Therefore, it was shown 

that the surface area is the main factors controlling the diffusion performance of MK-based 

geopolymers. It is recommended to use a sodium-type activator to suppress the diffusion of 

cesium ions in the geopolymer, or to reduce the amount of water in the potassium-type activator 

as well. 

4. The LT-DSC and proton NMR results showed differences due to the state of water in the pores. 

It was shown that the sample containing sodium was more strongly affected by the water near 

surface of solid than the sample containing only potassium, resulting in the confinement of 

water in pores and suppression of the movement of ions.  
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Table 1. Chemical composition of MK (mass%) 

Na2O Al2O3 SiO2 K2O CaO TiO2 Fe2O3 

0.64 45.21 52.48 0.12 0.02 1.62 0.34 

 

Table 2. Alkali activator compositions 

 

 

 

 

 

 

Table 3. Si NMR results of alkali activator 

  K11 K9 0.66K N11 KN11 

Q0 20.9 22.9 7.25 28.8 25.9 

Q1 29.2 32.7 22.0 34.1 32.1 

Q2Δ 20.4 18.5 18.0 21.0 20.4 

Q2 17.2 16.0 28.4 10.5 14.1 

Q3Δ 6.7 6.4 10.4 4.1 5.3 

Q3 5.6 3.7 14.1 1.6 2.2 

 

 

 

 

 

  

Sample 
Alkali activator(mol/mol) 

M2O M2O/Al2O3 SiO2/Al2O3 H2O/Al2O3 

K11 K2O 

1.0 

1.0 
11.0 

K9 K2O 9.0 

0.66K K2O 1.5 

11.0 N11 Na2O 
 1.0 

KN11 0.5K2O+0.5Na2O 



 

 

Figure 1. Compressive strengths and UPVs of the geopolymers 

 

Figure 2. Apparent diffusion coefficients of cesium ions in the geopolymers 

 

Figure 3 (a) Cesium adsorption isotherms of the geopolymers, (b) Maximum saturation capacities of 

the geopolymers 

 

Figure 4. Maximum saturation capacities and apparent diffusion coefficients of cesium ions in the 

geopolymers 

 

Figure 5. Pore volume measured by MIP and N2 adsorption, and BET surface areas, as determined from 

nitrogen adsorption measurements, of the geopolymers 

 

Figure 6. Pore size distribution of the geopolymers, as determined by MIP  

 

Figure 7 (a) Pore volume measured by MIP and N2 adsorption, and compressive strength of the 

geopolymers, (b)  Pore volume measured by MIP and N2 adsorption, and apparent diffusion coefficients 

of cesium ions in the geopolymers, (c) BET surface area and apparent diffusion coefficients of cesium 

ions in the geopolymers 

 

Figure 8  (a) 27Al NMR results for the geopolymers, (b)  29Si DD MAS NMR results for the geopolymers 

 

Figure 9  (a) LT-DSC result for the geopolymers during the freezing process, (b) LT-DSC result for the 

geopolymers during the melting process 



 

 

Figure 10  (a) Proton NMR results for the geopolymers, (b)  Normalized Proton NMR results for the 

geopolymers  



 

 

 

 

Figure 1  

  

 

 

Figure 2  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0

10

20

30

40

50

60

70

K11 K9 0.66K N11 KN11

U
P

V
(k

m
/s

)

C
om

pr
es

si
ve

 s
tr

en
gt

h(
N

/m
m

2
)

Compressive strength

UPV

1

10

100

K11 K9 0.66K N11 KN11

A
p

p
a

re
n

t 
di

ff
us

io
n 

co
ef

fi
ci

en
to

f C
s

×
1

0-1
3
(m

2
/s

)

1week immersion

4 week immersion



 

 

 

 

Figure 3 
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Figure 6  
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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