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Abstract:

Geopolymers are potentially useful materials for radioactive wastes stabilization or
immobilization. This study explores the retention mechanisms of stable- and radioactive-Cs and Sr
in fly ash (FA)/ground granulated blast furnace slag (GGBS) blended geopolymer materials by
examining the evolution of phases evolution and gel structures during geopolymer curing and
subsequent element/radionuclide leaching behavior in Milli Q water (MW) and simulated Sellafield
underground water (UW). Results show that Cs™ incorporation altered gel structures, while Sr**
disrupted the geopolymerization process and generated SrCO;. Diffusion and dissolution
mechanisms governed the leaching of Cs” from the geopolymer, with geopolymer undergoing gel
structural transformations during leaching in both MW and UW, while Cs" may facilitate Al release
in the UW. Diffusion mechanism primarily drove the leaching of Sr** from geopolymer into Milli
Q water, involving localized structural reorganization. Leaching in the UW probably involved gel
transformation/reorganization and SrCOs dissolution. Cs was more mobile than Sr regardless of
whether stable or radioactive nuclides were applied, and compared with conventional cement
stabilisers, geopolymer exhibited better immobilization. The leaching results and immobilization
mechanisms of geopolymer for stable and radioactive nuclides were not always completely aligned,
warranting further direct investigation using radioactive nuclides. This study provides a perspective
on product evolution both during geopolymer incorporation and subsequent leaching of Cs and Sr,
and highlights the potential of geopolymer materials to effectively stabilize and immobilize Cs and
Sr-containing nuclear wastes.

Keywords: Cs; Sr; fission products; geopolymer; leaching behavior; retention mechanism
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1. Introduction

As many nations shift away from fossil fuel-derived power, nuclear energy is undergoing a
relative renaissance, with ca. 85 power reactors (with a total gross capacity of about 80 GWe)
planned globally, with development particularly intense in Asia [1]. For example, by 2025, there
were a total of 58 nuclear power units in operation in China, with the electricity generating capacity
of these nuclear power plants making up 5.08% of the nation’s total electricity output [2,3]. However,
the application of nuclear power inevitably generates quantities of radioactive waste which need to
be effectively managed both during operation and following site shut-down and decommissioning,
requiring waste treatment and packaging, storage and disposal, land remediation, decontamination
and so on [4]. Within the nuclear industry, cement solidification has been one of the most
predominant adopted techniques for managing intermediate and low-level radioactive wastes due to
its advantages of high material strength, low cost and relative simplicity [5]. However, apart from
the high energy consumption and carbon dioxide emissions during conventional cement production,
there are a number of challenges posed by storage and disposal of cement solidified bodies, arising
from their low densification and poor leaching resistance [6].

When considering materials for nuclear waste immobilization, geopolymers present superior
alternatives to Ordinary Portland Cement (OPC). For example, the presence of water or moisture in
cementitious waste forms or storage containers presents significant concerns. Interaction with
ionizing radiation generated by the radioactive decay of radionuclides induces radiolysis, leading to
the formation of H,. The accumulation of H, will cause structural damage, including cracking of the
storage matrix, and pose operational risks, as large quantities of H> could be released within storage

facilities, potentially resulting in explosive conditions[7]. In contrast, geopolymers are generally
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considered to contain lower amounts of water, although the water content of geopolymers is closely
related to the precursor [8,9]. Therefore, with optimized mix design and curing conditions,
geopolymers exhibit a range of benefits including reduced water content, enhanced resistance to
chloride penetration, diminished leachability of radioactive ions, as well as improved thermal
stability [10]. Therefore, it has been widely argued that geopolymer matrices can be used as effective
immobilization materials in the disposal of intermediate and low level nuclear wastes [11]. Among
relevant studies, the testing of geopolymer stabilization for nuclear material disposal can be mainly
divided into two main areas. The first involves the direct incorporation and disposal of (simulated)
radionuclides to understand the interaction between geopolymer and radionuclides, involving the
immobilization and adsorption of (simulated) radionuclides [12]. The second involves the disposal
of various forms of radionuclide-containing wastes, including sewage sludge ash contaminated with
radiocesium [13], uranium-contaminated soils [14], treated radioactive solid organic waste [15] etc.
In addition, geopolymer has been used to dispose of related radwastes, such as nuclear grade resins
loaded with '**Cs [16], high viscosity organics [17], ion exchange resins [18,19], radwaste oil [20]
and liquid oil waste [21].

Cesium (Cs) and strontium (Sr) immobilization has been widely investigated [22,23].
Radioactive '*’Cs (half-life 30.12 years) is one of the most problematic isotopes among high-yield
233U fission products due to its pronounced water solubility, high mobility, and chemical similarity
to Na”and K" ions [24]. Strontium-90 (half-life 28.91 years) is also a high-yield **U fission product,
with chemistry is similar to that of Ca?* [25]. Studies have shown that ion exchange, physical
adsorption and encapsulation are generally believed to be the main immobilization mechanisms

when geopolymers are used for the immobilization of Cs™ and Sr*>* [26]. Upon Cs incorporation, Cs
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exhibited no significant influence on the kinetics of the geopolymerization reaction, with Cs" mainly
bound through ion exchange into alkaline aluminosilicate gels [27-30]. Arbel-Haddad et al. [31]
also reported preferential Cs incorporation into zeolite phase. Although Cs™ and Sr*>* are both cations,
the incorporation of Sr exhibited greater complexity. Mukiza et al. [28] showed that the presence of
Sr resulted in a reduction of the geopolymerization degree of the metakaolin-based geopolymer.
This occurred because the Sr** ions reacted with the OH" ions from the alkali activator, while the
effects of Sr incorporation on geopolymer reaction products and immobilization depend on its
incorporation ratio. When Sr/Na<<0.005, Sr** was found to incorporate into extra framework sites
within (N,K)-A-S-H gels. At higher St/Na ratios, the formation of SrCOs is observed. In this case,
geopolymer immobilized Sr via dual mechanisms: bind Sr within a (N,Sr,K)-A-S-H gel chemically
and encapsulate excess Sr in the form of SrCOj; physically [32]. The results of Walkley et al. [33]
also show the incorporation of Sr** would displace some Na* and K* from charge-balancing sites,
similar to the role of Ca?*. The phenomenon of Sr(OH), and SrCOs precipitation was also reported
by Vandevenne et al. [29] and Mukiza et al. [28]. In terms of immobilization effects, numerical
studies have indicated that the cumulative Sr fraction leached from geopolymer is lower than that
in cement [34-40], even in aggressive leaching environments (such as high-temperature, freeze-
thaw cycles, and acid environments). However, relatively limited studies have focused on the
microstructural evolution of these products in order to understand leaching mechanisms.
Komljenovi¢ et al. [41] examined the nanostructures of alkali-activated slag samples (AABFS), and
suggested that the incorporation of Cs followed by leaching induced structural evolution in the
AABFS nanostructure. During the leaching process, most Al was released from the C-A-S-H gel

and retained within the AABFS matrix evidenced by no detected Q*(1Al) and Q*(1Al) sites, and
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additionally formed Q*(mAl) (m=1-4) sites, initiated a reconstruction of the gel phase. This
involved the conversion of the C-A-S-H gel to C-S-H gel and the additional formation of an N-(C)-
A-S-H gel. And Cs was observed to preferentially associate with the N-(C)-A-S-H gel rather than
with the C-A-S-H gel. This study indicates that the examination of geopolymerization products
before and after Cs (and Sr) incorporation, and before and after leaching, can be usefully compared
to obtain a better understanding of the retention mechanisms of these radionuclides in geopolymers.

Most studies published (and referenced above) involve use of stable nuclide simulants as
substitutes, rather than radioactive nuclides. However, the properties of radioactive waste water and
stable nuclide simulant solutions may not be exactly the same, and (in addition) shorter and medium
lived radionuclides will be present in much lower masses than when their stable isotopic forms are
used (unless very high activities, which cause issues in materials handling and disposal, are used)
which may lead to differences in behavior compared to stable nuclides. Additionally, while
immobilization mechanisms are frequently discussed, few studies have comprehensively assessed
the effect of nuclide incorporation (IN) and the effect of leaching (OUT), i.e., the whole process,
particularly from the perspective of product transformation. Therefore, in order to understand the
mechanisms governing Cs and Sr incorporation into geopolymers and their subsequent leaching
behavior, this work systematically investigates the product evolution of geopolymers before and
after Cs/Sr incorporation, and before and after leaching experiments through X-ray Diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and Solid State Magic Angle Spinning Nuclear
Magnetic Resonance (solid-state MAS NMR) methods. Furthermore, leaching experiments were
conducted not only on stable nuclides but also on geopolymer materials containing radioactive Cs

and Sr (specifically '*’Cs and °°Sr) to comprehensively evaluate leaching behavior.
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2. Materials and methods

2.1 Raw materials

Fly ash (FA) was supplied by the CEMEX company (UK), with less than 5 wt% CaO, which
can be classified as low-calcium fly ash or Class-F fly ash. Ground granulated blast furnace slag
(GGBS) was supplied by the Hanson company (Heidelberg materials, Germany). The loss of FA
and GGBS on ignition at 1000 °C was 5.37 % and 0.12 %, respectively, according to the standard
“Test Methods of Materials Stabilized with Inorganic Binders for Highway Engineering JTG 3441-
2024 (T 0817-2009 The methods for measuring the loss of fly ash)”’[42]. CEM II cement was
supplied by TARMAC (UK) and used as a comparison matrix. CsNO; and SrCl,-6H,0 used in this
paper were supplied by Sigma-Aldrich (UK).

Table 1 Chemical composition of raw materials used in geopolymer production (wt%)

Compound . .
Si0; ALOs3 CaO Fe:0s MgO TiO; KO Na,O
(wt%)
FA 47.50 22.90 4.29 8.25 1.63 0.98 3.01 0.85
GGBS 32.80 11.10 38.30 0.44 6.64 0.60 0.55 0.31

The chemical composition of the FA and GGBS is listed in Table 1, and the mineral phases of

the FA and GGBS are shown in Fig.1(a). The main phases present are quartz, mullite, and

maghemite from the XRD pattern of FA. There is a broad peak between 25-35° in the XRD pattern

of GGBS, with a quartz peak observed around 27°, indicating that the GGBS was predominantly

amorphous. Particle size distributions were obtained using a Malvern Mastersizer 3000 based on

the dry powder dispersion method (Fig.1(b)). According to the results, the particle size of FA ranged

from 0.1 pm to 860 pwm, with a peak at 27.37 um. Compared with FA, the particle size range of

GGBS is smaller, ranging mainly from 0.11 um to 272.43 um, with a peak at 18.66 pum.
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Fig.1 Mineralogical and size characteristics of FA and GGBS

The alkali activator used in this work was composite alkali activator, prepared from water glass
and NaOH 24 hours in advance of its use. The water glass used here was sourced from Chemiphase
Ltd (UK), with 29.39 wt% SiO, and 8.99 wt% NayO, and a solid content of 38.38%. NaOH was

sourced from Fisher Scientific (UK), with a solid content of 98.5%.

2.2 Sample preparation
2.2.1 Mix Proportion

For geopolymer samples, the mass ratio of FA to GGBS used was 7:3. The composite alkali
activator used in this study was prepared with a modulus (M = n(SiO,)/n(Na20)) of 1.4, and content
of 10% (by Na,O mass). The water-to-solid ratio of geopolymer samples was 0.4, and the water-to-
cement ratio of cement for comparative samples was also 0.4.

For samples containing stable Cs and Sr, the contents of CsNO3 and SrCl,-6H>O were set to 5
wt % of the mass of solid raw materials. It should be noted that the effect of water of crystallization
in SrCl,-6H,O was not taken into consideration, therefore, the effective water-to-solid ratio of
sample with Sr would be slightly large. When preparing samples with radioactive '*’Cs and *°Sr, the

activity was determined according to the limit of detection of each radionuclide, with specific mix
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proportions shown in Table 2.

Table 2 The mix proportion of samples with stable and radioactive nuclides

CsNO; SrClp-6H,O 137Cs Sy
Sample 1D (wt %, by raw (wt %, by raw (Bq per (Bq per

materials mass)  materials mass) sample) sample)
Geo - - - -
Cem - - - -
GeoCs5 Swt% - - -
CemCs5 Swt% - - -
GeoSr5 - Swt% - -
CemSr5 - Swt% - -
GeoCs137* - - 90.9 Bq -
CemCs137 - - 90.9 Bq -

GeoSr90 - - - 18.18 Bq

CemSr90 - - - 18.18 Bq

*Note: The detailed mix proportion of geopolymer samples with radioactive '3’Cs is shown in Supplementary

materials.

Milli Q water (MW) and simulated underground water (UW) (as shown in Table 3) were

prepared to carry out the leaching experiments.

Table 3 Simulated underground water composition. This composition broadly simulates groundwater composition

at the UK’s Sellafield nuclear site, adapted from [43].

Reagent Concentration
MgSO4 50 mg/L
KHCO:s 11 mg/L
CaClL.2H,0 143.53 mg/L
NaHCO3 94 mg/L
NHsNO; 32 mg/L
0.1 M HCI 6 mL/L

2.2.2 Preparation methods

(1) Samples with no additional Cs and Sr

For the preparation of geopolymer samples with no additional Cs and Sr, the solid raw materials
were first pre-mixed uniformly. Subsequently, a mixed solution of alkali activator and water was

added, and the mixture was stirred at 140 rpm for 2 minutes using a handheld mixer (Model ID:
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Russell Hobbs Hand Mixer 22230-56). For the preparation of cement samples with no additional
Cs and Sr, the basic procedure was similar to the geopolymer preparation, except that the mixed
solution of alkali activator and water was replaced with a specific mass of water. Geopolymer and
cement samples with no added Cs and Sr were named as Geo and Cem, respectively.

(2) Samples with stable nuclides

When preparing geopolymer samples with Cs, the required mass of CsNOs solid powder was
evenly mixed with the solid raw materials, and then the same preparation process as that of the
geopolymer with no added Cs and Sr was followed. When preparing geopolymer samples with Sr,
SrCly-6H>0 was dissolved in excess water initially, then the solid materials and alkali activator were
mixed for 2 mins. Finally, the dissolved solution was added into the fresh pastes, mixing for another
2 mins.

For cement samples with Cs, CsNOs solid powders were mixed with cement powders for 2
mins initially, and then mixed with water for another 2 mins. When preparing cement samples with
Sr, SrCl,-6H>0 was initially dissolved with 1/5 of the mass of the water. Then cement was mixed
with the other 4/5 of the mass of the water for 2 mins, then mixed with SrCl,-6H,0 solution for
another 2 mins.

(3) Samples with radioactive nuclides

For the preparation of geopolymer with '*’Cs and *°Sr, solid raw materials were first premixed
uniformly, and then alkali activator was added and mixed for 2 mins to form a fresh paste. The
calculated mass of water was divided into two portions. A half mass of Milli Q water was initially
used to prepare the radioactive nuclide solution (containing (a) '*’Cs with an initial activity of 2.183

kBg/g, in 0.1M HCI with 100 pg/ml Cs carrier (AEA Technology QSA, UK), and (b) *Sr with an
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initial activity of 1.468 kBq/g, in 0.1M HCI with 30 mg/ml Sr carrier (PTB, Germany)) in a plastic
bottle, which was subsequently incorporated into the fresh paste and thoroughly mixed for 1 min
via manual stirring using a wooden stick. The remaining water was then used to rinse residual
radioactive nuclide solution from the plastic bottle, with this rinse water also being added to the
paste followed by an additional 1 min of manual stirring.

For the preparation of cement with '*’Cs and *°Sr, the calculated mass of water was divided
into three portions. At first, cement and 4/5 mass of water were mixed for 2 mins to prepare a fresh
paste. Then 1/10 mass of water was used to prepare the radioactive nuclide solution, which was
subsequently incorporated into the fresh paste and thoroughly mixed for 1 min via manual stirring
using a wooden stick. Similarly, the remaining water was then used to rinse residual radioactive
nuclide solution from the plastic bottle, with this rinse water also being added to the paste followed

by an additional 1 min of manual stirring.

2.3 Leaching experiments

To investigate stability of cement and geopolymer samples containing stable and radioactive
nuclides, leaching experiments were implemented according to the national standard “Standard test
method for leachability of low and intermediate level solidified radioactive waste forms (GB/T
7023-2011)”. Milli Q water and Sellafield simulated ground (underground) water were used as
leachants. When the leachate is Milli Q water, the suffix of the sample ID is ‘MW’, and when the
leachate is simulated underground water, the suffix of the sample ID is ‘UW’. Samples used for the
leaching experiments were cylindrical samples with a diameter of 24 mm and a height of 25 mm
after ambient curing for 28 days. The samples were tied with fine nylon ropes so that they could be

suspended in the leachant (See Fig.2), and the leachant volume used was 400 mL. For samples with
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stable nuclides, the leachate was replaced on the 1 st, 3 rd, 7 th, 10 th, 14 th, 21 st, 28 th, 35 th, and

42 nd days from the begin of the leaching test, then collecting the leachate and measuring the Cs

and Sr ion concentration. For samples with radioactive nuclides, a short-term leaching test was

carried out and the effect of decay was not considered.

The leaching rate and cumulative fraction leached (CFL) of nuclides were calculated according

to Eq. (1) and (2):

_ an/AO
=S, W
_ Z an/AO
CFL = ST 2)

where R, represents the leaching rate of the component during the nth leaching cycle (cm/d);
a, represents the activity or mass of the component leached during the nth leaching cycle (Bq or
g); A, represents the initial activity or mass of the component in Cs/Sr-containing sample (Bq or
g); S represents the geometric surface area of the sample in contact with the leachant (cm?); ¥
represents the volume of the sample (cm?); (At),, represents the duration of the nth leaching cycle
(d), (At),, =t, —t,_4; CFL represents cumulative fraction leached of the component at the time

¢ (cm); ¢ represents the cumulative leaching time (d), t = Y.(At),,.
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Fig.2 Summary of experimental program

After leaching tests, the experimental results was fitted to different mathematical models,

which is representing different leaching mechanisms [44]. During our preliminary data processing,

the correlation coefficient using a first-order reaction model was negative, indicating that leaching

behaviors of Cs and Sr are not controlled by a first-order reaction. Therefore, in subsequent

discussions, the first-order reaction model was not considered. Mathematical models including the

diffusion model (DFM), dissolution model (DSM) and their combination model were used for

fitting and are presented as follows:

(1) Diffusion model (DFM)

When the transport of nuclides is governed by diffusion, the flux of the diffusing materials
J(t) through the immobilized matrix can be determined by the solution of Fick’s second law in

semi-infinite medium and Fick’s first law as Eq. (3):
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ac
J(t) = —Da _

where C, represents the initial concentration in the immobilized matrix and D represents the
diffusion coefficient. The leached activity or mass from a unit surface area during time A, (t) is

expressed as Eq. (4).

A, (D) = J J(Odt = 2A0\/% 4)
0

Therefore, the cumulative fraction leached from the immobilized matrix can be described as

Eq.(5).

ZAIZH =2 (£> = ©)

where Y} A, is the cumulative amount leached during cumulative time.

(2) Dissolution model (DSM)

When a structurally major component is leached from the waste form, the matrix’s integrity
would break down, a process known as dissolution. The dissolution kinetics can be described by a
network dissolution velocity U, which is defined as the volume of solid material being dissolved

per unit time and per unit surface area of solid exposed:

()
)

sat

U = U, (1 _ ©)

where U, is the maximum network dissolution velocity and Cg,; is the saturation
w

concentration in the aqueous solution. For the simple case where Cyy; >> CY(t), U(t)=U,, and

the cumulative fraction leached (CFL) could be expressed as Eq. (7).
S
CFL =3 Ugt (7)
(3) Combination model

The combination model assumes that diffusion and dissolution drive the leaching process, with

a combined diffusion and dissolution model as Eq. (8).

S /Dt S
= —_ —_— —_ 8
CFL=2 (V> —+ Ut )
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2.4 Testing methods

The concentration of stable nuclides in the leachate was determined via Inductively Coupled
Plasma Mass Spectrometry (ICP-MS), using an Agilent 8880 ICP/MS/MS system (sample
workflow and analysis is illustrated in Fig.2). Radionuclide activity measurements were conducted
at the GAU-Radioanalytical Laboratories at the National Oceanography Centre (Southampton),
University of Southampton, UK. The activity of '*’Cs was measured using a Hidex gamma counter,
while the activity of **Sr was measured via Cerenkov counting using a liquid scintillation counter,
model Quantulus 1220, with a counting time of 24 hours.

The XRD spectra of the geopolymer after 28 d curing were determined using a Philips X'Pert
Pro with Cu-Ka radiation, with a scanning speed of 0.4 °/min and a scanning range of 5°~60°. Dried
geopolymer powder samples were also measured via X-ray photoelectron spectroscopy (XPS, S8
Tiger) using Al Ka X-ray source and the flood gun was opened to give charge compensation. The
high resolution spectra were measured with a pass energy of 30 eV. For the XPS analysis of samples
after leaching tests, the sampling location was the sample portion in contact with the leachant.
Spectra were analyzed using Thermo Advantage software and have been charge corrected to main
line of the carbon Cls set to 284.80 eV.

A solid-state 2°Si Dipole decoupling magic angle spinning (DD/MAS) experiment was
performed using an Agilent 600 DD2 spectrometer (Agilent, USA, magnetic field strength 14.1T)
with a Larmor frequency of 199.13 MHz for *Si and proton decoupling (TPPM) during
acquisition. The powder samples were placed in a pencil-type zirconia rotor of 4.0mm. The
spectra were obtained at a spinning speed of 8§ kHz with a recycle delay of 3 s, an approximately

90-degree pulse (4 us) and 1024 scans. The Si signal of tetramethylsilane (TMS) at 0 ppm was
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used as the reference for the *’Si chemical shift. For the MAS NMR analysis of samples after
leaching tests, the sampling location was the portion in contact with the leachate. For Al
DD/MAS NMR Measurements, experiments were carried out on the same instrument with a
Larmor frequency of 156.25 MHz for 2’Al and proton decoupling (TPPM) during acquisition. As
previously, the powder samples were placed in a pencil-type zirconia rotor of 4.0 mm. The spectra
were obtained at a spinning speed of 8 kHz with a recycle delay of 1s, an approximately 90-degree
pulse (3.6 us) and 128 scans. The Al signal of AICl; at 0.9 ppm was used as the reference of 2’Al
chemical shift. Subsequent peak fitting and deconvolution were performed using PeakFit software.
The assignments of deconvoluted peaks and applying Gaussian functions were determined
according to the literatures [45,46]. The FWHM was kept consistent and maintained below 10
ppm [41].

It should be noted that the tests of products and structures involved stable nuclides rather than
high activities of radioactive nuclides in order to avoid environmental and experimental risks.

Radioactive nuclides were only assessed in the leaching experiments.

3. Results and discussions

3.1 The impact of incorporated Cs on geopolymer structure

Fig.3 illustrates XRD patterns of geopolymer containing stable Cs. The sample without Cs
incorporation (Geo) contained quartz and mullite, which originated from unreacted fly ash, along
with calcite. The co-existence of geopolymer gel and calcium silicate hydrate gel was indicated by
the presence of C-(A)-S-H [47] and a prominent amorphous feature (25°~35°). With the

incorporation of Cs, these main phases remained the same.
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Fig.4 presents XPS spectra for geopolymer samples with and without Cs. From the Cs 3d

spectrum of GeoCs5 (Fig.4(a)), two peaks were observed near 738.64 eV and 724.64 ¢V,

corresponding to Cs 3d. From the Al 2p spectrum (Fig. 4(b)), in addition to the main peak near 74.00

eV, peaks were also observed near binding energies of 75.57 eV and 77.84 eV, which represents

overlapping peaks of Cs 4d according to related studies [48]. From the Si 2p spectrum (Fig. 4(c)),

with the incorporation of Cs, the binding energy of Si 2p slightly increased, from 102.24 eV to

102.34 eV. Compared with Na* and Ca?*, the ionic radius of Cs" is larger and its electronegativity

is lower. When Cs is incorporated, it would fulfil a charge-balancing role (by occupying Na* and/or

Ca”"), resulting in weaker shielding of Si and consequent increased Si binding energy.
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Fig.4 The effect of Cs incorporation on the binding energy of the geopolymer

However, conventional powder XRD methods have limited capability for the quantitative
structural analysis of geopolymer gels due to their low crystallinity. For phases exhibiting such
limited long-range order, the solid-state magic angle spinning nuclear magnetic resonance (MAS
NMR) is a superior method to elucidate details of the local structure. Therefore, to understand the
impact of Cs incorporation on the molecular structures of geopolymer, solid-state MAS NMR
analysis was performed on geopolymer samples with and without Cs. Fig.5 illustrates 27Al MAS
NMR spectra of geopolymer samples with and without Cs incorporation. For the geopolymer
sample without Cs, the resonance peaks primarily appear at chemical shifts of 61.05 ppm and 9.17
ppm. Based on the descriptions of chemical shifts for different Al sites [49,50], the main peak of the
27Al spectrum near 61 ppm represents tetrahedral coordination, and the peak of the 2’Al spectrum
near 10 ppm represents octahedral coordination. The study by Bernal et al. [51] also identified a
sharp signal at 5 ppm in alkali-activated FA/GGBS blends, which is attributed the presence of AI(VI)
in nanostructured octahedral environments, potentially resembling the third aluminate hydrate phase,
hydrotalcite and/or katoite. With Cs incorporation, the peaks of the 2’Al spectrum for the GeoCs5

sample shifts (from 61.05 ppm to 60.45 ppm, from 9.17 ppm to 5.81 ppm), suggesting that the
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incorporation of Cs affects the local environment of Al in the geopolymer, while the spectral shape

and relative intensity remain unchanged, indicating that the primary structure of the geopolymer is

not significantly altered.
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Fig.5 The 2’Al spectra of geopolymer samples with and without Cs

The ¥’Si MAS NMR spectra were deconvolved and analyzed as shown in Fig.6. The chemical
environments of °Si are denoted by Q" [50], where n (ranging from 0 to 4) is the number of bridging
oxygen atoms, which connects a silicon tetrahedron to neighboring silicon tetrahedra. Q°
corresponds to isolated [SiOa] tetrahedra; Q! represents silicon tetrahedra that share one oxygen
atom with another silicon tetrahedron, forming short chains, typically found at the ends of dimers
or polymer chains; Q? denotes silicon tetrahedra that share two oxygen atoms with two neighboring
silicon tetrahedra, forming longer chains or ring structures; Q® refers to silicon tetrahedra that share
three oxygen atoms with three neighboring silicon tetrahedra, forming branched or cross-linked
chain or layered structures; and Q* represents silicon tetrahedra connected to four neighboring
silicon tetrahedra, forming a three-dimensional network structure. The m in Q"(mAl) (m<:n) specie
denotes the number of aluminum neighbors. The ’Si MAS NMR spectra of the geopolymer were

deconvolved and analyzed, with the deconvolution fitting results presented in Fig.6 and Table 4 (last
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Fig. 6 (a) demonstrates the effect of Cs incorporation on the Si MAS NMR spectra of the
geopolymer, followed by their deconvoluted spectra presented in Fig. 6(b) and Fig. 6(c), with the
statistical results shown in Fig.6 (d). According to the XRD results, the geopolymerization products
were the co-existence of geopolymer gel and calcium silicate hydrate gel. The resonance of C-(N)-
A-S-H gel in the ?Si MAS NMR spectrum ranged from -70 ppm to -90 ppm and is centered at
around -85 ppm, and the resonance of N-A-S-H gel ranged from -90 ppm to -130 ppm and is
centered at around -110 ppm [50-52]. The above *’Si MAS NMR analysis confirms the coexistence
of C-(N)-A-S-H and N-A-S-H gel, which aligns with the XRD results (above). As shown in Fig.
6(d), the incorporation of Cs leads to an increase in the relative content of Q' units, indicating that
Cs introduction affects the overall network structure. Besides, the relative content of Q*0Al)
increased with Cs incorporation, suggesting that the Cs incorporation may affect the dissolution of
raw materials. Mukiza et al. [28] also observed that the Cs addition led to a slight reduction of the
first sharp and narrow heat release peak associated with the wetting and dissolution of precursor
appeared in less than 10 min, although they found that the addition of CsNOs exerted no significant
influence on the cumulative heat evolution during geopolymerization. Compared with the no-Cs
geopolymer sample, the Cs-containing geopolymer exhibits decreased relative contents of Q*(1Al)
and Q*(B3Al) units, while showing increased proportions of Q*2Al) and Q*(1Al) units. In
geopolymers, monovalent sodium ions (Na") and divalent calcium ions (Ca®") typically serve to
charge-balance Al sites [53]. Q*3Al) represents silicon tetrahedra connected to 3 neighboring
aluminum tetrahedra, necessitating 3 cations for charge balance theoretically. Considering that the

aqueous ionic radius of monovalent cesium ions (Cs”, 169 pm) significantly exceeds those of Na*
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(98 pm) and Ca?* (103 pm) [54], the space of Q*(3Al) may be insufficient to accommodate multiple
Cs". Therefore, we suggest that Cs* ions are more likely to preferentially occupy more open Q*(2Al)
and Q*(1Al) structural units for charge balancing, suggesting a potential tendency for the formation
of (N,Cs)-A-S-H gel when Cs is incorporated [55]. Similarly, due to the greater ionic radius of Cs”,
the presence of Cs™ may cause replacement of the surface cations of C-(N)-A-S-H gel, rather than
the interlayer ions [56,57]. The more pronounced shift of 6-coordinated Al sites in Fig.5 may also
support that Cs" ions may tend to occupy the interlayer or surface sites to balance charges. Further
integrating experiments (e.g., X-ray absorption near edge structure spectra [58], '3 Cs MAS NMR
[31]) and simulation methods [58] could provide direct evidence of the Cs’ binding sites in

geopolymers.
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Fig.6 The effect of Cs incorporation on the °Si MAS NMR spectra and deconvolution results of geopolymer

samples
Additionally, the bridging oxygen values (RBO) of the samples were calculated using Eq. (9)

[59] as shown in Table 4 (last page).The calculated RBO value of Geo was 84.70%, while that of

GeoCs5 was 86.51%, suggesting that Cs incorporation may not significantly affect the overall

degree of polymerization of the structure.

Q! Q? Q° Q‘*) 1%n-Q"

Son TS TS TR S ) T son

1
RBO = 1 (1 x ©)
4
Based on the above results, upon incorporation of Cs no significant changes in the main phases
present can be detected from XRD results. From the XPS and MAS NMR results, the Cs

incorporation altered the local environment of Al, and the larger Cs ionic radius may suggest a

potential tendency for the formation of (N,Cs)-A-S-H when Cs is incorporated.

3.2 The leaching behaviors of stable and radioactive Cs-

containing samples

3.2.1 Samples with stable Cs

The leaching rate and CFL of stable Cs from geopolymer and cement samples over different
leaching periods is shown in Fig.7. During the initial leaching stage (<7 days), the leaching rate
exhibited a progressive decline with increasing leaching time. When the leaching period exceeds 21
d, the leaching rate of Cs" effectively reaches a dynamic equilibrium. According to Fig.7, the Cs"
leaching rate of geopolymer is much lower than that of cement, with the leaching rate of the samples
in simulated underground water being slightly higher than that in Milli Q water. One possible reason

for this phenomenon may be that competitive abundant ions in simulated underground water occupy
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binding sites in the geopolymer, leading to enhanced Cs leaching rates. When the leaching period

reached 42 d, the cumulative fraction leached from samples GeoCs5 and CemCs5 in Milli Q water

were 0.06639 cm and 0.27137 cm, respectively, and the cumulative fraction leached from samples

GeoCs5 and CemCsS5 in simulated underground water were 0.07163 cm and 0.26675 cm. Compared

with cement samples containing Cs (CemCs5), the cumulative Cs" fraction leached by Milli Q water

and simulated underground water in geopolymer samples decreased by 75.5% and 73.1%,

respectively. This indicates that the geopolymer exhibited a better Cs immobilization effect than

cement.
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Fig.7 The leaching rate and cumulative fraction leached of samples containing Cs

The leaching data shown in Fig.7 were fitted with different mathematical models based on Eq.

(3)~(8), which are shown in Fig.8 and Table 5.
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Fig.8 Fitting of samples containing Cs by diffusion model, dissolution model and combination model.

Table 5 R? of samples containing Cs fitted by leaching models

DFM DSM DFM+DSM
Sample ID 5 > 3 3 3
D (cm?/s) R U (cm?/d) R R
GeoCs5-MW 4.80E-10 0.9328 0.000366 0.7872 0.9620
GeoCs5-UW 6.19E-10 0.9497 0.000418 0.8203 0.9718
CemCs5-MW 1.20E-08 09116 0.001823 0.7532 0.9937
CemCs5-UW 8.08E-09 0.8711 0.001462 0.6987 0.9778

As can be observed from the correlation coefficients in Table 5 for sample GeoCs5, regardless
of whether leaching took place in Milli Q water (MW) or simulated underground water (UW), the
order of the R? value of the leaching models is: dissolution model (DSM)<diffusion model
(DFM)<combined model (DFM+DSM). This indicates that the leaching mechanism of GeoCs5
involved both diffusion and dissolution, with diffusion primarily controlling the leaching behavior.
For the cement sample (CemCs5), the leaching mechanism of Cs was fundamentally the same as
that in the geopolymer solidified forms. For stable Cs-containing geopolymers, according to the
fitting results, the diffusion coefficients obtained from the diffusion model in Milli Q water (MW)
and simulated underground water (UW) are 4.80E-10 cm?/s and 6.19E-10 cm?/s, respectively, and

the dissolution rates obtained from the dissolution model in MW and UW are 0.000366 cm?/d and



437

438

439

440

441

442

443

444

445

446

0.000418 cm?/d, respectively. From these results, it can be concluded that both the diffusion

coefficient and the dissolution rate of the geopolymer containing stable Cs in simulated underground

water are greater than those in Milli Q water.

3.2.2 Samples with radioactive *’Cs

The leaching rates and CFL of samples with radioactive '*’Cs are presented in Fig. 9. During

the initial stage of the leaching tests, the leaching rates of all samples were relatively high, with the

leaching rate of the cement samples consistently exceeding that of the geopolymer samples.
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Fig.9 The leaching rate (a) and cumulative fraction leached (b) of samples containing '3’Cs

The same model fitting method as applied above was applied to the radioactive leaching data,

and results are presented in Fig.10 and Table 6.
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Fig.10 Fitting results of samples containing radioactive '*’Cs with the diffusion model, dissolution model and

combination model

According to the fitting results in Table 6, for geopolymer solidified forms containing
radioactive '*’Cs, i.e., GeoCs137, the leaching mechanism in Milli Q water was primarily dominated
by diffusion, while the leaching behavior in simulated underground water was better described by a
combined model of diffusion and dissolution, as indicated by a slightly higher correlation coefficient.
For radioactive '3’Cs-containing geopolymers, according to the fitting results, the diffusion
coefficients obtained from the diffusion model in Milli Q water (MW) and simulated underground
water (UW) are 1.57E-11 cm?/s and 1.06E-11 cm?/s, respectively, and the dissolution rates obtained
from the dissolution model in MW and UW are 0.000170 cm?/d and 0.000137 cm?/d, respectively.
From these results, it can be concluded that both the diffusion coefficient and the dissolution rate of
the geopolymer in Milli Q water are even slightly greater than those in simulated underground water,
which is not completely aligned with the conclusion obtained from samples with stable nuclides.
Levchuk et al. [60] also observed divergent results between radionuclides (*’Cs and *°Sr) and their
stable isotopes when measuring their transfer factor in soil. Therefore, the immobilization
mechanism of '*’Cs in geopolymer requires further investigations by incorporating radioactive

isotopes rather than radioactive simulants. For cement solidified forms containing radioactive '*’Cs,
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i.e., CemCs137, regardless of whether the leachant was Milli Q water or simulated underground

water, the combined model of diffusion and dissolution provided a better description of the leaching

behavior, as evidenced by the higher correlation coefficients.

Table 6 R? of samples containing radioactive '*’Cs fitted by leaching models.

DFM DSM DFM+DSM
Sample ID 5 > > 3 >
D (cm?/s) R U (cm?/d) R R
GeoCs137-MW 1.57E-11 0.9890  0.000170 0.9374 0.9852
GeoCs137-UW 1.06E-11 0.9623 0.000137 0.8851 0.9639
CemCs137-MW 397E-10  0.9633 0.000800 0.8172 0.9952
CemCs137-UW 7.71E-10  0.9895 0.001174 0.9557 0.9925

3.3 The effect of leaching on the structural evolution of Cs-

containing geopolymer

High-resolution X-ray photoelectron spectroscopy (XPS) was also carried out to examine the

structures of geopolymer after leaching. Fig.11 presents XPS spectra of Cs 3d, Si 2p, and Al 2p for

geopolymer solidified forms with stable Cs after leaching. As shown in Fig.11, the binding energies

of the Cs 3d, Si 2p, and Al 2p peaks shifted toward higher values after the leaching tests, while the

leachant had a minimal influence on the positions of these binding energy peaks. During the leaching

process, the accompanying leaching of cations (Cs" and potential Na*, Ca*>") leads to a reduced

shielding effect on the framework, resulting in an increase in the binding energy of Si 2p and Al 2p.
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Fig.11 The XPS spectra of geopolymer samples with Cs before and after leaching experiments

To further clarify the molecular structural evolution of the geopolymer solidified form with
stable Cs after leaching experiments, >’Si MAS NMR spectroscopy was conducted on geopolymer
samples subjected to leaching tests in Milli Q water and simulated underground water, as illustrated

in Fig.12.
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Fig.12 The effect of leaching on the ?°Si MAS NMR spectra of geopolymer samples

Fig. 12(a) presents the ?Si MAS NMR spectra of samples before and after leaching in MW
(Milli Q water) and UW (simulated underground water), with their corresponding deconvolved
spectra displayed in Fig. 12(b) and Fig. 12(c). The relative contents of structural units derived from

deconvolved spectra are summarized in Fig. 12(d).
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As shown in Fig. 12(a), the MAS NMR spectra of geopolymer sample after leaching in
simulated underground water exhibit sharper profiles compared to those after leaching in Milli Q
water. Fig. 12(d) reveals the emergence of Q" units (isolated [SiOs] tetrahedra) after leaching,
suggesting partial structural disintegration during the leaching process, consistent with previous

fitting results. Eq.(10) to Eq.(13) were used to calculate the Si/Al ratio of gels and main chain length
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(MCL) to understand the structural evolution during the leaching process and results are listed in
Table 4. Both Q*(2Al) and Q*(1Al) units demonstrate reduced relative contents, while the presence
of Q*(1Al) implies potential structural rearrangement in the Cs-containing geopolymer sample.
Compared to the sample leached in MW (GeoCs5-MW), the sample leached in UW (GeoCs5-UW)
exhibited more pronounced increases in Q°, Q!, and Q? units, along with greater reductions in
Q*Q2Al) and Q*(1Al) units, and an increase in Si/Al ratio of C-(N)-A-S-H (Table 4), indicating C-
(N)-A-S-H gel may tend to transform and reconstruct with Al release when leached in simulated
underground water. The calculated cross-linked main chain length (MCLc) results according to
Eq.(13) further corroborate this observation: the sample after leaching in UW show decreased cross-
linked chain lengths, also evidencing probable dissolution behavior, which is also consistent with
the higher dissolution rate fitted by the leaching models when leached in simulated underground

water.

3.4 The impact of incorporated Sr on geopolymer structure

Fig.13 shows the XRD patterns of geopolymer solidified forms containing stable Sr. The main
phases of the geopolymer products remain the co-existence of geopolymer gel and calcium silicate
hydrate gel. From the relative intensity of peaks between unreacted material (~27°) and products
(~29°), which represents unreacted material and reaction products, respectively, the amount of
product decreased upon incorporation of Sr compared with the geopolymer sample that did not
contain Sr. Additionally, a diffraction peak observed near 25° in sample GeoSr5 may suggest the

formed strontium carbonate (SrCO3).
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Fig.13 The XRD patterns of geopolymer samples containing Sr, and without Sr.

Based on the XPS spectra of geopolymer samples with and without incorporated Sr shown in

Fig.14, it can be observed that, compared to the sample Geo, the binding energies of Si 2p and Al

2p in sample GeoSr5 slightly shifted toward higher values. Specifically, the Si 2p binding energy

shifted from 102.24 eV to 102.44 eV, and the Al 2p binding energy shifted from 74.05 eV to 74.22

eV. Besides, Sr 3d peaks were detected in the Sr-containing geopolymer, confirming the presence

of Sr within the geopolymer matrix. According to Ref.[61], the Sr (3ds»2) binding energy of SrO is
132.9 eV and the Sr (3ds2) binding energy of SrCOs is 133.4 eV. Here the existence of SrO may

imply the Sr occupied the Na* and/or Ca®" sites to balance charges. The deconvolution results

provide possible supplementary evidence for the existence of SrCOs.
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Fig.14 The effect of Sr incorporation on the binding energy of geopolymer

Fig.15 (a) shows the *’Si MAS NMR spectrum of the Sr-containing geopolymer solidified form.
The ¥’Si NMR spectrum of GeoSr5 was deconvolved as shown in Fig.15 (b), with statistical results
presented in Fig.15(c). From Fig.15(c), compared to the sample Geo the relative content of Q°, Q!
and Q*(0Al) of GeoSr5 increased by 2.13%, 2.63% and 6.30%, respectively, indicating that Sr
incorporation had a negative effect on the reaction process and dissolution of raw materials, thus
affecting the structures of products with more short chains. Vandevenne et al. [29] also concluded
that the incorporation of Sr** significantly hindered the geopolymerization kinetics. This occurred
due to the rapid precipitation of Sr(OH),, as evidenced by heat release data, which consequently
diminished the precursor’s dissolution and thus led to a reduced polymerization reaction.
Additionally, the relative content of Q*Al) of GeoSr5 increased, primarily because some
resonance peaks above 120 ppm were also assigned to Q*(0Al) units during the deconvolution fitting
of the 2Si MAS NMR spectra. Wang et al. [46] proposed that peaks above 120 ppm arise from the
strong shielding effect on the central silicon atom. This effect may result from a decreased Si-O-Si

bond angle or the substitution of calcium in the coordination environment.
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Fig.15 The effect of Sr incorporation on the 2?Si MAS NMR spectra of geopolymer sample

From Fig.15(c), upon incorporation of Sr, the relative content of Q*(1Al), Q*(3Al) and Q*(2Al)
decreased, while the relative content of Q*(1Al) and Q*(1Al) exhibited a slight increase, probably
indicating that a fraction of the St** may replace Ca>" and Na" to form (C,Sr)-N-A-S-H and (N,Sr)-
A-S-H gels. Walkley et al. [33] examined the *’Si MAS NMR of geopolymer samples upon
incorporation of Sr, and a slight reduction in Q*(3Al) sites and consequently a slight reduction in
the Si/Al ratio of (N,K)-A-S-H gel were observed. These authors suggested that these effects could
be attributed to an enhanced charge balancing capacity, owing to the replacement of monovalent
alkali cations with divalent alkaline earth cations. Blackford et al. [62] reported a preferential

incorporation of Sr into a crystalline SrCO3 phase with 1% to 2% incorporated Sr in geopolymer. A



548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

recent study by Geddes et al. [32] reported that the effect of Sr** on geopolymers depended on its
content. When Sr/Na>0.005, geopolymer immobilized Sr via dual mechanisms: bind Sr within
geopolymer gel chemically and encapsulate excess Sr in the form of SrCOj3 physically.

Based on the above results, in this work, with 5 wt% SrCl,-6H,O incorporation, from XRD
and XPS results, SrCO; was generated, and from the 2°Si MAS NMR deconvolved results, (C,Sr)-
N-A-S-H, (N,Sr)-A-S-H may also exist. The incorporation of Sr’" significantly affected the
geopolymerization process, leading to the decreased relative intensity of the reflections (~29°)
representing C-(A)-S-H and calcite in XRD results and the presence of Q° and Q' from the
deconvolved ??Si MAS NMR results. Therefore, the geopolymers would simultaneously immobilize
Sr within (C,Sr)-N-A-S-H and (N,Sr)-A-S-H gels chemically, and encapsulate excess Sr in the form
of SrCOs physically. This encapsulation mechanism thus provided a highly effective barrier against

the leaching of Sr** from the geopolymer matrix [63].

3.5 The leaching behavior of stable and radioactive Sr-containing

samples

3.5.1 Samples with stable Sr

The leaching rates and CFL over time for geopolymer and cement solidified forms with
incorporated stable Sr are presented in Fig.16. The leaching rate of Sr-containing geopolymer
solidified forms is significantly lower than that of cement, by two orders of magnitude. For
geopolymer solidified forms with Sr (GeoSr5), the initial leaching rate in simulated underground
water was lower than that in Milli Q water. However, after a leaching period exceeding 7 days, the
leaching rate of GeoSr5 in simulated underground water became higher, which may involve the

dissolution of SrCOs in the simulated underground water. Shirota et al. [64] reported that the polar
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(110) and (010) faces of SrCO3 were not stable under acidic condition by Atomic Force Microscopy

(AFM) observation. The results of Andrade et al. [65] also evidenced the dissolution of strontium

carbonate would be promoted with pH reduced. Interestingly, for cement solidified forms with Sr

(CemSr5), the leaching rates in simulated underground water were slightly lower than those in Milli

Q water.
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Fig.16 The leaching rate (a) and cumulative fraction leached (b) of samples containing Sr

The leaching data shown in Fig.16 were fitted with different mathematical models (diffusion

model, dissolution model and their combination model) based on Eq. (3)~(8), with results shown in

Fig.17 and Table 7.
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Fig.17 Fitting results of samples containing Sr by a diffusion model, dissolution model and combination model
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Table 7 R? of samples containing Sr derived from leaching models

DFM DSM DFM+DSM
Sample ID
D (cm?/s) R? U (cm?/d) R? R?
GeoSr5-MW 7.80E-14 0.9976 4.78E-06 0.9550 0.9954
GeoSr5-UW 1.95E-13 0.9477 7.85E-06 0.9948 0.9948
CemSr5-MW 8.45E-10 0.9902 4.96E-04 0.9068 0.9871
CemSr5-UW 8.00E-11 0.9714 1.52E-04 0.8661 0.9913

According to Table 7, when geopolymer solidified forms were leached in Milli Q water
(GeoSr5-MW), the correlation coefficient given by fitting the diffusion model was higher, indicating
that diffusion may be the primary mechanism driving the leaching of Sr** by Milli Q water. However,
for geopolymer solidified forms with stable Sr leached in simulated underground water (GeoSr5-
UW), the dissolution behavior cannot be overlooked since the dissolution model or the combined
model was more suitable for describing leaching behavior. According to the fitting results, the
diffusion coefficients of geopolymer obtained from the diffusion model in Milli Q water (MW) and
simulated underground water (UW) are 7.8E-14 cm?/s and 1.95E-13 cm?/s, respectively, and the
dissolution rates obtained from the dissolution model in MW and UW are 4.78E-06 cm*d and
7.85E-06 cm*d, respectively. From these results, it can be concluded that both the diffusion
coefficient and the dissolution rate of the geopolymer containing stable Sr in simulated underground
water are greater than those in Milli Q water. For cement solidified forms, the leaching behavior in
Milli Q water was primarily controlled by the diffusion mechanism, while the combined model was

more appropriate for describing the leaching behavior in simulated underground water.
3.5.2 Samples with radioactive *°Sr
The leaching rates and CFL of *’Sr are presented in Table 8. Strontium-90 was only detected

in leachate when the leaching period was 1 day (for the simulated underground water leachant), as

shown in Table 8, indicating that the compared to cement, geopolymer demonstrated a superior



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

capacity for immobilizing *°Sr.

Table 8 The leaching rate and cumulative fraction leached of geopolymer and cement samples containing *°Sr

Leaching Leaching rate  (cm/d) Cumulative fraction leached (cm)

period CemSr90- CemSr90  GeoSr90-  GeoSr90- CemSr90- CemSr90 GeoSr90- GeoSr90-
d MW -UW MW uw MW -UW MW uw

0.125 2.26E-03 2.75E-03 - - 2.83E-04 3.44E-04
1 8.73E-04 8.91E-04 - 9.14E-05 1.05E-03 1.12E-03 - 9.14E-05
2 4.58E-04 3.36E-04 - - 1.50E-03 1.46E-03
3 3.13E-04 1.99E-04 - - 1.82E-03 1.66E-03
6 1.35E-04 9.93E-05 - - 2.22E-03 1.96E-03

Note: “-” represents ‘“not detected”.

3.6 The effect of leaching on the structural evolution of Sr-

containing geopolymer

Fig.18 presents high-resolution XPS spectra of Si 2p, Al 2p and Sr 3d in Sr-containing
geopolymer solidified forms after the leaching tests. For the geopolymer samples leached in Milli
Q water, the binding energy peaks of Al 2p and Si 2p changed only slightly, meaning minimal
structural alterations in the geopolymer samples after leaching in Milli Q water. In contrast, for the
geopolymer samples leached in simulated underground water, the binding energy peaks of Al 2p
and Si 2p shifted toward higher values, suggesting more significant structural changes in the
geopolymer sample when exposed to simulated underground water. The binding energy peak of Sr
3d shifted toward higher values after the leaching tests. The peak deconvolutions of the Sr 3d high-
resolution spectra of the leached samples were also performed. According to Ref. [61], the Sr (3ds/2)
binding energy of SrO is 132.9 eV, while that of SrCOs is 133.4 eV. In the deconvolution results,
the Sr 3d-A peak corresponded to SrCOs, whereas the Sr 3d-B peak corresponded to SrO. Compared
with sample GeoSr5, the sample leached in simulated underground water (GeoSr5-UW) exhibited

a decrease in the relative area of the Sr 3d-A peak (blue lines), which provides supplementary
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evidence for the possible dissolution of SrCOj3 in simulated underground water. Quantitatively, the
relative contents of Sr 3d-A and Sr 3d-B were calculated. For GeoSr5, the relative contents of Sr
3d-A and Sr 3d-B were 32.18% and 67.82%, respectively. And for GeoSr5-UW, the relative contents
of Sr 3d-A and Sr 3d-B were 68.17% and 31.83%, respectively. This may indicate that the relative

contents of SrCO3 decreased by 35.99% when leached in simulated underground water.
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Fig.18 The XPS spectra of geopolymer samples containing Sr after leaching experiments

To further clarify the molecular structural changes of geopolymer samples with stable Sr after



631  the leaching tests, MAS NMR analysis was conducted on the leached samples. The 2’Si MAS NMR

632  spectra of the Sr-containing geopolymers before and after leaching are shown in Fig.19, and the
633  relative contents of different [SiO4] chemical environments after deconvolution are presented in
634 Fig.19.
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635 Fig.19 Si MAS NMR spectra of geopolymer samples containing Sr after leaching experiments
636 Fig. 19(a) illustrates the Si MAS NMR spectra of Sr-containing geopolymers before leaching

637  and after leaching in MW (Milli Q water) and UW (simulated underground water), with their
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corresponding deconvolved spectra presented in Fig. 19(b) and Fig. 19(c). The relative contents of
structural units derived from deconvolved spectra are summarized in Fig. 19(d). Similar to the Cs-
containing samples after leaching, Sr-containing samples exhibit sharper spectral profiles after
leaching in simulated underground water, compared to samples leached in Milli Q water (Fig. 19(a)).
After the leaching test, the 2Si MAS NMR spectra of the geopolymer samples (Fig. 19(d)) both
exhibited a slight increase of Q°, suggesting that partial structural disintegration may have occurred
during the leaching process, which is consistent with the previous fitting results. Sr-containing
geopolymer samples showed differential structural evolution mechanisms under different leaching
media. For the sample leached in Milli Q water (GeoSr5-MW), the relative contents of Q* and
Q’(1Al) units increase, and both crosslinked main chain length (MCLc) and non-crosslinked main
chain lengths (MCLnc) extend after leaching according to calculated results in Table 4, with a
decreased Si/Al ratio of C-(N)-A-S-H gel, suggesting structural reorganization and repolymerization
to form a gel with increased Al content [46]. In contrast, samples leached in simulated underground
water exhibit slightly decreased cross-linked and non-cross-linked main chain lengths from Table 4,
indicating structural dissolution and possible SrCOj3 leaching in underground water, which is also
consistent with the higher dissolution rate leaching in simulated underground water fitted by the

leaching models.

3.7 Retention mechanisms of Cs and Sr in geopolymer

Table 9 displays the CFL of samples containing stable and radioactive Cs and Sr.

Table 9 Cumulative fraction leached (CFL) of samples with stable and radioactive Cs and Sr

CFL in Milli Q water (cm) CFL in simulated underground water (cm)
Samples
1d 7d 42d 1d 7d 42d
GeoCs5 0.02449 0.04502 0.06639 0.02292 0.04560 0.07163

CemCs5 0.06121 0.17094 0.27137 0.08688 0.19441 0.26675
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GeoCs137 0.00134 0.00370 / 0.00009 0.00295 /

CemCs137 0.00918 0.01830 / 0.00781 0.02410 /
GeoSr5 0.00006 0.00021 0.00057 0.00001 0.00014 0.00084
CemSr5 0.00570 0.02341 0.05844 0.00477 0.01256 0.02217
GeoSr90 - - (6d) / 0.00009 - (6d) /
CemSr90 0.00105 0.00222 (6d) / 0.00112 0.00196 (6d) /

Note: “-” represents “not detected”; “/” represents “no experiments”.

Based on CFL results of cement and geopolymer leached in Milli Q water (MW) and simulated
underground water (UW), two key conclusions can be summarized: (1) Cs is more mobile than Sr
no matter whether it is immobilized in cement or geopolymer since the CFL of Cs exceeded that of
Sr by about 2 orders of magnitude over the same leaching periods; (2) geopolymer exhibited
improved immobilization of stable and radioactive Cs and Sr compared to cement, especially for Sr
immobilization.

According to MAS NMR deconvolution results, the geopolymer system comprises coexisting
C-(N)-A-S-H and N-A-S-H gels. Fig.20 displays a schematic two-dimensional presentation of
retention mechanisms for Cs and Sr in C-(N)-A-S-H gel and N-A-S-H gel, and this discussion
focuses specifically on how Cs" and Sr** is bound into and leached out from these two kinds of gels
from the perspective of their structural evolution. Notably, while other ions (e.g., Na*, AI**, Ca")
would also leach concurrently during the leaching process, only potential alterations related to Cs”
and Sr** are highlighted here. From the results of Section 3.1 and Section 3.4, Cs incorporation
altered the local environment of Al, and the larger Cs ionic radius may suggest a tendency for the
likely formation of (N,Cs)-A-S-H. The incorporation of Sr** affected the geopolymerization process,
consuming OH" and then generating SrCOs. Geopolymers may simultaneously chemically bind Sr
within (C,Sr)-N-A-S-H and (N,Sr)-A-S-H gels, as well as physically encapsulate SrCOs. In

summary, Cs and Sr are apparently immobilized in geopolymers through chemical binding and
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physical encapsulation mechanisms, with a portion of ions remaining retained within the pores.
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Fig.20 Schematic two-dimensional presentation of retention mechanisms of Cs and Sr in C-(N)-A-S-H gel and N-
A-S-H gel.

During the leaching process, nuclides retained in the pores would be released from the
geopolymer-solidified wasteform via diffusion. When leached in simulated underground water
(UW), the diffusion rate driven by concentration gradients decreases due to the presence of abundant
competing ions in the UW. Consequently, at the early stages, geopolymers generally exhibit slightly
lower leaching rates for Cs, 1*’Cs, and Sr in UW compared to those in Milli Q water (MW). However,
when using geopolymer for *’Sr immobilization experiments, detectable activity was observed only
during the first day of leaching in UW over the entire 6-day period, suggesting that the
immobilization mechanisms for stable and radioactive nuclides may not always align completely,
warranting further investigation. In addition to diffusion, leaching model fitting results indicate that
dissolution behavior cannot be neglected, probably involving phase transformation/reorganization

of the gel matrix and SrCOs dissolution in the UW. This dissolution behavior is evidenced by the
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emergence of Q° species in deconvolved 2’Si MAS NMR spectra from leached geopolymer samples.

The XPS results of Cs-containing geopolymer samples demonstrate that after leaching, the
binding energies consistently shifted toward higher values, with minimal influence from the
leaching medium (MW vs. UW). This observation suggests that Cs-containing geopolymers
undergo gel structural transformations during leaching in both MW and UW. Notably, MAS NMR
analysis revealed more pronounced gel structural alterations in UW compared to MW. For Sr-doped
systems, XPS spectra showed negligible shifts in Si and Al binding energies after MW leaching,
whereas UW leaching induced upward shifts in these binding energies. Combined with MAS NMR
deconvolution data, the limited structural impact of MW leaching may arise from localized
structural reorganization. When leached in UW, for both Cs- and Sr-containing samples, a slight
reduction in cross-linking chain lengths occurs (Table 4), implying potential transformation of the
C-(N)-A-S-H gel induced by UW. However, distinct Si/Al ratio trends emerged between the Cs- and
Sr-containing samples. For the Cs-containing sample (GeoCs5), the Si/Al ratio of C-(N)-A-S-H gel
increased alongside reduced chain lengths after leaching in UW, indicating Cs" may facilitate Al
leaching from the gel structure. While for GeoSr3, after leaching in UW, both the Si/Al ratio of the
C-(N)-A-S-H gel and MCLc slightly decreased, suggesting the newly reunited gel involved higher

Al contents.

4. Conclusions and prospects

In this study, 5 wt% CsNOs; and SrCl,-6H>O were incorporated into geopolymer with
subsequent examination of the geopolymerisation products and gel structures, after which leaching
experiments in Milli Q water (MW) and simulated underground water (UW) were carried out to

understand the retention mechanism of Cs and Sr in geopolymer from the perspective of products
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evolution. Radioactive '*’Cs and *Sr were also incorporated and leaching experiments carried out
to examine *’Cs and °Sr immobilization by the geopolymer material. The following key
conclusions can be drawn from the results:

(1) Upon incorporation of Cs, no significant changes in the main geopolymer material phases
can be detected from XRD results. From XPS and MAS NMR results, Cs incorporation altered the
local environment of Al, and the larger Cs ionic radius may generate a tendency for the formation
of (N,Cs)-A-S-H when Cs is incorporated. Unlike Cs, the incorporation of Sr*>* clearly affected the
geopolymerization process, the geopolymers would simultaneously immobilize Sr within (C,Sr)-N-
A-S-H and (N,Sr)-A-S-H gels chemically, and encapsulate excess Sr in the form of SrCO3 physically.
Therefore, Cs and Sr are immobilized in geopolymers through chemical binding and physical
encapsulation mechanisms, with a portion of ions remaining retained within the pores.

(2) According to the fitting results of leaching models and products evolution results from XPS
and MAS NMR experiments, diffusion and dissolution mechanisms governed Cs* leaching from
the geopolymer. Cs-containing geopolymers undergo gel structural transformations during leaching
in both MW and UW, while Cs" may facilitate Al release in UW with an increased Si/Al ratio of C-
(N)-A-S-H gel and reduced the main chain lengths. Diffusion is likely the primary mechanism
driving the leaching of Sr’* from geopolymer in Milli Q water, involving localized structural
reorganization with increased main chain length. Dissolution behavior cannot be ignored during
leaching in UW, probably involving gels transformation/reorganization and SrCOs3 dissolution.

(3) For stable- and radioactive- Cs and Sr, Cs is more mobile than Sr since the cumulative
fraction leached of Cs exceeded that of Sr by about 2 orders of magnitude over the same leaching

periods. Geopolymer exhibited better immobilization of stable- and radioactive- Cs and Sr than
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cement, especially for Sr immobilization. However, slightly divergent results were observed when

comparing the stable isotope with radionuclide data, indicating that the immobilization mechanisms

for stable and radioactive nuclides may not always align completely, warranting further

investigation by incorporating radioactive isotopes rather than radioactive simulants.

Overall, this study provides a product evolution perspective on Cs and Sr incorporation into

geopolymer materials and their subsequent leaching behavior, offering an improved structural

understanding of the retention mechanism of Cs and Sr in geopolymers. However, leaching tests

with radioactive nuclides were only conducted for 7 days, and leaching tests with stable nuclides

for 42 days in this work. While this is sufficient to examine early-stage leaching and structural

changes, longer-term tests are required to evaluate long-term material stability for real disposal or

storage applications. In future studies, Ca, Si and Al concentrations in leachates should also be

measured and considered to understand the leaching behaviors of these elements with the

incorporation of nuclides, providing a fuller view of aluminosilicate structure degradation. Finally,

stable analogues are widely used, rather than radioactive isotopes, in the testing of cementitious and

other immobilization matrices (due largely to health and safety considerations). However, the

slightly divergent results between stable isotope and radionuclide data were observed in this work,

therefore, our work indicates that using stable analogues may not quantitatively simulate the

incorporation and immobilization of radioactive species at lower mass concentrations.
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Supplementary materials

For experiments using radioactive nuclides (**’Cs, °°Sr), environmental risks were necessarily
considered. Therefore, in order to minimize environmental risks as much as possible, the effect of
metakaolin (MK) incorporation on leaching behaviors of stable Cs and Sr was also carried out to
select the optimal mix proportion of geopolymer for radioactive nuclides retention experiments.
This study focused on the retention mechanism of stable and radioactive Cs and Sr on products
evolution, rather than the effect of metakaolin incorporation, so the main text of this study only
exhibits the comparison of cement and geopolymer regards to immobilizing Cs and Sr.

Metakaolin was supplied by BASF, METAMAX company (UK), with a CaO content below
the detection limit. The chemical composition of MK is shown in Table S1. As for sample GeoCs5*,
the amount of metakaolin incorporation was 20%, i.e., FA:GGBS:MK=5:3:2. The alkali activator

used and preparation method were identical to those used for the samples without metakaolin.

Table S1 Chemical composition of metakaolin (MK)

Compound ) .
Si0; ALO3 CaO Fe:0s MgO TiO; KO Na,O
(wt%)
MK 49.30 42.90 - 0.45 - 1.56 0.11 0.23

Fig.S1 shows key mineralogical and particle size information. From Fig.S1(a), a broad peak

can be observed in the XRD pattern of metakaolin, with an anhydrite peak observed around 26°,

indicating that metakaolin is predominantly amorphous. The particle size of metakaolin ranges

primarily from 0.16 pm to 98.11 um, with a peak at 2.42 pum, from Fig.S1(b). The Dso particle size

of MK is approximately 2.75 pum.
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Fig.S1 Mineralogical and particle size results for metakaolin (MK) (a) XRD pattern; (b) particle

size information.

Fig.S2 shows the effect of MK incorporation on the leaching behaviors of Cs-containing

samples. From Fig.S2(a), compared with the sample without MK (GeoCs5), the sample with MK

incorporation (GeoCs5*) exhibited lower leaching rates, especially in the early stages of leaching.

From Fig.S2(b), when the leaching period is 42 d, the cumulative fraction leached of samples

GeoCs5 and GeoCs5* leached in Milli Q water are 0.06639 cm and 0.02428 cm, respectively. The

cumulative fractions leached of samples GeoCs5 and GeoCs5* in simulated underground water are

0.07163cm and 0.03319cm. This indicates that the incorporation of metakaolin is beneficial for

immobilization of Cs, regardless of whether leaching occurs in Milli Q water or simulated

underground water.
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Fig.S2 The effect of MK on the leaching behaviors of Cs-containing samples

The leaching model fitting was also performed as shown in Table S2. According to the fitting

results, the diffusion coefficient and dissolution rate of samples containing MK are both lower than

those of MK-free sample. And for both MK-containing and MK-free samples, the diffusion

coefficient and dissolution rate when leached in simulated underground water (UW) are consistently

greater than those in Milli Q water (MW).

Table S2 The fitting results of samples containing stable Cs fitted by leaching models.

DFM DSM DFM+DSM
Sample ID 5 > > 5 >
D (cm?/s) R U (cm~/d) R R
GeoCs5-MW 4.80E-10 0.9328  0.000366 0.7872 0.9620
GeoCs5-UW 6.19E-10 0.9497  0.000418 0.8203 0.9718
GeoCs5*-MW 6.96E-11 0.9479  0.000137 0.8159 0.9693
GeoCs5*-UW 1.33E-10 0.9676  0.000193 0.8565 0.9613
CemCs5-MW 1.20E-08 09116  0.001823 0.7532 0.9937
CemCs5-UW 8.08E-09 0.8711 0.001462 0.6987 0.9778

Fig.S3 illustrates the impact of MK incorporation on the leaching behavior of Sr-containing

samples. As shown in Fig.S3(a), both MK-free and MK-containing samples demonstrated slightly

higher initial leaching rates when immersed in Milli Q water compared to those exposed to

simulated groundwater. Overall, the leaching profiles showed remarkable similarity during the first

10 days, with minimal differences observed between samples with and without MK incorporation,

and samples leached in Milli Q water (MK) versus simulated underground water (UW).
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1029 Fig.S3 The effect of MK on the leaching behaviors of Sr-containing samples
1030 According to the above results, MK incorporation is beneficial for Cs retention, while there

1031  were no obvious positive effects on Sr immobilization. Therefore, the mix proportion of geopolymer

1032 for radioactive Cs and Sr immobilization were FA:GGBS:MK=5:3:2(GeoCs137*) and FA:GGBS

1033 =7:3 (GeoSr90).



Table 4 Summary of the deconvolution results of 29Si MAS NMR spectra.

The RBO (bridging oxygen values), MCL (main chain length) and Si/Al are calculated.

RBO Si/Al Si/Al
Samples Q° Q! Q(1Al) Q2 Q3(1Al) Q3 Q'GAl Q%A Q*(1Al) Q*0Al) MCL(NC)  MCL(C)
(%) NASH C(N)ASH
Pos.(ppm) - - -82.81 -87.06 91.32 -95.40 -99.90 -105.23 -109.84 -114.62
e Content(%) - - 3.70 10.28 16.99 16.25 18.78 13.88 9.64 10.48 84.70 - - 225 2.78
Pos.(ppm) - -79.37 -85.33 -88.66 91.93 -95.58 -99.71 -103.89 -108.50 -112.80
GeoCs5
Content(%) - 1.56 3.59 6.99 11.80 16.29 16.37 14.76 12.82 15.82 86.51 24.71 133.08 261 3.41
GeoCs5-  Pos.(ppm) -72.05 - -85.63 -89.16 -91.93 -95.81 -99.73 -103.72 -107.70 -111.58
MW Content(%) 0.72 - 5.52 6.43 14.24 17.34 16.39 11.77 10.03 17.55 86.03 - - 2.70 3.06
GeoCs5-  Pos.(ppm) -72.64  -80.31 -85.96 -89.07 -91.99 -94.97 -99.16 -104.12 -108.61 -113.60
uw Content(%) 121 2.74 6.94 11.37 10.60 16.09 17.59 11.36 8.31 13.81 81.90 25.51 85.20 2.44 4.50
Pos.(ppm) 27013 -80.69 -85.53 -88.85 92.12 -95.56 -99.36 -103.69 -107.52 -111.75
GeoSrs Content(%) 2.13 2.63 5.44 8.18 9.48 14.53 16.38 13.44 11.00 16.78 84.89 20.65 7571 2.65 425
GeoSr5- Pos.(ppm) 27575 8171 -86.16 -89.69 -93.28 29679 -100.41 -104.10 -107.68 -111.28
MW Content(%) 224 3.08 7.07 11.35 14.39 13.85 14.77 9.59 9.47 14.19 80.99 23.14 83.28 2.63 3.46
GeoSr5- Pos.(ppm) 27563 -79.84 -86.05 -89.64 -92.50 29592 -100.05 -104.65 -108.78 -112.91
uw Content(%) 2.40 272 6.19 6.36 10.23 13.64 13.80 12.10 11.08 21.48 85.36 2031 72.50 3.05 3.83




