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Due to its high retention capacity and well durability, fly ash-based geopolymers rich of zeolites are considered to be potential
solidified materials for low- and intermediate-level radioactive waste stream. This study mainly focused on the phase trans-
formation, pore structure, and leaching characteristic of Sr** and Cs" in solidified fly ash/cement matrices under different sodium
hydroxide contents or sodium nitrate concentrations after thermal curing of 28 d. The results obtained from the experiments
indicated that the geopolymers prepared from pure fly ash had the potential to transform into ordered structures at high
temperatures of 90°C instead of room temperature, such as Na-P1 zeolite and chabazite. With the increase in sodium hydroxide
contents, more sodium nitrate participated in the reaction to form a zeolite phase in solidified fly ash/cement matrices, while the
coexistence phenomenon of chabazite and Na-P1 zeolite appeared under the condition of high sodium hydroxide contents of
more than 5%. Just a proper number of zeolites can effectively inhibit the leaching of radionuclides Sr**, as too many zeolites
would lead to the increase in porosity, which was harmful to the retention of radionuclides. Solidified fly ash/cement matrices at a
sodium hydroxide content of 5% or at a sodium nitrate concentration of 300 g/L obtained the lowest cumulative leaching fraction
of Sr**. Moreover, sodium hydroxide increased the cumulative leaching fraction of Cs* which reversely decreased significantly
with the increase in sodium nitrate concentrations.

1. Introduction

Intermedium- and low-level radioactive waste (ILLRW)
stream is a solution with high content of salts and alkalis
produced in the postprocessing of spent fuels, which ac-
counts for more than 95% of the total radioactive waste
stream [1]. Cement solidification technology is widely used
in the treatment and disposal of ILLRW stream due to its
economic raw materials, simple technology, and high ad-
sorption capacity of C-S-H and ettringite on radionuclides
[2, 3]. However, the large amount of mesopores and mac-
ropores in solidified cement matrices (SCMs) and weak acid
resistance resulted in the poor stability of the SCM under
complex geological conditions (water, heat, and chemistry)

[4]. The occurrence state of radionuclides in the SCM is
mainly physical inclusion and chemical adsorption. It is easy
to cause desorption and leaching of simulated radionuclides
in the process of decalcification and degradation of the SCM.
Therefore, cement solidification technology also has certain
limitations in the treatment of ILLW stream. Fortunately,
alkali-activated geopolymers have stronger acid resistance
than cement, although they are both alkaline materials [5].
Moreover, the reaction products of geopolymers at normal
temperature are three-dimensional network N-A-S-H gels
with similar zeolitic structures, while zeolite crystals get
formed at high temperature (60-200°C) curing [6]. Geo-
polymers have variable phase structures and phase com-
positions, but generated gels and zeolites can effectively
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adsorb simulated radionuclides, which remedy the short
board of cement solidification technology and improve the
retention efficiency and long-term stability [7, 8]. Thus,
solidified fly ash/cement matrices (SFCMs) are considered
potential systems to immobilization of radionuclides by
taking advantage of both cement and geopolymer, especially
in mass immobilization engineering, which needs rather
high content of fly ash to decrease hydration heat.

As the chemical properties of Cs are very similar to those
of alkali metal ions, it prefers to participate in the formation
of geopolymers. Cs is more likely to be adsorbed on N-(C)-
A-S-H gels than on C-A-S-H gels [9] and plays a vital role of
electricity balance in the silicoaluminate network [10]. The
adsorption kinetics of Cs in geopolymers also conformed to
the pseudofirst-order and pseudosecond-order kinetic
models, which also demonstrated that physical and chemical
adsorption mechanisms dominated the whole adsorption
process [11]. Jang et al. [12] studied the physical shielding
effect of Portland cement, fly ash, as well as slag-based
geopolymers on the leaching characteristic of Cs, and the
effect indicated that the leaching of Cs in fly ash-based
geopolymers (FABGs) was the lowest due to the dense pore
structure. Li et al. [13] suggested that the addition of Cs had
no obvious impact on the structure and composition of
FABG, but FABG had better solidification ability and me-
chanical properties than cement.

In order to further improve the retention ability of
geopolymers, modification and functionalization of geo-
polymers have been studied [14, 15]. However, the intro-
duction of other substances may have a negative impact on
the durability of geopolymers and increase the complexity of
the production process, which is not suitable for large-scale
production lines. In contrast, it is more effective and simpler
to enhance the retention ability of geopolymers for simu-
lated nuclides by increasing the curing temperature to form
in situ zeolite phases. Many in situ synthesis methods have
been applied in the formation of new functional materials,
such as photocatalysis materials [16, 17], nanostructures
materials [18-20], and optical materials [21]. The methods
used in the above materials, including hydrothermal syn-
thesis, room temperature synthesis, and catalytic synthesis,
can provide strong guidance for the in situ synthesis of
zeolites in geopolymers.

There are cross-linked channels in the three-dimensional
network structure of zeolites, and the pore size is 2.5-50A
[22]. This special structure enables zeolites to have high ion
exchange capacity and selectivity for Sr and Cs. In previous
studies, a variety of zeolites were used to adsorb Sr and Cs,
such as Na-P1 zeolite, chabazite, Linde-A zeolite, faujasite
zeolite, and mordenite. Baek et al. [23] and Aono et al. [24]
showed that chabazite had the highest adsorption selectivity
for Cs, while Munthali et al. [25] showed that Linde-A zeolite
had the highest adsorption selectivity for Sr. Thus, N-A-S-H
gels and zeolites have excellent selective adsorption prop-
erties for Sr and Cs, which can effectively improve the
immobilization ability of the matrix.

Alkali can activate fly ash to produce the zeolite phase at
high temperature, especially chabazite and P-type zeolite,
which have good adsorption and retention effects on
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simulated radionuclides of Sr and Cs [15, 26, 27]. Due to the
limitation of the ILLRW immobilization process, the way of
adding sodium silicate solution is not easy to implement,
while the way of adding sodium hydroxide powers is rela-
tively simple. Therefore, this paper mainly studied the in-
fluence of sodium hydroxide as alkali activators on the
formation of the zeolite phase from fly ash at room tem-
perature or thermal curing. Moreover, the phase transfor-
mation, pore structure, and leaching characteristic of Sr2t
and Cs® in the SFCM under different sodium hydroxide
contents and sodium nitrate concentrations have also been
further researched. This study was further researched on the
performance of the SFCM on the retention of radionuclides
based on the previous study [28], which is meaningful to
unveil the stability of radionuclides in different zones of
mass immobilization matrices.

2. Materials and Methods

2.1. Materials. Ordinary Portland cement P O 42.5R (China
standard: GB 175-2007) and fly ash with a low content of Ca
are used in this study, and the detailed composition and
particle size can be seen in the previous study [29]. Ana-
Iytical reagent-grade sodium nitrate, strontium nitrate, ce-
sium nitrate, and sodium hydroxide were purchased from
the chemical reagent company.

2.2. Preparation of Samples. FABG is prepared by mixing fly
ash, sodium hydroxide, and water. According to the pre-
vious study on synthesis of zeolites [27], sodium hydroxide
was dissolved in water before stirring, and contents (mass
ratio of sodium hydroxide to fly ash) were 10%, 15%, and
20%, respectively. The mass ratio of water to fly ash in FABG
was constant at 0.4. After stirring for 5 min, fresh pastes were
poured into 20 x 20 x 20 mm” steel molds and then vibrated
for 1 min to remove air bubbles. The synthesis temperature
was selected at 90°C [27]. The samples were demolded after
5h of curing and then continued to be cured at 90°C for 28 d.
After that, the samples were smashed into small fragments or
ground into powder for characterization.

Fly ash/cement paste (FCP) curing at 20°C and SFCM
curing at 20°C or 90°C were also prepared as per the method
described above. Sodium hydroxide and sodium nitrate were
dissolved in water before stirring. The concentration of
sodium nitrate was between 0 and 500 g/L, while the sodium
hydroxide content was between 0.82% and 10% (calculated
as the mass ratio of Na,O to fly ash and cement). Table 1 lists
the mixture proportions of the SFCM. As the salt concen-
tration of normal ILLRW was always around 300 g/L and the
sodium hydroxide content was around 0.82%, sodium ni-
trate of 300 g/L was selected for samples 7-10. The con-
centrations of Cs* and Sr** (mass ratio of radionuclide to
cement and fly ash) in all the SFCMs were 0.4% and 0.8%,
respectively.

2.3. Leaching Experiment. The leaching experiment was
conducted based on the Chinese standard GB/T 7023-2011.
The leaching agent is an NH,CI solution of 0.6 mol/L, and
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TaBLE 1: The mixture proportions of the SFCM.

Samples Cement (g) Fly ash (g) W/C (mass ratio) Cnanos (g/L) Solution (g) NaOH (%)
1 15 85 0.4 0 40 5

2 15 85 0.4 100 44.15 5

3 15 85 0.4 200 48.48 5

4 15 85 0.4 300 53.55 5

5 15 85 0.4 400 58.94 5

6 15 85 0.4 500 64.90 5

7 15 85 0.4 300 53.55 0

8 15 85 0.4 300 53.55 0.82

9 15 85 0.4 300 53.55 2.5

10 15 85 0.4 300 53.55 7.5

11 15 85 0.4 300 53.55 10

the volume ratio of solidified fly ash/cement matrices to
NH,CI solution is 1:30. The leaching experiment was
conducted at 25+2°C, while the leaching agent was
refreshed at the leaching period ranging from 2h to 284,
respectively. The leaching fraction (LF, cmd™') and the
cumulative leaching fraction (CLF, cm) were obtained by
following the formations described in the previous study
[28].

2.4. Characterization. The crystalline phases in solidified
matrices were detected by X-ray diffractometry (XRD)
(DMAX1400, Rigaku, Japan). A scanning electron micro-
scope (SEM) (Ultra55, Carl-Zeiss, Germany) was used to
analyze the morphology of the solidified matrices. The
change in Si-O-T (T=Si and Al) bonds was examined
through the infrared spectra (IR) (Spectrum One Autoima,
PE, USA). The pore structure of samples with a diameter of
~4mm was determined by mercury intrusion porosimetry
(MIP) (AutoPore 1V9500, Micromeritics, USA). The con-
centrations of cations in leaching solutions were detected by
inductively coupled plasma optical emission spectroscopy
(ICP) (iCAP 7000, Thermo Fisher Scientific, USA), and the
results were obtained from the average value of three test
data.

3. Results and Discussion

3.1. Hydration Characteristics of FCP at Room Temperature.
Figure 1 displays the hydration exothermic curves of FCP
under different sodium nitrate concentrations at 20°C. As
seen in Figure 1(a), the hydration of FCP is delayed with the
increase in sodium nitrate concentrations. The starting time
of an acceleration period is also delayed, while the duration
of an acceleration period is prolonged, as seen in the first
exothermic peak in the zone of peak I. It is worth noting that
FCP has no obvious second exothermic peak under the
condition of pure water. However, at a sodium nitrate
concentration of >100g/L, the second exothermic peak
becomes higher and higher. The second exothermic peak is
also delayed with increasing sodium nitrate concentrations,
as seen in the zone of peak II. As seen in Figure 1(b), at the
hydration age of 3 d, the normalized heat of FCP under pure
water begins to increase slowly. As most of the single phase
of cement was hydrated completely in the pure water at 3d,

the rate of hydration decreased obviously (Figure 1(a)).
However, the normalized heat of FCP in sodium nitrate
solution still increased sharply as sodium nitrate restrained
the hydration of cement in the first few days [28]. When the
hydration age is 7d, the normalized heat of FCP in pure
water is between that in sodium nitrate concentrations of
300 g/L and 500 g/L. However, the normalized heat of FCP in
pure water is close to that in 200 g/L of sodium nitrate at the
hydration age of 14 d.

As seen in Figure 2, high concentrations of sodium
nitrate (>300 g/L) prevent the hydration of C,S and CsS in
the SFCM and decreases the content of Ca(OH),. This is
consistent with the conclusions in the previous study on the
influence of sodium nitrate on the hydration of Portland
cement [28]. The appearance of Peak II (Figure 1) is at-
tributed to the hydration of some residual C2S and C3S, as
well as the hydration of fly ash under the activation of OH"
and Na".

Figure 3 shows the hydration exothermic curves of FCP
with different sodium hydroxide contents at 20°C. As seen in
Figure 3(a), the hydration exothermic peak of FCP advances
with the increase in sodium hydroxide contents, and the
duration time of the acceleration period and the deceleration
period is shortened. When the sodium hydroxide content is
5% and 10%, the second exothermic peak of FCP disappears.
As seen in Figure 3(b), the normalized heat of FCP increases
significantly with the increase in sodium hydroxide contents
before the hydration of 1.5d. After the 3 d of hydration, the
normalized heat of FCP with sodium hydroxide is obviously
lower than that of the blank sample. The increasing pH by
the introduction of NaOH promoted the hydration process
of cement at early age [30, 31]. However, owing to the
formation of dense products film on cement particles, the
hydration degree decreased obviously at a later age [32].

As seen in Figure 4, the addition of sodium hydroxide
(<5%) at normal temperature does not significantly change
the crystalline products in the SFCM. Only when the sodium
hydroxide content is 5% and 10%, a small amount of
cancrinite (PDF: 78-2494) and tetranatrolite (PDF:
33-1205) appears in the matrix.

3.2. In Situ Synthesis of Zeolite Phases from Fly Ash under
Thermal Curing. Figure 5 shows the XRD patterns of FABG
with different sodium hydroxide contents after curing at
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F1GURE 1: The hydration exothermic curves of the SFCM with different sodium nitrate concentrations at 20°C: (a) normalized heat flow;
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FiGure 2: The XRD patterns of the SFCM with different con-
centrations of sodium nitrate after curing at 20°C for 7 d.

90°C. As seen in Figure 5(a), the crystal phase of the FABG
matrix with 10% of sodium hydroxide is only silica and
mullite after curing at 90°C for 1d, while there is no new
crystal phase. When the sodium hydroxide content increases
to 15%, the sodalite phase begins to appear in the matrix. The
peak strength of the sodalite phase in the matrix is signif-
icantly enhanced at a sodium hydroxide content of 20%, and
a new phase of chabazite appears. It can be seen in
Figure 5(b) that the kinds of crystalline phases in FABG with
different sodium hydroxide contents increase significantly
after curing at 90°C for 7d. When the sodium hydroxide
content is 10%, the faujasite phase and the nepheline phase
appear in the matrix besides the chabazite phase. However,

the faujasite phase disappears at a sodium hydroxide content
of 15%, but the new phase of Na-P1 zeolite appears. At last,
the main zeolite phases in the matrix are chabazite, Na-P1
zeolite, and sodalite, while the content of sodium hydroxide
is 20%. However, the diffraction peak intensity of the Na-P1
zeolite phase is much lower than that at a sodium hydroxide
content of 15%, and the diffraction peak of silica significantly
reduces. Figure 5(c) shows that the main crystal phase of
FABG with a sodium hydroxide content of 10% is chabazite
after curing at 90°C for 28 d. Moreover, there is a small
amount of the Na-P1 zeolite phase, and the diffraction peak
of silica is obvious. When the sodium hydroxide content
increases to 15%, the diffraction peak of silica in the matrix is
not obvious, while the diffraction peak intensity of the Na-P1
zeolite phase in the matrix is significantly enhanced.
However, the diffraction peak intensity of the Na-P1 zeolite
phase reduces at a sodium hydroxide content of 20%.
Nevertheless, the main crystalline phase in the matrix is still
the chabazite phase.

In the process of alkali-activated reaction, NaOH pro-
motes the dissolution of fly ash particles, and Si and Al
release them out into the pore solution, which contributes to
the formation of zeolites [33, 34]. However, the Si/Al ratios
of chabazite, faujasite, Na-P1 zeolite, and sodalite are dif-
ferent. Thus, the concentration of Si and Al in pore solution
determines the composition and kinds of zeolites. Moreover,
excessive alkali concentration also inhibits the crystallization
of zeolites and results in the transformation of zeolite phases
[34, 35]. Faujasite and sodalite can be regarded as the
precursors of chabazite and Na-P1 zeolites which are more
stable under high alkali conditions and high temperature,
especially under the curing of long term [26].

Figure 6 shows the IR spectra of FABG with different
sodium hydroxide contents after curing at 90°C. As seen in
Figures 6(a) and 6(c), the internal vibration peak of Si-O-Si
at 451 cm ™! and the asymmetric vibration peak of Si (Al) -O
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FIGURE 4: The XRD patterns of SFCM with different sodium hy-
droxide contents after curing at 20°C for 7d.

at 1023cm™" are obviously enhanced with the increase in
sodium hydroxide contents at the curing age of 1 d and 28 d.
This indicates that the formation of zeolites increases with
the increase in sodium hydroxide contents at the curing age
of 1d and 28d [29]. As seen in Figure 6(b), the peak in-
tensities of two zeolite-related vibration peaks do not change
significantly at the curing age of 7d.

Figure 7 shows the SEM images of zeolites and N-A-S-H
gels in FABG after curing at 90°C for 28 d. It can be seen that
the main zeolite phase in geopolymers matrices is the
chabazite phase, and there are a large number of N-A-S-H

gels when the sodium hydroxide content is 10%, as shown in
Figures 7(a) and 7(b). When the sodium hydroxide content
is 15%, there are a large number of chabazite and Na-P1
zeolites in geopolymers matrices, while N-A-S-H gels have
significantly reduced, and other types of zeolites such as
sodalite appear, as seen in Figures 7(c) and 7(d). When the
sodium hydroxide content increases to 20%, the main zeolite
phase in geopolymers matrices is Na-P1 zeolite instead of
chabazite, while there are no obvious N-A-S-H gels. The
internal structure becomes loose and porous, as shown in
Figures 7(e) and 7(f). Figure 8 shows the SEM images of
chabazite in geopolymers matrices with a sodium hydroxide
content of 15%.

It can be seen that chabazite mainly synthesizes in the
pores of geopolymers matrices, which is similar to the
distribution of Na-P1 zeolite [27]. There is a well mass
balance between [OH] and [Na®, K'] in pore solution
which provides a stable and durable condition for the
crystallization of zeolites. Indeed, the pH and Na®, K"
concentrations of the pore solution increase continually with
the extend of curing age. [36].

As seen in Figure 9 and Table 2, the porosity of FABG
increases with the increase in sodium hydroxide contents, as
the introduction of sodium hydroxide promotes the for-
mation of various zeolite phases in the matrix. Compared
with the N-A-S-H gel structure, the skeleton formed by
zeolite phases is looser, resulting in an increase in porosity.
The average pore diameter reaches the maximum at a so-
dium hydroxide content of 15%, while it decreases at a
sodium hydroxide content of 20%. It indicates that the large
number of zeolite phases increases porosity but refines the
pore size at a sodium hydroxide content of 20%, which is
consistent with the results of SEM (Figure 7). In addition, the
N-A-S-H gels in the matrix increase due to the strong alkali
excitation effect when the sodium hydroxide content is 20%.
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Meanwhile, increasing N-A-S-H gels also refine the pores of
geopolymers matrices.

3.3. Products of SFCM with High Na Content. Figure 10
shows the XRD patterns of SFCM after curing at 90°C for
28d. As seen in Figure 10(a), Na-P1 zeolite and chabazite
appear simultaneously in the SFCM when the sodium hy-
droxide content is above 5%. With the increase in sodium
hydroxide contents, the peak intensity of SiO, in the matrix
gradually decreases, which indicates that an increasing
content of SiO, has been involved in the reaction. It can be

seen in Figure 10(b) that there was an obvious diffraction
peak of Na-P1 zeolite at the concentration of sodium nitrate
between 0 and 400 g/L. The diffraction peaks of Na-P1 zeolite
decrease with the increase in sodium nitrate concentrations
and disappear at 500 g/L. The diffraction peak intensity of
chabazite increases with increasing sodium nitrate con-
centrations, but there is no obvious diffraction peak at 0 g/L
and 100g/L.

Figure 11 shows the IR curves of SFCM after curing at
90°C for 28 d. As seen in Figure 11(a), the strength of N-O
bonds at a sodium hydroxide content of 5% and 10% is lower
than that at 0.82%, which indicates that some sodium nitrate
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in the matrix is involved in the formation of the zeolite
phase. At a wave number of 1049 cm ™, the strength of the Si-
O-T bond [26, 29] corresponding to N-A-S-H gels and
zeolite phase increases with increasing sodium hydroxide
contents. As seen in Figure 11(b), the N-O bond at
1384 cm™" [37] increases significantly with the increase in
sodium nitrate concentrations, while the Si-O-T bond
corresponding to N-A-S-H gels and zeolite phase does not
change significantly at a wave number of 1045cm ™.
Figure 12 shows the SEM images of the SFCM with
different sodium hydroxide contents after curing at 90°C for
28 d. As seen in Figure 12(a), the products of the SFCM are

still dominated by N-A-S-H gels when the sodium hydroxide
content is 0.82%, while there is no obvious zeolite phase.
When the sodium hydroxide content is 5%, well-crystallized
chabazite appears in solidified matrices, as shown in
Figure 12(b). It can be seen in Figures 12(c) and 12(d) that a
large amount of chabazite appears in the SFCM when the
sodium hydroxide content increases to 10%, while well-
crystallized Na-P1 zeolite also appears, which is in agree-
ment with the conclusion from XRD patterns.

Figure 13 shows the SEM images of the SFCM with
different sodium nitrate concentrations after curing at 90°C
for 28 d. As seen in Figure 13(a), Na-P1 zeolite is the main
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FiGure 10: XRD patterns of the SFCM after curing at 90°C for 28 d. (a) Sodium hydroxide content; (b) sodium nitrate concentration.

phase in the SFCM when sodium nitrate concentration is
100 g/L, as shown in Figure 13(a). As seen in Figure 13(b), it
can be seen that the zeolite phase in the SFCM is mainly the
chabazite phase when the concentration of sodium nitrate is
500 g/L and Na-P1 zeolite is not found, which is also in
agreement with the conclusion from XRD patterns.
Compared with the existence of chabazite under dif-
ferent alkalinity after curing at 90°C for 7d [26], the co-
existence of two zeolites (chabazite and Na-P1 zeolite)

appears in solidified matrices after 28d. Indeed, Na-P1
zeolite just can exist at sodium nitrate concentrations below
100 g/L after curing at 90°C for 7 d, while this concentration
threshold increases to 400 g/L after curing for 28 d [26]. This
indicates that the extension of curing age promotes the
formation and enhances the stability of Na-P1 zeolite under
long-term curing.

Figure 14 and Table 3 show the pore structure distri-
bution and pore structure parameters of the SFCM with
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FIGURE 12: The SEM images of the SFCM with different sodium hydroxide contents after curing at 90°C for 28 d. (a) 0.82%, 300 g/L; (b) 5%,

300 g/L; (c) 10%, 300g/L; and (d) 10%, 300 g/L.

different sodium hydroxide contents after 28 d of curing at
90°C, respectively. As seen in Figure 14(a), the peak in the
curve of the pore structure shifts to the low pore size region
at the sodium hydroxide content ranging from 0.82% to
2.5%, which corresponds to the decrease of the average pore

size. When the sodium hydroxide content increases to 5%,
the peak in the pore size distribution curve is still below
100 nm, but the proportion of pores corresponding to
100-1000 nm increases, and the average pore size increases
to 61.65 nm, as seen in Figure 14(b). The peak of the pore size
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F1GURE 13: The SEM images of fly ash/cement solidified with different sodium nitrate concentrations after curing at 90°C for 28 d are shown
as follows: (a) 100 g/L, 5%; (b) 500 g/L, 5%.
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FIGURE 14: The pore structure of the SFCM with different sodium hydroxide contents after curing at 90°C for 28 d. (a) Distribution curve;
(b) porosity ratio.

TaBLe 3: The pore structure parameters of the SFCM with different sodium hydroxide contents after curing at 90°C for 28 d.

NaOH content (%) 0.82 2.5 5 10

Porosity (%) 12.59 23.02 34.92 26.23
Average pore size (nm) 112.6 45.62 61.65 156.7
distribution curve is about 400 nm at a sodium hydroxide Figure 15 and Table 4 show the pore structure distri-

content of 10%, while the average pore size increases to  bution and pore structure parameters of the SFCM with
156.7 nm. Moreover, the proportion of pores between 200  different concentrations of sodium nitrate after 28d of
and 1000nm increases significantly, as shown in  curing at 90°C, respectively. It can be seen in Figure 15 that
Figure 14(b). Above all, the total porosity increases first and  the peak of the pore size distribution curve shifts to the
then decreases with the increase in sodium hydroxide  direction of a large pore size with increasing sodium nitrate
contents. The maximum porosity is 34.92% at a sodium  concentrations between 0 and 300 g/L, which corresponds to
hydroxide content of 5% and decreases to 26.63% at a so-  the increase of the average pore size. The average pore size at
dium hydroxide content of 10%. 300 g/L of sodium nitrate is 61.65 nm, which is 3 times that of
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TaBLE 4: The pore structure parameters of the SFCM with different concentrations of sodium nitrate after curing at 90°C for 28 d.

NaNOj; concentration (g/L) 0 100 300 500
Porosity (%) 15.54 18.05 34.92 30.75
Average pore size (nm) 20.36 20.06 61.65 38.05

0 g/L of sodium nitrate. The peak shape of the pore size
distribution curve becomes wider, and the porosity of re-
gions above 50 nm increases greatly. When the concentra-
tion of sodium nitrate is 500 g/L, the peak value of the pore
size distribution curve is not significantly different from that
at 300 g/L, but the peak shape becomes narrow and porosity
begins to decrease, and the average pore size also decreases
to 38.05 nm. Moreover, the proportion of pores below 50 nm
and above 1000 nm increases, and the proportion of pores
between 50 nm and 1000 nm decreases significantly.

Following the increase of sodium hydroxide and sodium
nitrate, porosity shows an increasing trend due to the big
interval between zeolites. However, compared with the pore
structure of the SFCM after curing for 7 d [26], the porosity
of the SFCM after curing for 28d significantly reduces,
which is mainly attributed to further deepened alkali acti-
vation reaction and the presence of a large number of ze-
olites and N-A-S-H gels that fill larger pores in the SFCM
[27].

3.4. Leaching Characteristics of SFCM. Figure 16 shows the
leaching curves of Ca®" in the SFCM containing different
concentrations of sodium nitrate at a sodium hydroxide
content of 5%. As seen in Figure 16(a), the LF of Ca" in the
SFCM increases with the increase in sodium nitrate con-
centrations. Figure 16(b) shows that the CLF of Ca*" in the

SFCM also increases significantly with increasing sodium
nitrate concentrations, among which the increase is more
obvious at concentrations of 400 and 500 g/L. When the
leaching period is prolonged to 90 d, the CLF of Ca** is about
0.11 cm at a concentration of 400-500 g/L, while it is about
0.09cm at a concentration of 100-300 g/L. Moreover, the
CLF of Ca®" is only about 0.07cm at a sodium nitrate
concentration of 0g/L.

Figure 17 displays the leaching curves of Ca®" in the
SFCM with different sodium hydroxide contents at a sodium
nitrate concentration of 300 g/L. As seen in Figure 17(a), the
LF of Ca** in the SFCM increases with the increase in so-
dium hydroxide contents. Figure 17(b) shows that the CLF
of Ca®" in the SFCM also increases with increasing sodium
hydroxide contents. Moreover, at the leaching period of 28 d,
the CLF of Ca®* has no obvious change when sodium hy-
droxide contents range from 0.82% to 5%, which is about
0.07 cm. When the sodium hydroxide content is 7.5% and
10%, the CLF of Ca>" increases obviously, about 0.10 cm. Tt
can be found that sodium hydroxide inhibits the decalci-
fication of the SCM [32] but promotes the decalcification of
the SFCM.

Figure 18 exhibits the leaching curves of Sr** in the
SFCM containing different concentrations of sodium nitrate
at a sodium hydroxide content of 5%. Figures 18(a) and
18(b) show that the LF and CLF of Sr** in the SFCM at 300 g/
L are lower than those of pure water. However, the LF and
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CLF of other sodium nitrate concentrations are higher than
those of pure water, and the highest value is at a sodium
nitrate concentration of 100 g/L.

Figure 19 shows the leaching curves of Sr** in the SFCM
with different sodium hydroxide contents at a sodium ni-
trate concentration of 300 g/L. As seen in Figure 19(a), it can
be found that the LF of Sr** in the SFCM decreases first and
then increases with the increase in sodium hydroxide
contents. Besides, the lowest value is obtained at a sodium
hydroxide content of 5%. As seen in Figure 19(b), the CLF of

Sr** in the SFCM also decreases first and then increases with
the increase in sodium hydroxide contents. Indeed, the
varjation amplitude increases with the increase in the
leaching period. When the leaching period reaches 28 d, the
CLF of Sr** obtains the maximum of 0.12cm at a sodium
hydroxide content of 0.82%; when the content of sodium
hydroxide is 5%, the CLF of Sr** is the lowest, only about
0.04 cm. When the sodium hydroxide content increases to
10%, the CLF of Sr** begins to rise again, reaching about
0.06 cm. Although the conversion of N-A-S-H gels to the
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zeolite phase can improve the retention capacity of the
SECM for simulated radionuclides [38-42], the porosity and
the average pore size of the SFCM increase with the for-
mation of a large number of zeolites, which will result in an
increase in the LF of Sr** [26, 28]. Just a proper number of
zeglites can effectively inhibit the leaching of radionuclides
Sr.

Figure 20 displays the leaching curves of Cs* in the
SFCM containing different concentrations of sodium nitrate
after curing for 28 d at a sodium hydroxide content of 5%. It

can be seen in Figure 20(a) that the LF of Cs* in the SFCM
decreases significantly with the increase in sodium nitrate
concentrations at each leaching period. As seen in
Figure 20(b), the CLF of Cs* in the SFCM decreases sig-
nificantly with the increase in sodium nitrate concentrations,
but the degree of the decrease increases with the increase in
the leaching period. When the leaching period is 90d, the
CLF of Cs" in the SFCM is about 0.14cm when sodium
nitrate is not added, while the CLF of Cs" in the SFCM with
500 g/L of sodium nitrate is only about 0.10 cm.
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5%: (a) LF; (b) CLF.

Figure 21 displays the leaching curves of Cs* in the
SFCM with different sodium hydroxide contents after curing
for 28 d at a sodium nitrate concentration of 300 g/L. As seen
in Figure 21(a), the LF of Cs" in the SFCM increases first and
then decreases with the increase in sodium hydroxide
contents. Figure 21(b) shows that the CLF of Cs* in the
SFCM also increases first and then decreases with the in-
crease in sodium hydroxide contents. With the increase in
the leaching period, the variation of the CLF of Cs* becomes
greater. When the leaching period is 90d, the CLF of Cs"
obtains the lowest value of ~0.05cm at a sodium hydroxide
content of 0.82% while it reaches the highest value of
~0.11 cm at a sodium hydroxide content of 5%. The CLF of
Cs" at a sodium hydroxide content of 10% is lower than that
of 5%, which is about 0.09 cm.

This study examines the FABG and SFCM for the im-
mobilization of Sr** and Cs*. The SFECM possesses both the
advantage of geopolymer and cement in the adsorption of
radionuclides [1, 43]. Moreover, the curing time is an im-
portant factor that influences the end product type. Com-
paring the results under the curing time of 7d [26], the
conclusions obtained at 28 d are much different.

Above all, sodium nitrate and sodium hydroxide both
accelerate the decalcification of the SFCM, which increases
the degradation of matrices and results in further leaching of
radionuclides. Though sodium nitrate promotes the leaching
of Sr**, sodium hydroxide inhibits leaching effectively. As
Sr** is always adsorbed or incorporated in hydration
products of cement, the leaching of Sr** is mainly deter-
mined by the transformation of C-S-H and ettringite under
different conditions of sodium salts. Sodium nitrate de-
creases, while sodium hydroxide increases nonbridging
oxygen, which results in the change of Sr** leaching [28, 32].

However, the effect of sodium salts on the leaching of
Cs™ is opposite. The LF and CLF of Cs* decrease with the
increase in sodium nitrate concentrations after curing for
28d. Moreover, the change in the pore structure of the
SFCM after curing for 28 d is due to the increase in the
zeolite content and the decrease in the gels phase in the
SFCM with the extension of curing time. Indeed, ex-
cessive zeolite causes the loose and porous internal
structure of the SFCM. However, increasing chabazite
with high adsorption of Cs* can neutralize the negative
effect of pore structures, which leads to the prevention of
Cs" leaching [23, 24]. However, the LF and CLF of Cs" in
the presence of high sodium hydroxide content are higher
than those of low sodium hydroxide content (0.82%),
which is mainly due to the increase in the porosity and
average pore size of the SFCM (Figure 14). At the same
time, the coexistence of chabazite and Na-P1 zeolite
occurs at the sodium hydroxide content above 5%. The
adsorption capacity of Na-P1 zeolite for Cs™ is weaker
than that of chabazite but stronger than that of N-A-S-H
gels [23, 24, 44, 45], which results in the reduction of Cs
leaching at a sodium hydroxide content of 10% compared
to 5% and 2.5%.

The cumulative leaching fractions of Sr2" and Cs* in
SECM of this study are both below 0.05 cm at the leaching
period of 28 d, which is much lower than that of the pure
cement matrices or geopolymer matrices in other researches
[43, 46-48]. Especially, the technology of in situ synthesis of
zeolites promotes the immobilization of radionuclides sub-
stantially despite the increasing porosity. However, the SFCM
is hard to reach an excellent immobilization performance for
Sr** and Cs" at the same time. So, further research on the
composition of the SFCM and curing regime is needed.
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4. Conclusions

Though the introduction of fly ash delayed the reaction and
reduced the hydration heat of the SFCM, fly ash-based
geopolymers at room temperature have no obvious crys-
talline phase except a little amount of cancrinite and tet-
ranatrolite at high sodium hydroxide content. However,
FABG preferred to transform into ordered structures at a
high temperature of 90°C, such as Na-P1 zeolite and cha-
bazite. Under the excitation of sodium hydroxide, the main
zeolite phases generated at different sodium hydroxide
contents (10%, 15%, and 20%) were chabazite and Na-P1
zeolite. Zeolites are easy to crystallize in pores under the
conditions of enough alkali. In the SFCM, the sodium hy-
droxide content required for the crystallization of Na-P1
zeolite is at least 5%. With the increase in sodium hydroxide
contents, more sodium nitrate participated in the reaction to
form the zeolite phase. When the sodium hydroxide content
was fixed at 5% and the curing time was 28 d, the coexistence
of chabazite and Na-P1 zeolite appeared under the condition
of high sodium hydroxide content of more than 5%. At the
same time, Na-P1 zeolite can exist at sodium nitrate con-
centrations below 400 g/L, while it completely transformed
into the chabazite phase at 500 g/L. The addition of sodium
hydroxide and sodium nitrate made the pore structure of the
SFCM looser, but the opposite effect occurred when the
sodium hydroxide content reached 10%. With the increase
in sodium nitrate concentrations, the CLF of Ca** increased
significantly within a leaching period of 1-7d, while the
addition of high content sodium hydroxide reduced the CLF
of Ca>*. The SECM at a sodium hydroxide content of 5% or
at a sodium nitrate concentration of 300 g/L obtained the
lowest CLF of Sr**. Sodium hydroxide increased the CLF of
Cs", but the CLF of Cs" decreased significantly with the
increase in sodium nitrate. Comparing the kinds of zeolites

and the leaching behavior of radionuclides, it can be con-
cluded that chabazite has a higher retention capacity for Cs",
while Na-P1 zeolite has a higher retention capacity for Sr**

[5].
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