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ABSTRACT: � e immobilization processes for nuclear waste have gained signi� -
cant a� ention from the scienti� c community due to the growing global activity in 
the nuclear industry. Although these processes have been studied and applied since 
the mid-20th century, many questions remain that require further in-depth research, 
including the immobilization itself and the deposition of wasteforms in reposito-
ries designed to safeguard against future exposure. In this study, highly phase-pure 
zeolite A was synthesized via hydrothermal processing of coal � y ash from a Bra-
zilian thermal power plant and loaded with Cs to evaluate thermal stability, struc-
ture, and immobilization in Nb-aluminoborosilicate and geopolymer matrices. Cs 
adsorption, con� rmed by XRD peak intensity and Raman band changes, showed a 
26 wt.% incorporation (INAA) a� er 24-hour sorption using simulated CsCl solu-
tion, a notable result given the � y ash impurities. � e zeolite structure remained 
stable during the heating up to 960 °C, forming water-insoluble phases (pollucite 
and cesium aluminum oxide) right a� er structural collapse between 700 °C and 900 
°C. Up to 40 wt.% of Cs-loaded waste was incorporated into a monolithic ceram-
ic via thermal treatment of Nb-aluminoborosilicate glass and zeolite A at 900 °C 
for 2 hours, yielding a dense body (2.4 g/cm³) with low porosity (3.6%) and wa-
ter absorption (1.63%). In contrast, raw Cs-loaded zeolite A showed high porosity 
(48%), water absorption (33%), and low density (1.44 g/cm³). Crystalline Cs phas-
es formed at lower temperatures (900 °C) due to the devitri� cation nature of the 
glass. Geopolymer matrices immobilizing Cs-loaded zeolite exhibited water leacha-
bility comparable to similar materials, meeting nuclear waste disposal requirements. 
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1.  INTRODUCTION

It was during the early 1950s that the risks associated with radioactive waste 
(RW) � rst became known to the scienti� c community. Following the tragic nuclear 
bombings of Hiroshima and Nagasaki in 1945, as well as nuclear accidents such as 
Chernobyl (1986) and Fukushima (2011), and with the rise in nuclear activities 
through the late 20th century, the potential dangers of these activities became wide-
ly recognized by the global population [1]. Given the environmental consequences 
of improper RW disposal, the need for eff ective radiological shielding and the stable, 
long-term management of such highly hazardous materials has become an urgent 
priority [2]. 

In addition to decades of nuclear activities and the accumulation of high-lev-
el radioactive waste (HLW) at nuclear power facilities, these wastes are current-
ly stored in temporary facilities [3]. A� er many years of research into potential 
solutions, deep geological repositories have been identi� ed as the safest option. 
However, to date, only one such repository is in advanced construction in Olki-
luoto, Finland, which is expected to become the world’s � rst operational nuclear 
waste repository within the next few years [4]. Nonetheless, the construction of 
these geological sites requires substantial � nancial investment and multidis-
ciplinary expertise and represents only a partial solution to RW management.
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HLW can only be stored in these facilities a� er undergo-
ing appropriate treatment and processing to create sta-
ble, chemically inert, and radiation-resistant forms [5].

In the search for materials that meet these stringent speci-
� cations, ceramics, glasses, and glass-ceramics have proven to 
be the most suitable matrices for HLW immobilization. � ese 
materials off er excellent chemical durability, impermeability 
to liquids, and resistance to radiation-essential properties for 
long-term disposal and protection against future exposure [6].

Among the major � ssion products contained in HLW, the 
isotope ¹³⁷Cs poses a signi� cant threat to human health due to its 
high activity and emission of beta and gamma radiation. With a 
half-life of 30.2 years, ¹³⁷Cs is particularly hazardous as it can easily 
disperse into the environment, facilitated by its high solubility in 
water and ease of transport [7]. 

One eff ective approach for mitigating environmental contam-
ination by radionuclides is the adsorption method, which demon-
strates excellent performance in the selective and safe removal of 
radionuclides from contaminated water. � is method is character-
ized by operational simplicity, adaptability to low-contamination 
effl  uents, and the availability of various low-cost adsorbents, mak-
ing it suitable for both continuous and batch processes [8].

Zeolites, also known as “molecular sieves,” are characterized 
by high ion-exchange capacities (IEC), excellent selectivity for 
speci� c elements, and good thermal and radiation stability [9]. 
Cationic radioisotopes present in aqueous effl  uents can be re-
moved through ion exchange with Na+ ions [10]. Among various 
types of zeolites, Na-A (Linde Type A - LTA) zeolite has proven 
to be highly effi  cient in removing cesium isotopes (¹³⁴Cs+, ¹³⁵Cs+, 
¹³⁷Cs+), ⁹⁰Sr²+, and ⁶⁰Co²+ from aqueous solutions [11–13]. 
Moreover, the ability to synthesize Type A zeolite from coal � y 
ash using a low-cost, open-system hydrothermal process makes 
it an a� ractive choice as an adsorbent material derived from in-
dustrial waste. However, for long-term disposal, ¹³⁷Cs-loaded ze-
olites are not stable in the presence of groundwater, as they may 
degrade and release the radionuclide. To address this limitation, 
ion-exchanged zeolites have been incorporated into dense ma-
trices such as cement blends, glasses, and geopolymers, ensur-
ing improved stability for safe waste immobilization [14–17].

� e immobilization of HLW in glass and glass-ceramic ma-
trices is widely regarded as one of the most suitable methods for 
its safe management [18]. Countries such as the UK, France, 
Russia, the USA, China, Germany, and Japan have adopted the 
use of glass matrices, primarily alkaline borosilicate glasses and 
phosphate glasses, with compositions tailored to the solubility 
of the waste elements in the glassy phase [19]. However, the po-
tential in� ltration of groundwater into deep geological reposito-
ries presents a risk of environmental contamination. Depending 
on their chemical resistance, glass matrices containing immo-
bilized radionuclides may undergo dissolution due to hydrolyt-
ic a� ack [20,21]. In this context, glass-ceramics have garnered 
signi� cant a� ention from scientists, as these materials off er im-
proved mechanical properties and enhanced thermal stability 
compared to traditional RW glasses. � ese advantages make 
glass-ceramics a promising alternative for HLW immobilization.

Geopolymers (GP) are inorganic polymers with a robust 
chemical structure, formed through the polycondensation of 
mineral materials containing aluminosilicates [22]. � ey are syn-

thesized by reacting aluminosilicate materials with an alkaline ac-
tivator, typically a concentrated solution of hydroxides, silicates, 
carbonates, or sulfates. Geopolymers exhibit excellent resistance 
to high temperatures, thermal shocks, chemical corrosion, and 
abrasion [23,24].

In the nuclear � eld, geopolymers have been utilized in the 
Czech Republic and Slovakia since 2003 to immobilize evapora-
tor concentrates, ion exchange resins, and radioactive liquid waste 
containing ¹³⁷Cs [25]. Furthermore, geopolymers can be synthe-
sized using sewage treatment plant sludges, a byproduct of indus-
trial and urban activities [26].

In this study, zeolite A was produced through hydrothermal 
synthesis using coal � y ash as the silicon source and applied as an 
ion-exchange medium to capture cesium from a CsCl (non-ra-
dioactive) aqueous solution. � is approach aims to simulate the 
treatment of ¹³⁷Cs-rich effl  uents within two distinct matrices: 
Nb-aluminoborosilicate glass and geopolymer. � e high purity, 
crystallinity, and homogeneity of the zeolitic material make it an 
excellent intermediate step for immobilizing radioactive cesium.

While the incorporation of Cs-loaded zeolitic materials into 
geopolymer matrices has been previously studied [22,26], this 
work investigates the leaching behavior of cesium in a geopolymer 
matrix, as detected through a nuclear technique. For the Nb-alu-
minoborosilicate matrix, this study evaluates the densi� cation of 
thermally treated waste forms, exploring the bene� ts of this new 
nuclear glass composition [27]. Aligned with the principles of 
the circular economy and the Sustainable Development Goals 
(SDGs), particularly SDG 12, the zeolite samples used in this re-
search were synthesized from coal � y ash [28–30].

2.  METHODS

2.1. Synthesis of zeolite A and sorption experiment.  
� e zeolite samples were prepared following the procedure out-
lined in previous studies [30,31], using coal � y ash (CFA) sourced 
from the Jorge Lacerda thermal power plant in Santa Catarina 
(SC), Brazil. � e chemical composition of the CFA, shown in Ta-
ble 1, consists predominantly of SiO₂ and Al₂O₃, with a suitable 
Si/Al ratio for synthesizing zeolitic materials. Additional constitu-
ents, such as a relatively high CaO content and minor amounts of 
Fe₂O₃, K₂O, TiO₂, MgO, and SO₃, are characteristic of this CFA 
and are typically observed in Class C coal � y ashes [28,31,32]. 

Table 1. Chemical composition (wt.%) of the coal � y ash.

Component CFA

SiO2 48.8

Al2O3 25.0

CaO 11.9

Fe2O3 6.1

K2O 2.9

TiO2 1.4

MgO 1.9

SO3 1.6

Other 0.4

SiO2/Al2O3 1.95
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(1)

� e CFA and pulverized NaOH were homogenized in a 1:1.2 
weight ratio in a crucible, and the mixture was then melted in a 
furnace at 550°C for 2 hours to ensure the complete dissolution 
of quartz (SiO₂) from the CFA. A� er cooling to room tempera-
ture, the mixture was transferred to a PTFE beaker containing 
0.150 L of deionized water and NaAlO₂ (50-60% Al₂O₃, Riedel-
de Haen) to adjust the Si/Al ratio. � e mixture was heated in an 
oven at 100°C for 3 hours to perform the hydrothermal synthesis, 
followed by � ltration and drying in an oven at 105°C for 16 hours. 
� e sorption experiments were carried out according to the pro-
cedure described in the literature [33]. � e synthesized zeolite A 
and CsCl (non-radioactive, Sigma-Aldrich 99.9%) were mixed in 
a 1:1 mass ratio and added to 0.5 L of deionized water. � e mix-
ture was stirred for 24 hours, � ltered, and then dried in an oven 
for 16 hours. As mentioned earlier, this procedure was designed 
to simulate the capture of  ¹³⁷Cs from liquid radioactive wastes.

2.2. Composite materials class 1 (Nb-Aluminoboros-
ilicate glasses + Cs-loadeed zeolite A, G6ZCs). � e nominal 
(wt.%) composition of the glass sample used in this work is  42SiO₂-
8B₂O₃-23Na₂O-18CaO-K₂O-2Al₂O₃-6Nb₂O₅. � e parent glass 
composition (without Nb) has demonstrated excellent retention 
(up to 40 wt.%) of galvanic waste within the glass network struc-
ture [34,35], and it has been thermally and structurally evaluated 
in our previous studies with Nb additions [27,36]. � is speci� c 
composition was selected for the immobilization process due to 
its favorable thermal stability and reduced melt viscosity, both of 
which are enhanced by the inclusion of up to 6.0 wt.% Nb, facilitat-
ing the incorporation of zeolitic materials. � e G6ZCs pellets were 
prepared in duplicate by homogenizing a mixture of Nb-alumino-
borosilicate glass and Cs-loaded zeolite A particles (0.4 to 0.6 µm) 
in a 2:3 weight ratio, using a ball milling system for 24 hours. � e 
resulting mixture was then subjected to uniaxial pressing (1 Ton/
cm²) at room temperature using a powder pellet press die. � e 
pellets were heat-treated at 900°C for 2 hours in atmospheric air, 
followed by slow cooling to room temperature inside the furnace.

2.3. Composite materials class 2 (Geopolymer + 
Cs-loaded zeolite, ZG). � e analysis of the precursors involved 
using materials with high silica (SiO₂) and alumina (Al₂O₃) 
content, such as metakaolin. A solution of sodium hydroxide 
(NaOH) and sodium silicate (Na₂SiO₃), both at 8 mol/L, were 
used as alkaline activators. Chemical analyses were performed to 
determine the contents of SiO₂, Al₂O₃, and Na₂O, and to calcu-
late the molar ratios (SiO₂/Al₂O₃ and Na₂O/Al₂O₃). � e zeolite 
was previously saturated with a ¹³⁷Cs radioactive tracer, using 
a 12.7 g/L CsCl solution, with the pH adjusted to 7 and spiked 
with 311 becquerels of ¹³⁷Cs activity. In preparing the mixture, 
the amounts of each material were adjusted to achieve the de-
sired molar ratios, typically ranging between 3 and 4 for SiO₂/
Al₂O₃ and between 0.8 and 1.2 for Na₂O/Al₂O₃. Geopolymer 
production was conducted in duplicate and involved mixing 
the dry materials with alkaline activators, adding the calculated 
amount of activator solution to achieve the desired Na₂O/Al₂O₃ 
molar ratio, and stirring until a homogeneous paste was formed. 
� is paste was then molded into shapes and cured for 6 hours at 
60 °C in an oven, followed by curing in air at room temperature 
(around 25 °C) and room humidity to allow the geopolymer struc-
ture to develop. To optimize the mechanical properties and dura-
bility of the geopolymer for speci� c applications, the proportions 

were adjusted, and accelerated curing conditions were applied.
ASTM C1308-21 [37] was conducted to investigate the leach-

ing behavior of cesium in the solidi� ed zeolite/geopolymer (ZG) 
specimens. � e samples were placed in leaching vessels contain-
ing 147 mL of deionized water, ensuring that all sides were in 
contact with the leachant. � e leachate was replaced with fresh 
water at 2 hours, 7 hours, 1 day, and then daily until the 11th 
day. � e leaching behavior of cesium from the ZG specimens 
was evaluated based on the leaching rate (LR) and the cumu-
lative fraction leached (CFL). � e LRn is de� ned as the amount 
of a constituent of a solid material that is leached during a given 
time interval, n, during the leaching test. � e LR of ¹³⁷Cs from 
the ZG specimens was calculated using the following equation:

where an is the amount, in Bq, of the nuclide released from the 
specimen during the leaching interval n, A₀ is the total amount of 
the nuclide in the specimen (Bq), V is the geometric volume of the 
specimen (cm³), S is the geometric surface area of the specimen 
(cm²), and t (day) is the leaching time measured from the begin-
ning of the leaching test [38]. 

2.4. Characterization. X-ray diff ractometry was performed 
using a Rigaku SmartLab instrument with Cu-Kα radiation, in 
theta-2theta con� guration, at a scan rate of 0.05º/s. � e structural 
illustrations were generated using VestaTM [39], based on CIF � les 
from the Crystallographic Open Database (COD) of the identi� ed 
phases. Chemical analyses were conducted with an Energy Disper-
sive X-ray Fluorescence Spectrometer (ED-XRF), Shimadzu EDX 
720, using Ti-U/Na-Sc analytes. Diff erential � ermal Analysis 
(DTA) of the Cs-loaded synthesized zeolite material was carried 
out using a Netzsch DSC/DTA 404F3 instrument at a heating rate 
of 10ºC/min in synthetic air up to 1300ºC. Fourier-Transform In-
frared Spectroscopy (FTIR) was performed using a � ermo Nico-
let Nexus 670 spectrometer, in ambient atmosphere, with a spectral 
resolution of 0.125 cm-¹ using the KBr technique. Raman spectra 
were collected on powder samples with a confocal Witec Alpha 
300R Raman microscope, using a 532 nm (Ar+ green laser) at 45 
mW. Scanning Electron Microscopy (SEM) of the raw zeolite sam-
ple was conducted using a Quanta FEG 650 FEI microscope at 15 
kV. For the Cs-loaded zeolite sample, a Jeol JSM-6701F instrument 
operating at 6 kV was used. Density, water absorption (%), and po-
rosities were determined according to ASTM C1285-02 [40].

� e concentration of Cs was assessed using Instrumental Neu-
tron Activation Analysis (INAA). Due to the high concentration 
and large cross-section (30.1 barns) of Cs, it was necessary to ir-
radiate a small sample mass to keep the dead time of the counting 
system at an acceptable level (e.g., below 10%). � erefore, approx-
imately 5 mg of samples were weighed for analysis. A paper sheet, 
onto which a known concentration of Cs standard solution was pi-
pe� ed and dried under infrared light, was used as the comparator. 
� e samples and paper sheets were sealed in pre-cleaned double 
polyethylene bags, placed parallel to each other in the irradiation 
container to receive the same neutron � ux, and then sent for irradi-
ation. � e samples and comparator were irradiated in the IEA-R1 
nuclear research reactor at IPEN (Instituto de Pesquisas Energéti-
cas e Nucleares) for 8 hours under a thermal neutron � ux of 10¹² 
cm-² s-¹. Radionuclide (¹³⁴Cs) counting was performed via gamma 
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3.  RESULTS

3.1.  Characteristics of the Cs-loaded waste (Cs-load-
ed zeolte A). Despite the use of zeolites as adsorbent materials 
for the selective decontamination of various types of waste, their 
effi  ciency depends on crucial characteristics such as crystallin-
ity, purity, and homogeneity, especially when these materials are 
derived from ashes that may contain a wide variety of contami-
nants. � ese characteristics also impact their incorporation into 
matrices and must therefore be investigated in greater depth. 

Figure. 1 shows the XRD pa� erns of the raw zeolite sample 
and the Cs-loaded zeolite sample (ZeoACs). Both are identi-
� ed as phase-pure Na-A type zeolite ( JCPDS 43-0142). � e ab-
sence of peaks related to typical impurities, such as undissolved 
quartz (SiO₂) particles and mullite (70Al₂O₃·30SiO₂), which are 
present in coal � y ash [30,31], suggests that these components 
were adequately dissolved by NaOH during the melting process 
(550 °C/2h). � is speci� c Class C coal � y ash, sourced from 
southern Brazil, is generated by a thermal power plant in which 
pulverized coal is burned using air entrainment at temperatures 
between 1200 ºC and 1400 ºC. Such high temperatures result 
in ashes with amorphous content and hollow particles, which 
enhance the alkaline activation and synthesis processes [31] 

Figure 2 shows the SEM images of the zeolite sample before 
(a-b) and a� er Cs adsorption (c-d). � e microstructure of the zeo-
litic material is predominantly composed of well-crystallized cubic 
particles exhibiting regular edges and a homogeneous size distri-
bution, ranging from 840 to 869 nm, suggesting a high-quality ze-
olitic material. Additionally, a small number of particles exhibiting 
irregular shapes and varying sizes can also be observed, which may 
indicate the presence of other crystalline phases, undetectable by 
XRD due to their negligible content [30]. When comparing the 
aspect and size of particles before (a-b) and a� er the Cs adsorption 
(c-d), no diff erences are observed, suggesting the high stability of 
the zeolitic material under the sorption experiments.  

� e FTIR spectra of the raw and ZeoACs samples are shown 
in Figure. 3. � e zeolite exhibits typical bands related to zeolitic 
materials primarily composed of Si and Al: the band at 464 cm ¹ 
is a� ributed to O-Si-O bending vibrations, and the band at 558 
cm ¹ is complex, a� ributed to the external stretching modes of the 

4

Table 2. Relative standard deviation (RSD) and relative error 
(RE) for USGS STM-2 standard material used for INAA analyses.

USGS STM-2

rns
Certi� ed Calculated RSD(%) RE(%) En-score

1.52 ±0.06 1.50 ±0.08 5 1 0.2

Figure 1. X-ray diff raction (XRD) pa� erns of raw zeolite A and 
Cs-loaded zeolite A (ZeoACs), including an illustration of the beta 
cage (the sodalite fundamental structure) a� er Na+ exchange with 
Cs+ .

Figure 3. Fourier-transform infrared spectra (FT-IR) of the zeo-
lite A before and a� er the adsorption experiment.

spectrometry using a high-purity germanium (HPGe) detector 
from Canberra Industries, with a resolution of 0.88 keV for ⁵⁷Co 
and 1.90 keV for ⁶⁰Co, coupled to a DSA-1000 multichannel ana-
lyzer. � e ¹³⁴Cs counting was carried out a� er a 15-day cooling pe-
riod, for 2 hours, and spectral analysis was performed using Genie 
2000 and CAX so� ware, which allows for the identi� cation of each 
gamma energy transition. � e results are presented as mean values 
(g/g) for duplicate samples, and error propagation was applied to 
determine uncertainties. � e method's validation was con� rmed by 
analyzing the reference material USGS STM-2, as shown in Table 2.

bridges between the tetrahedra (Si-O-Si) and the bending mode 
of the O-Si-O bonds. � e band at 667 cm ¹ is a� ributed to the 
symmetric stretching of the Si-O-Al bridge bonds, while the band 
at 1006 cm ¹ corresponds to the asymmetric stretching vibrations 
of the Si-O(Si) and Si-O(Al) bridge bonds [41,42]. � e bands at 
1651 cm ¹ and 3420 cm ¹ are a� ributed to the asymmetric and 
symmetric stretching modes of O-H functional groups, respective-
ly [43,44].

https://jamt.ejournal.unri.ac.id/index.php/jamt
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Figure. 4 shows the room temperature Raman spectra of the 
raw and ZeoACs samples. � e most intense band, at 495 cm-¹, is 
a� ributed to the bending mode of Si-O-Al 4-membered rings (Si, 
Al) [45]. � e bands at 338 cm-¹ and 413 cm-¹ are related to the 
bending mode of the 6-membered Si-O-Al rings [46]. � e bands 
at 980 cm-¹, 1044 cm-¹, and 1100 cm-¹ are a� ributed to the asym-
metric stretching of T-O (T = Si, Al) [46,47]. � e bands in the 
region between 600 and 900 cm-¹ are related to the symmetric 
stretching of T-O type bonds [48]. � e band at 702 cm-¹ is char-
acteristic of A-type zeolites and is a� ributed to the 4-membered 
double rings, which join each sodalite cell (β cell) [45–49].                                            
    � e raw zeolitic material was chemically evaluated by energy 
dispersive X-ray � uorescence spectroscopy (ED-XRF), while the 
ZeoACs zeolite was analyzed for Cs content using instrumental 
neutron activation analysis (INAA). � e results are shown in Ta-
ble 3. � e raw zeolite is primarily composed of SiO₂, Al₂O₃, and 
Na₂O, particularly in this case where the zeolite was synthesized 
through the alkaline dissolution of quartz (SiO₂) from coal � y ash 
using NaOH. Other constituents, such as Fe₂O₃, CaO, and TiO₂, 
are also present as exchangeable cations, re� ecting the speci� c 
composition of this coal � y ash (see Table 1). � e SiO₂/Al₂O₃ 
mass ratio is 1.3, and the calculated Si/Al molar ratio is 2.3. � e 
Cs-loaded zeolite was able to incorporate 26 wt.% Cs a� er the 
sorption experiment. 

When loaded with radioactive cesium (134Cs, 137Cs), zeolitic 
materials may be subjected to elevated temperatures due to radi-
oactive decay [50]. To investigate the thermal properties of the 
Cs-loaded zeolite, such as phase transformations and weight loss 
during heating, diff erential thermal analysis (DTA) and thermo-

mogravimetric analysis (TGA) were conducted, and the results are 
shown in Figure. 5. Up to 100 °C, the ZeoACs material exhibits an 
endothermic deviation in the DTA curve, marked by a 5% weight 
loss (TGA), with peaks at 34.46 °C and 96.99 °C (DTG). As the 
temperature increases, weight loss continues (TGA), and the DTA 
curve exhibits pronounced exothermic deviations with two maxi-
mum peaks (around 850 °C and 960 °C), indicating heat-induced 
phase transformations. � e total mass loss at 950 °C is 15.63%.

Figure 2. Scanning electron microscope images (SEM) showing the cubic structure of: (a-b) raw zeolite A and (c-d) Cs-loaded zeolite A. 

(a) (b)

(c) (d)

Figure 4. Raman spectra of the zeolite samples before (raw zeo-
lite) and a� er the adsorption experiment (ZeoACs).

https://jamt.ejournal.unri.ac.id/index.php/jamt
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� e thermal events exhibited by the ZeoACs sample during 
heating in the DTA results (Figure. 5) were evaluated up to 1000 
ºC through XRD analysis of heat-treated samples, and the XRD re-
sults are shown in Figure. 6. � e � rst transformation of the material, 
occurring around 845 ºC, was found to be related to an amorphous 
phase coexisting with remaining Na-A zeolite crystals ( JCPDS 43-
0142), as well as other crystalline phases involving the adsorbed Cs: 
Pollucite ( JCPDS 28-407), Cesium Aluminum Oxide ( JCPDS 23-
882), Nepheline ( JCPDS 35-424), and Hematite ( JCPDS 85-987). 

Table 4 presents the cesium concentration in the G6ZCs, as 
measured by the INAA technique, as well as the data obtained 
from density calculations according to ASTM C373-88 [40]. It is 
observed that the ZeoACs exhibited the same Cs content before 
(Table 3) and a� er heat treatment (Table 4), while the G6ZCs 
sample contains 11 wt.% of Cs, which corresponds to the amount 
present in the pressed mixture. However, in terms of densi� ca-
tion, the G6ZCs sample shows higher density, lower water ab-
sorption, and reduced porosity compared to the ZeoACs sample.

6

134Cs 
(g/g)

VOP

G6ZCs 2.2h 0.01 0.17 3.35

2.2h 0.25±0.02 0 0. 4 1

A new option for selectively treating radioactive waste streams 
is presented by using a chemically resistant Nb-aluminoborosilicate 
glass matrix to immobilize Cs-loaded Na-A zeolites through heat-in-
duced densi� cation into solid waste forms. � e glass precursors help 
stabilize Cs in the aluminosilicate phase at temperatures up to 900 
°C, whereas raw Cs-loaded zeolite waste forms require more ener-
gy to achieve the density and porosity compatible with the G6ZCs 
sample, which exposes adsorbed Cs to ion exchange in water.

Figure. 8 (a and b) shows the leaching rate (LR) and cumu-
lative fraction leached (CFL) of the ZG specimens, expressed 
as a function of time, respectively. � e LR can be thought of as

Figure 5. Diff erential and gravimetric thermal analyzes (DTA, 
TGA) of the Cs-loaded zeolite sample (ZeoACs), at 10ºC.min-1 
under synthetic atmosphere.

Table 4. Cs concentration (INAA technique), bulk density 
(DBULK), apparent porosity (PAP), water absorption (H2O), vol-
ume of open pores (VOP), and impervious portions (VIP) of the 
heat-treated (900°C) G6ZCs and ZeoACs (ASTM C373-88) [40].

Component (wt.%) Raw zeolite ZeoACs

SiO2 41.31

Al2O3 34.76
134Cs (g/g) - 0.26

Na2O 11.94

CaO 5.64

Fe2O3 4.30

TiO2 0.95

Other 1.1

Table 3. Chemical composition (ED-EXF) of the CFA Na-A ze-
olite material (wt.%) before the sorption experiment using a CsCl 
aqueous solution, and Cs content (obtain by INAA) a� er the 
sorptionexperiment.

3.2.  Examples of hosts for the incorporation of Cs-load-
ed zeolite: Nb-borosilicate glass and geopolymer matri-
ces. Figure. 7 shows the SEM images of the surface of the heat-treat-
ed samples (900 °C/2h): ZeoACs (Cs-loaded zeolite) (column a) 
and G6ZCs (glass + Cs-loaded zeolite) (column b), each presented 
with x400 and x150 magni� cations. It can be observed that the Ze-
oACs sample exhibits a porous surface with microcracks. In con-
trast, the G6ZCs sample has a well-condensed surface with an ab-
sence of microcracks and a signi� cantly lower pore concentration.

Figure 6.  X-ray diff raction (XRD) pa� erns of the Cs-loaded zeo-
lite (ZeoACs) heat treated at 845ºC and 960ºC (DTA exothermic 
peaks), compared to room temperature.
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Figure 7. Scanning electron microscope images (SEM) showing the surface of samples a� er cold pressing and subsequent heat treat-
ment (900 °C): (Column a) ZeoACs and (Column b) G6ZCs

(a) (b)

Figure 8. Chemical durability of the Cs-containing geopolymer specimen: (a) leaching rate (cm.d-1) and (b) cumulative fraction 
leached, showing stabilization around 10-6cm.d-1.

constituent leached during the leach test, divided by the leach-
ing time, expressed in cm.day-1. � e cumulative fraction leached 
(CFLN) is de� ned as the sum of the fractions of the initial activity 
(an/A0) of the nuclide contained in the specimen, leached during

(a)
(b)

the specimen’s volume-to-surface ratio-dependent fraction of the 
initial activity of the leached constituent, averaged over the leach-
ing time. For cylindrical specimens with a 5 cm diameter and 10 
cm height, the LR is numerically equal to the total fraction of the

(b)
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4.  DISCUSSIONS

An illustration of the fundamental building structure of zeolite 
A is depicted in Figure. 1. � e so-called β cage (or sodalite cage) is 
composed of alternately interconnected TO₄ tetrahedra (T = Si, 
Al), where the AlO₄- tetrahedra are charge-balanced by Na+ ions, 
located at the center of 6R and 8R (6- and 8-membered rings) 
[55–57]. Within the fundamental unit cell (β cage), interference in 
atomic positions and density are primarily responsible for changes 
in peak intensities. Due to the diff erences in the ionic radius of Cs+ 
(3.6 Å) and Na+ (1.24 Å), Cs+  Na+ exchanges take place at the 
center of 8R (8-membered rings), due to the appropriate � � ing of 
Cs+ into the ring cavity (3.6 – 4.1 Å in diameter) [33,58,59]. Liter-
ature reports that Cs selectivity in zeolites (Si/Al: 1 – 2) has been 
shown to range from 72 – 98% in structures that contain 8R, while 
this value is 40 – 60% in those without 8R [10,59]. � e pa� ern 
of the ZeoACs sample exhibits changes in the intensity of peaks 
related to diff erent crystal orientations, such as 100, 111, 321, 
410, and others, as a result of the Cs+  Na+ exchange. � ese 
changes suggest that the selectivity of Cs in the zeolite sample de-
rived from this speci� c CFA is high. Analyzing the SEM images 
shown in Figure. 2, which correspond to the raw zeolite A (a,b) 
and the Cs-loaded zeolite (c,d), it can be observed that the high 
crystallinity and phase purity of the ash-derived zeolite, previously 
suggested by the XRD pa� ern (Figure. 1), are re� ected in the mor-
phology, which features homogenously distributed, sharp-edged 
cubic particles with no visible point defects. It is known that high-
ly crystalline zeolites exhibit excellent ionic selectivity due to the 
regular size of pores and rings, creating three-dimensional tunnels 
that facilitate the transport of hydrated ions in aqueous solutions 
[60]. Zeolite particles are o� en interconnected as clusters, and 
crystal growth can occur in more than one direction. However, the 
growth mechanism is not completely understood for a given sys-
tem, due to the multiple variables involved, such as the nature of 
the aluminum source and potential organic contaminants, which 
are known to favor cubic particles with chamfered edges [61,62]. 

When comparing the FTIR spectral groups before (raw) and 
a� er (ZeoACs) the sorption experiment, shown in Figure. 3, it 
is observed that the partial exchange of Na+ for Cs+ in the zeolite 
does not alter any peak or band in the analyzed range (400 – 4000 
cm-¹), except for the shi�  from 3420 cm-¹ to 3444 cm-¹. � is shi�  
occurs due to the greater interaction of Cs+ ions with the OH func-
tional groups of adsorbed water molecules, when compared to Na+ 
[33]. � e framework structure of the zeolitic material is shown to 
be maintained a� er the sorption experiment, a fact that is also fa-
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vored by the experimental conditions, such as room temperature, 
stable pH, and the absence of competitive ions in the simulated 
CsCl solution [63].

Raman sca� ering is useful in revealing speci� c structural units 
present in both amorphous and crystalline states. When analyz-
ing the Raman spectra collected on the zeolite A before and a� er 
the sorption experiment, shown in Figure. 4, it is observed that, 
similarly to the infrared transmi� ance (Figure. 3), the material did 
not exhibit shi� s in Raman band positions. Instead, only increased 
frequencies were observed for the bands at 281 cm-¹ and 338 cm-
¹, indicating that cesium does not interfere with the vibrations 
of 4-membered rings [64]. � e relationship between the Raman 
bands in the region from 300 cm-¹ to 600 cm-¹ and the size of 
structural rings in crystalline silicate and aluminosilicate materials, 
such as zeolites, is reported in the literature [45–49]. � e smaller 
the size of the rings, the higher the vibration frequency of these 
structures. � erefore, the band at 281 cm-¹ is related to the vibra-
tional bending mode of rings containing more than 4 or 6 mem-
bers, in this case, the 8-membered ring of zeolite A. � ese rings 
make up the pores with a diameter of 4.2 Å, which give access to 
the central supercavity (11.4 Å) of its crystalline structure [45–
49,64]. Such alterations are due to an interference in the bending 
vibrational mode of 8- and 6-membered rings, respectively, caused 
by the diff erence between the ionic radii of Cs+ and Na+ [33,64].

From the data in Table 3, it is observed that the zeolite sample 
was able to retain 0.26 g of Cs per gram of zeolite (26 wt.%) through 
the exchange of Na+ for Cs+. Although the exchangeable sites of 
this zeolitic material are not fully charge-balanced by Na+, but rath-
er contain other cations, the diff erences in exchange capacity and 
hydrated ionic sizes of Ca²+, Fe³+, Ti²+, and other minor constit-
uents were overcome by the good retention of Cs [46,47,49,65]. 
Additionally, it is known from the literature that factors such as 
contact time, the amount of zeolitic material, the concentration of 
Cs in the solution, and particle size may in� uence the adsorption 
effi  ciency in this type of experiment [66]. � e ash-derived zeolite 
produced in this work thus exhibits adequate Cs adsorption due to 
its homogeneous morphology and structural characteristics.

Since this type of waste form is commonly used in thermal pro-
cesses for vitri� cation, the thermal behavior of the Cs-loaded zeo-
lite A during heating up to 1000 °C was evaluated through diff eren-
tial and thermogravimetric analyses, as shown in Figure. 5. During 
heating, the ZeoACs sample exhibits endothermic deviations 
in the DTA curve, indicating that energy is being consumed for 
the evaporation of adsorbed water molecules [67,68]. � is event 
reaches its maximum at 96.99 ºC, shown by a substantial mass loss 
of about 6.3%. As the temperature increases, the zeolite exhibits 
an exothermic deviation (DTA), and up to 400 ºC, the mass loss 
reaches 11.46%, suggesting that much of the decarbonation has al-
ready occurred, as the rate of mass loss relatively stabilizes (DTG) 
[67]. However, at 700 ºC, a pronounced exothermic deviation is 
observed (DTA) with a maximum around 850 ºC, indicating the 
structural collapse of the zeolitic framework. At this stage, there is 
an additional mass loss of 2.39% at 874.82 ºC, suggesting the deso-
rption of remaining organic material [69]. Finally, at 960 ºC, an en-
dothermic peak is observed (DTA), suggesting a transformation of 
the material into new crystalline phase(s), which will be evaluated.

In Figure. 6, the stability of Cs is observed through the ther-
mal evolution of its crystalline phases, as the material undergoes 

leaching intervals, including the Nth interval. � e CFLN of 
137Cs was calculated by the following equation [17]:

(2)

with the quantities de� ned by Equation 1, a� er the initial wash-
off  period, a rapid increase in the leaching of cesium a� ached to 
the surface of the ZG specimens is observed. � e LR is primarily 
controlled by diff usion in a steady-state mode at a constant rate. 
� e LR calculated for the 11th leaching day was 1.23×10-2 cm.d-
1. � is result is in good agreement with those reported in the 
literature [17,38,51–54].
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structural collapse and the � rst crystalline nuclei begin to form 
simultaneously. � is is shown by the XRD pa� ern of the sample 
heat-treated at 845 ºC, which was previously represented by the 
amorphous exothermic DTA deviation (Figure. 5). Interestingly, 
the crystalline phases involving Cs exhibit good stability with in-
creasing temperature and consolidate around 960 ºC, consistent 
with the exothermic peak, which reaches its maximum at this tem-
perature, as shown in the DTA result (Figure. 5). � e Na-A zeo-
lite produced from the coal � y ash used in this work demonstrates 
itself to be a safe adsorbent material for the decontamination of 
cesium-137 from liquid nuclear wastes, because Cs atoms are ther-
mally immobilized in water-insoluble phases of pollucite and cesi-
um aluminum oxide [70].

Factors such as the speci� c surface area and porosity of this 
zeolite-based waste form are particularly important when consid-
ering potential contact with groundwater. � is is why zeolitic ma-
terials are commonly used as adsorbents in an intermediate step 
of nuclear waste immobilization and are o� en incorporated into 
high-density matrices, such as glasses and geopolymers [69,71].

Since the chemical resistance of the specimens is governed by 
the speci� c area in contact with water, the surface was evaluated, 
and the results are shown in Figure. 7 by the SEM micrographs. In 
Figure. 7 (column a), it is observed that the ZeoACs sample exhib-
its a rough surface containing deep microcracks and heterogene-
ous morphology, which suggests that the thermal energy supplied 
up to 900 °C is not suffi  cient to obtain a dense monolithic material. 
When plo� ing the zeolite composition into the ternary phase dia-
gram: 47SiO2-40Al2O3-13Na2O, the composition lies in the crys-
tallization � eld of mullite, and the liquidus projection reveals that 
the material melts at around 1680°C [72]. � is indicates that, even 
though the heating temperature (900 °C) was higher than half of 
the melting point (840°C), it was not suffi  cient for densi� cation. 
Zeolites are extremely porous materials, meaning that heat transfer 
cannot occur solely by atom-to-atom transmission, as it does for 
bulk materials, but also competes with the structural discontinu-
ities represented by the surface area and the structural channels 
[9,60].

However, when examining the micrographs shown in Figure. 7 
(column b), it is observed that the G6ZCs sample presents a dense 
surface without microcracks and very few pores, indicating that the 
mixture of glass particles with the ZeoACs zeolite is more eff ective 
in the densi� cation of the waste form, improving the coalescence 
kinetics [73,74]. � e existence of the crystalline phases previous-
ly detected in the ZeoACs sample is also indicated (column a) by 
the presence of dense, round, large particles distributed in a matrix 
of homogeneously small, interconnected particles. Similarly, dif-
ferent-sized and shaped particles can be seen in the dense G6ZCs 
sample (column b), suggesting the existence of several crystalline 
phases, as expected, due to the complex composition of the ma-
terial resulting from the mixture of Nb-aluminoborosilicate glass 
and ZeoACs.

From the data contained in Table 4, it can be inferred that the 
immobilization of Cs using Nb-aluminoborosilicate glass matri-
ces is an interesting process because the Cs content previously 
incorporated into the zeolite was proportionally maintained in 
the G6ZCs sample (3:2 wt. fraction), meaning no volatilization 
occurred up to 900 °C. Also, from the data obtained by the ASTM 
C373-88 standard test [40] on the heat-treated samples (900 
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ºC/2h), it is observed that the G6ZCs sample exhibited a higher 
density (2.4 g/cm³) than the ZeoACs sample (1.44 g/cm³). As 
a result, the water absorption is low for G6ZCs (1.63 wt.%) and 
high for ZeoACs (33.4 wt.%). � e water absorption of a ceramic 
body is directly associated with the speci� c surface area in con-
tact with water, including defects such as pores and microcracks, 
which accelerate the leaching of immobilized species [75,76]. � e 
porosity of the G6ZCs sample consists mostly of impervious re-
gions, rather than open pores, whereas for the ZeoACs sample, 
the porosity is equally distributed between both types of pores, 
which is unsuitable for long-term disposal due to the potential 
for leaching by groundwater. Although Nb-aluminoborosilicate 
glasses showed higher resistance to crystallization in our previous 
work [27], when mixed with zeolitic materials, which are alumi-
nosilicate crystalline materials, factors such as the compositional 
increase in Si and Al were shown to alter the overall composition 
and thermodynamics of the phases [27,76].

Another excellent option for the selective immobilization of 
Cs is the incorporation of Cs-loaded zeolites into geopolymer ma-
trices. � e leaching of Cs in geopolymers is usually lower than in 
concrete, due to diff erences in porosity [17,52–54]. � e leaching 
rate (LR) and cumulative fraction leached of the ZG specimen 
(Cs-loaded zeolite + geopolymer matrix) are shown in Figure. 8 
(a,b). It is observed that the initial leaching rate of the ZG speci-
mens on day 1 is around 4.5x10-⁶ cm.d-¹, reaching a maximum on 
day 2 (5.8x10-⁶ cm.d-¹). However, there is a substantial decrease 
on day 3, which continues throughout the subsequent days, show-
ing stability with 1.23x10-⁶ cm.d-¹ on day 11. � is trend is re� ected 
in the cumulative fraction leached. It is known from the literature 
that geopolymer solidi� ed blocks present higher leaching resist-
ance to Sr²+ and Cs+ (10-⁴ to 10-⁶ g·cm-²·d-¹) than cement (10-³ to 
10-⁴ g·cm-²·d-¹), in deionized water and other media such as acetic 
acid solutions (pH = 3.6), magnesium sulfate solutions (MgSO₄ = 
5 wt.%), and sulfuric acid solutions (pH = 1) [38]. Comparing the 
leaching behavior of similar geopolymer samples found in the lit-
erature (around 1x10-² cm.d-¹), it can be concluded that ZG spec-
imens are well-suited for the immobilization of radioactive cesium 
using Cs-loaded ash-derived zeolite A [17,38,51–54].

5.  CONCLUSION

Highly phase-pure zeolite A was synthesized via a hydrother-
mal process using � y ash from a coal-based thermal power plant 
in Brazil and loaded with Cs for evaluation of thermal stability, 
structure, and immobilization in Nb-aluminoborosilicate and ge-
opolymer matrices. � e exchange of Na+ for Cs+ was evaluated 
through changes in the intensity of XRD peaks and in the Raman 
bands related to 6- and 8-membered structural rings, compared to 
the raw zeolite, con� rming good Cs adsorption. A total of 26 wt.% 
of Cs was incorporated (INAA) a� er the sorption experiments 
conducted for 24 hours using a simulated (non-radioactive) CsCl 
solution, which is a notable result for a zeolite synthesized from 
coal � y ash, considering its inherent impurities. � e retention of 
Cs in the microstructure of the zeolitic material remained stable 
up to 960 °C, with the presence of two water-insoluble phases, 
pollucite and cesium aluminum oxide, even though the zeolitic 
material undergoes substantial structural collapse during the heat-
ing process (700 °C – 900 °C). Up to 40 wt.% of the simulated 
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nuclear waste material with the quantities de� ned by Equation 1, 
a� er the initial wash-off  period, a rapid increase in the leaching of 
cesium a� ached to the surface of the ZG specimens is observed. 
� e LR is primarily controlled by diff usion in a steady-state mode 
at a constant rate. � e LR calculated for the 11th leaching day was 
1.23×10-2 cm.d-1. � is result is in good agreement with those re-
ported in the literature [17,38,51–54]. could be incorporated into 
a monolithic dense ceramic body obtained through the heat-in-
duced densi� cation process on uniaxially pressed mixtures of 
Nb-aluminoborosilicate powder glass and Cs-loaded zeolite A. By 
applying 900 °C for 2 hours, bulk densities around 2.4 g/cm³ were 
obtained, resulting in very low apparent porosity (3.6%) and low 
water absorption (1.63%) for the G6ZCs specimen, whereas the 
raw Cs-loaded zeolite A (ZeoACs) exhibited the highest porosi-
ty (48%), water absorption (33%), and the lowest density (1.44 
g/cm³). � e growth of crystalline phases involving Cs at a lower 
temperature (up to 900 °C) compared to the raw Cs-loaded zeolite 
(960 °C) was made possible by the use of Nb-aluminoborosilicate 
glass due to its natural crystallization during heating. When apply-
ing the ash-derived zeolite for the immobilization of the radioac-
tive tracer (137Cs) into geopolymer matrices, the Cs leachability 
under water was compatible with materials found in the literature, 
con� rming that the obtained waste forms meet the requirements 
for nuclear waste disposal.with similar materials found in the liter-
ature, con� rming that the obtained waste forms meet the require-
ments for nuclear waste disposal.
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