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Geopolymers are promising candidates for immobilizing radioactive borate waste (BW),
but their performance needs improvement as borate negatively affects their
physicochemical properties. This study investigated the effect of Ca(OH)z on
geopolymer waste forms by varying the Ca/Al ratio (0.25-1.0). At a Ca/Al ratio of 0.25,
Ca(OH): tripled the compressive strength (5 to 14 MPa) by promoting
geopolymerization reaction and forming C-(A)-S-H gel. The increased pH and the
reactive Ca led to the decomposition of immobilized BW. A low Ca/Al ratio caused
minimal structural changes, while higher ratios promoted C-(A)-S-H gel formation.
Characterization results confirmed the formation of extensive geopolymers and a
compact microstructure. Notably, the cumulative fraction leached of B decreased more
than twofold, and the leachability index increased from 7.5 to 8.7. This research
provides insights into the role of calcium in immobilizing radioactive BW in
geopolymers, emphasizing the importance of optimizing the Ca/Al ratio to enhance
immobilization performance.
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Highlights

Highlights

® Presence of Ca(OH); at least doubles the compressive strength.

® (Ca(OH), addition promotes geopolymerization and formation of the C-(A)-S-H gel.
® (Ca(OH): reduced the leaching of B by up to 57%.

® Physically or chemically immobilized BW was decomposed by Ca(OH): addition.
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Abstract

Geopolymers are promising candidates for immobilizing radioactive borate waste
(BW), but their performance needs improvement as borate negatively affects their
physicochemical properties. This study investigated the effect of Ca(OH). on geopolymer
waste forms by varying the Ca/Al ratio (0.25-1.0). At a Ca/Al ratio of 0.25, Ca(OH): tripled
the compressive strength (5 to 14 MPa) by promoting geopolymerization reaction and forming
C-(A)-S-H gel. The increased pH and the reactive Ca led to the decomposition of immobilized
BW. A low Ca/Al ratio caused minimal structural changes, while higher ratios promoted C-
(A)-S-H gel formation. Characterization results confirmed the formation of extensive
geopolymers and a compact microstructure. Notably, the cumulative fraction leached of B
decreased more than twofold, and the leachability index increased from 7.5 to 8.7. This research
provides insights into the role of calcium in immobilizing radioactive BW in geopolymers,
emphasizing the importance of optimizing the Ca/Al ratio to enhance immobilization

performance.

Keywords: Geopolymer waste form, Radioactive borate waste, Cumulative fraction

leached, Immobilization, Calcium hydroxide

1. Introduction

Neutron-absorber materials, such as H3BOs, are commonly used in the operation of

pressurized water reactors, which generate a large quantities of boron (B)-containing liquid
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radioactive waste [1]. This radioactive liquid waste is subjected to concentration and drying
processes to reduce its volume [2]. The dried and concentrated waste (borate waste; BW)
consists of B2O3 (63%), H20 (26%), and NaxO (10%) [1, 2] and it is categorized as low and
intermediate-level radioactive waste (LILW) under South Korea's radioactive waste
classification. Hence, radioactive BW should be immobilized in a waste form to address
environmental concerns. The disposal of LILW such as BW and ion exchange resins in South
Korea has become a critical issue due to the absence of a suitable waste form matrix for
solidification/stabilization [3]. Approximately 20,015 drums of low-level radioactive waste

(BW), each with a volume of 200 L, are temporarily retained at nuclear power plant facilities

[4].

Ordinary Portland cement (OPC) is commonly used for making a cement waste form
to immobilize LILW due to its cost-effectiveness, simple fabrication, and good durability [5-
7]. However, cement waste forms are unsuitable for immobilizing radioactive BW because of
the interaction between calcium compound and borate. This chemical reaction forms insoluble
calcium borate hydrated phases on the cement particles [8], which impedes the hydration
reaction and adversely affects the physical properties of the cement waste form, such as
delaying setting, lowering waste loading, and lowering the compressive strength [8-10].
Calcium sulfoaluminate cement has been proposed as an alternative to OPC; however, it also
experiences setting retardation due to the formation of semi-crystalline or amorphous calcium
borate phases [11]. In addition, glass waste form and organic waste form such as polymer and
paraffin wax have been proposed as alternatives [1, 2, 12]. The glass waste form can effectively
immobilize radionuclides by incorporating an amorphous structure through vitrification [13].

However, the associated glass fabrication costs are substantial and the high-temperature
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process (exceeding 1000 °C) necessitates special facilities. Even though organic waste forms
can achieve higher waste loading than cement waste forms, but poor leaching resistance and

layer separation by polarity difference, among other problems, have been reported [12].

Geopolymers have a three-dimensional amorphous aluminosilicate nanostructure and
are now widely investigated to immobilize various radionuclides and radioactive wastes.
Geopolymers are formed by a polycondensation reaction of alkaline activators and amorphous
aluminosilicate substances such as metakaolin and fly ash [14]. Geopolymers are characterized
by a three-dimensional aluminosilicate framework nanostructure, in which Al substitutes for
some of the Si tetrahedra and the charge deficiency is balanced by alkali cations [14]. As a
result, the aluminosilicate framework in geopolymers has a permanently negative charge and
cationic radionuclides such as Cs, Co, and Sr can be encapsulated more within the geopolymer
nanostructure through electrostatic forces [15]. These properties have been exploited to
immobilize various radioactive wastes such as Cs-loaded chabazite [16], spent ion-exchange
resin [17, 18], waste oil [19, 20], spent liquid scintillation cocktail [21, 22], and Cs-

contaminated soil [23], using geopolymer waste forms.

However, immobilizing radioactive waste containing B in geopolymers is challenging,
as B reacts with Si to form B-O-Si networks. This leads to delayed setting and a decrease in
compressive strength [24]. In our previous study, we investigated the optimal Si/Al ratio and
curing conditions for immobilizing BW using geopolymers [25]. The Si/Al ratio of 1.4 was
found to be favorable and curing for 1 d at room temperature and 6 d at 60 °C resulted in a high
waste loading of 30 wt% [25]. The fabricated geopolymer waste forms met the compressive
strength criterion (>3.45 MPa) after undergoing waste acceptance criteria tests for South Korea

such as ®°Co y-ray irradiation, 90-day long-term immersion, and thermal cycling test. In
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addition, the average leachability index after a 90-day long-term leaching test was 7.5, and the
leaching mechanism of B was governed by diffusion [25]. Overall, the geopolymer waste form
achieved three times higher waste loading and excellent durability compared to cement;
however, the compressive strength only marginally met the criterion (3.445 MPa) [25].
Therefore, approaches to enhance the durability of geopolymer incorporating BW are needed.
A common method of accelerating the reaction kinetics of geopolymers and improving their
mechanical properties is adding calcium sources such as calcium hydroxide (Ca(OH),),
gypsum, or blast furnace slag. Considering the limited supply of blast furnace slag and the
weakly basic properties of gypsum, Ca(OH)> emerges as a highly favorable additive [26]. The
incoporation of Ca(OH), enhances the dissolution rate of raw materials and accelerates the
setting of geopolymer [27, 28]. It also leads to the development of a Ca-rich gel like calcium
(aluminum) silicate hydrate (C-(A)-S-H) gel which contributes to the densification of the
structure and, thus improvements in the compressive strength [28]. Therefore, in this study,
Ca(OH). was added to metakaolin-based geopolymer waste form containing BW to evaluate
its potential as a mineral additive for enhancing the physicochemical properties and leaching
stability of geopolymer waste form. The Ca/Al ratio in the reaction mixture was incrementally
varied to understand the structural changes induced by Ca(OH); and determine the optimal
amount of Ca(OH): addition. The resulting effects on mechanical strength, micro- and
nanostructure, BW immobilization mechanism, and B leaching behavior in geopolymer waste

forms were then examined.

2. Materials and method

2.1 Fabrication of simulated radioactive BW and geopolymer waste form

5
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Reagent grade commercial chemicals, such as sodium tetraborate decahydrate (borax,
Na;B407-10H20), and K, Na, Zn, Ca, and Mg nitrate salts (KNO3, NaNO3, Zn(NO3)2:6H>0,
Ca(NO3)2'4H20, and Mg(NO3)2:6H20) were used to prepare simulated radioactive BW. They
were dissolved in 1000 mL of deionized water (DIW) to achieve the chemical composition
listed in Table 1 [10]. The detailed chemical information for simulanted radioactive BW was
provided by Korea Hydro & Nuclear Power Co., Ltd. The mixture was dried at 105 °C for 1 d
and then crushed to powder (<75 um) using a small grinder.Table 1. Chemical composition of

simulant radioactive BW [10]

Table 1. Chemical composition of simulant radioactrive BW [10]

Element B Na K Ca Zn Mg

Concentration 221,490 76,000 2,333 1,600 583 495
(ppm)

High-purity commercial metakaolin (SiO> 51.1% and ALOs; 43.9%), potassium
hydroxide solution (K20 45%), potassium silicate solution (K20 22% and SiO2 28%), calcium
hydroxide (Ca(OH)e., assay 95%) were used as starting materials for preparing the geopolymer
waste form. The metakaolin-based geopolymer waste forms were formulated by mixing an
alkaline activator with Ca(OH), and metakaolin to obtain a stoichiometry of
xCa0-K20-Al03-2.8S102- 10H20 (x = 0.25, 0.50, 0.75, and 1.00) (Table 2). The waste loading
of simulated radioactive BW was maintained at 30 wt% (Table 2), which is the maximum waste
loading for metakaolin-based geopolymer waste forms, as based on our previous study [25].
This molar ratio was chosen based on previous studies to achieve high durability and high
waste loading [25]. The prepared alkaline activator, metakaolin, Ca(OH),, and BW were mixed

in a high-shear planetary mixer at 1400 RPM for 4 min and then degassed at 2100 RPM for 30
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s. The fresh geopolymer paste was poured and sealed in cylindrical molds (@ 30 mm and H 60
mm). The trapped air voids were removed using a vibrator for 30 s. All geopolymer waste
forms were cured at 26 £ 1 °C and 60 °C for 6 d according to the optimized curing conditions

[25].

Table 2. Formulation condition of geopolymer waste forms [25]

. BW content .
Si/Al  K/Al H>O/Al  Ca/Al (Wt%) Curing
0.25
0.50 o 26+ 1 °C for 1d
1.4 1.0 10.0 075 30% 4 60 °C for 6d
1.00

2.2 Characterizations

2.2.1 Compressive strength

The compressive strength of each geopolymer waste form was measured after 7 d of
curing. Three samples of each mix formulation were tested using a compression testing
machine (Salt Co Ltd., ST-1001) at a loading rate of 0.6 MPa/s, in accordance with the Korean

standard test method (KS F 2405).

2.2.2 X-ray diffraction (XRD)

X-ray diffraction patterns were collected to investigate the mineralogical properties of
geopolymer waste form X-ray diffractometer (Rigaku, MiniFlex, Japan) and running at 40 kV
and 15 mA (Cu K radiation). The step size for was 0.02°, and the scan speed was 1°/min. The
data ranged from 5° to 65° 2 6. The search and match program (PDXL) and crystal information

databased (PDF-2 release 2021) were used to identify the crystalline phases.
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2.2.3 Solid-state magic angle spinning nuclear magnetic resonance (MAS NMR)

2Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were
obtained using a 400 MHz solid-state MAS NMR AVANCE III HD spectrometer (Bruker,
Germany). A 4 mm zirconia rotor and a HX-MAS probe were used. The pulse width of the
NMR spectra was 1.5 s at 79.495 MHz. The spinning frequency was 11 kHz, and the recycle
time was 20 s. The total scan number was 3000. Peakfit software was used to fit Gaussian

distributions to deconvolute the overlapping resonance peaks.

The 600 MHz solid-state Unity-Inova NMR spectrometer (14.1 T, Agilent Technologies,
USA) equipped with a 2.5 mm zirconia rotor and CPMAS DR probe were used for ''B and
27Al1 MAS NMR analysis. The Larmor frequency for 'B and ?’Al was 192.546 and 156.335
MHz, respectively. The spinning speed, pulse length, relaxation time, and scan number for !'B
MAS NMR analysis were 23 kHz, 1.1's,2's, and 512, respectively. The 2’ Al MAS NMR spectra
were collected with a pulse length of 0.8 s and a relaxation latency of 2 s. The spinning

frequency was 22 kHz, and the scan number was 1024.

2>Na MAS NMR spectra were obtained using a Bruker Avance III HD 500 spectrometer
at 11.7 T with a 4.0 mm dual resonance CP/MAS probe, yielding a Larmor frequency of
132.29 MHz for 2*Na. The spectra of 2*Na MAS were acquired using a 3 us non-selective (/2)
excitation pulse, a measured 10 s relaxation delay, a total of 128 scans and spinning at 12.5 kHz.

All »Na spectra were referenced to 1.0 M aqueous NaClg) at 0 ppm.
2.2.4 Fourier-transform infrared spectroscopy (FT-IR)

The chemical bonding environments present in the geopolymer waste forms was

investigated using Nicolet iS10 FT-IR (Thermofisher Scientific, USA) with attenuated total
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reflection (ATR). FT-IR spectra were acquired with wavenumbers between 650 and 4000 cm”

1

2.2.5 Microstructure

The fresh geopolymer fracture surfaces were coated with Pt for 20 s at 20 mA and then
analyzed via high resolution field-emission scanning electron microscopy (FE-SEM) for
secondary imaging and energy dispersive X-ray spectroscopy (EDS) for elemental mapping

using Jeol JSM-7800F with an Oxford insturments Ultim X-ray microanalysis detector.
2.2.6 Thermal analysis

Thermogravimetric analysis was performed using a DSC 8500 TG-DSC machine
(PerkinElmer, USA) to investigate the thermal properties of geopolymer waste forms at a

heating rate of 10 °C/min in an argon atmosphere from 20 to 700 °C.
2.2.7 Raman spectroscopy

Raman spectra were acquired to investigate the structural changes in the simulated BW at
room temperature using a Raman Spectrometer (LabRaman Aramis, Horiba Jobin-Yvon,
France). The samples were stimulated with a 514 nm laser at 5 mW power using a 50x objective

that focused on a 1 um spot. The spectral data were recorded within the 200-1200 cm™! range.
2.2.8 In-situ high-temperature XRD (HT-XRD)

In-situ HT-XRD analysis was conducted using an in-situ XRD (Empyrean, Malvern
Panalytical, Netherlands) to confirm the formation of C-(A)-S-H gel and structural changes of
geopolymer waste form with Ca(OH),. Geopolymers and C-(A)-S-H gels have poor

crystallinity (amorphous or semi-crystalline), making it challenging to differentiate them using
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conventional XRD analysis. The use of in-situ HT-XRD to induce high-temperature phase
transitions in geopolymers and C-(A)-S-H gels can indirectly infer their presence.Cu K
radiation was used at a step size of 0.013. The operating voltage and current were 40 kV and
30 mA, respectively. The geopolymer sample was heated from room temperature (25 °C) to
700 °C at a heating rate of 10°/min. The HT-XRD patterns were collected from 10 to 60° 26

every 100 °C.
2.3 Leaching test

The geopolymers were subjected to 100 d long-term leaching tests in duplicate following
the ANSI/ANS 16.1 procedure [29]. Monolith samples were submerged in 629 + 10 mL DIW,
with the volume to surface ratio set at 10.0 = 0.1. The leachate was refreshed at intervals of 2
h,7h,1d,2d,3d,4d,5d,19d,47d, and 100 d. The ion concentrations (B, Ca, Si, and Al)
in the collected leachate was measured using an inductively coupled plasma optical emission
spectrometer (ICP-OES, Optima 7300 DV, USA). The cumulative fraction leached (CFL) was

dertermined based on the average ion concentration as follows:

CFL = %% Eq. (1)
Ao

where a, is the mass of releasd ions during the leaching interval n (g) and Ay is the total
mass of ion in the geopolymers (g) [29]. The effective diffusivity (De; cm?/s) was determined

using Eq. (2),

D, =T [CEZT/;:)]Z (3)2 T, Eq. (2)

where (A1), is leaching interval (sec); V is the volume of geopolymer (cm?); S is sample

surface area (cm?); T is the average duration of the leaching interval (sec) [29].

10
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The leaching rate was calculated by following Eq. (3).

Leaching rate = (ZAa”)% %, Eq. (3)
0

The De value can be determined using Eq. (4) if the CFL exceeds 20% [29],
D, = —, Eq. (4)

where G is dimensionless time factor; d is the diameter of sample (cm); ¢ is the leaching

time since the beginning of the first leaching interval (sec) [29].

The leachability index (Li) was determined using Eq. (5),

Li= 23, [log (2], Eq. (5)

L

where B is a constant defined as 1.0 cm?/s.

The leaching mechanism was be determined using Eq. (6),

LogB:t = %log(t) + log [Umaxp\]%la Eq. (6)

where B; is release in period # (mg/m); Umax 1s maximum leachable quantity (mg/kg); p is

the bulk density of sample (kg/m).

3. Results and discussion
3.1 Effect of Ca(OH): on the structural characteristics of geopolymer waste form

In our previous study, the incorporation of 30 wt% BW into geopolymer waste form
revealed the coexistence of diverse borate crystalline phases within the geopolymer matrix (Fig.

11
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1) [25]. The BW in metakaolin-based geopolymer waste form is immobilized through both
chemical and physical mechanisms [25]. In an alkaline environment, B tends to prefer
tetrahedral coordination; thus, B dissolved by alkaline activators generally exists in a
tetrahedral unit (BO4). These tetrahedral borates react with silicates, initially forming B-O-Si
networks and subsequently transforming into a B"-O-AI-O-Si network [24, 25]. Conversely,
physically immobilized BW persists in various borate crystalline phases within the geopolymer
waste form [25]. When Ca(OH): (s) was added to the geopolymer, the intensity of the
diffraction patterns corresponding to borax (26= 13-23, 35, 37-39, 43—44, and 54°), a major
component of BW, gradually diminished with increasing calcium content (Fig. 1). In
geopolymer with a high Ca/Al ratio (>0.75), the distinctive diffraction pattern of borax became
imperceptible, and a poorly ordered semi-crystalline phase was identified at approximately 29°
20-region (Fig. 1). The geopolymer waste form which was fabricated in this study had complex
chemistry; Ca0-Si02-Al1,03-B203-H>0O system. Considering the abundance of aluminum in
geopolymer waste form, particularly when metakaolin is used as a raw material, as was the
case in this study, the observed diffraction pattern was attributed to the presence of C-(A)-S-H
gel. Aluminum partially substitutes silicate in the C-S-H gel and leads to the formation of an
aluminum-containing tobermorite structure which exhibits short atomic ordering similar to an
amorphous or low-crystallinity structure [30]. The C-(A)-S-H gel exhibits a somewhat broad
diffraction pattern which resembles a semi-crystalline or poorly ordered phase at locations akin
to those observed in C-S-H gel [31]. Furthermore, a new crystalline phase such as calcium
sodium pentaborate was confirmed in the geopolymer with the highest Ca/Al ratio of 1.0
alongside the C-(A)-S-H gel. The addition of Ca(OH)x(s) to the geopolymer results in pH
increase due to Ca(OH); dissolution [26]. Thus, it was assumed that physically immobilized

BW decomposed due to an increase in pH at a high Ca/Al ratio and then reacted with free

12
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calcium ions to produce a crystalline calcium sodium borate phase. When Ca(OH). is
incorporated into a metakaolin-based geopolymer, the solubility of Ca(OH): is contingent upon
the concentration of silicate. On the other hand, when Ca(OH); is added to geopolymer
formulations with SM or 10M NaOH alkaline activators, the common ion effect results in
Ca(OH)> remaining as a relatively inert phase and prefers to precipitate as a crystalline phase
(e.g., portlandite) without complete dissolution [26]. If Ca(OH); is added to geopolymers
prepared with alkaline activators of the same concentration of sodium silicate, all the Ca(OH)»

(s) dissolves [26].

A: Anatase H: Sodium borate hydrate
B: Borax N: Sodium borate
€S ¢ caleium (aluminum)silicate hydrate ~ P: Potassium pentaborate
CS8: Calcium sodium pentaborate S: Tetrahydroxyborate sodalite

T: Tripotassium triborate

Ca/Al 1.0

WWWMM Ca/AL0.75
Ca/Al 0.50

Ca/Al 0.25

Ca/Al 0

10 20 30 40 50 60
2 theta (degree)

Figure 1. XRD results of geopolymer waste forms with varying Ca/Al ratios.

The results from the Raman analysis were in agreement with the XRD results. In

geopolymers with relatively low Ca/Al ratios (0.25 and 0.5), clear borax peaks were observed.
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However, in geopolymers with Ca/Al ratios of 0.75 and 1.0, these peaks were not detected (Fig.
2). In pure geopolymers, the broadening of three aluminosilicate bands typically occurs at 395,
509, and 635 cm™ which indicate the presence of aluminosilicate ring structures with 8-
membered, double 6-membered, and 4-membered rings, respectively [32]. The primary Raman
peak of C-S-H or C-(A)-S-H gel is commonly reported at 671 cm™!, irrespective of the Ca/Si
ratio, which corresponds to Si-O-Si symmetric bending (Q2 unit) [33]. In this study, this peak
was not observed even in geopolymers with the highest calcium content (Fig. 2). This
speculation results from the relatively poor crystallinity of the C-S-H or C-(A)-S-H gel formed
in geopolymers, as indicated by the XRD results (Fig. 1). Additionally, a quantitative
correlation with the amounts of the two generated phases (C-S-H and C-(A)-S-H) may exist.
In geopolymers with a Ca/Al ratio of 1.0, the added amount of Ca(OH), was 8.5 wt%. Even if
all calcium ions are utilized in the formation of C-(A)-S-H gel, the theoretically maximum
amount that can be produced is not high, as it is proportional to the added amount of Ca(OH)s.
Moreover, because calcium can engage in chemical reactions such as charge balancing [34]
and bonding with borates in the geopolymer system [24], it is expected to be lower than the
theoretical upper limit of C-(A)-S-H gel attainable in this system. These factors are believed to

contribute to the absence of peaks from the two phases in the Raman results.
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Figure 2. Raman results of geopolymer waste forms as function of Ca/Al ratios

The solid-state MAS NMR analysis results indicated a structural transformation of B
and the main elements (Si and Al) of the geopolymer waste form induced by calcium (Fig. 3).
The ''B MAS NMR spectra clearly revealed the presence of B! in the ring structure, B! in the
non-ring structure, and B'Y in the geopolymer without Ca [35]. The speciation of B varies with
pH, and it predominantly exists as B"Y in alkaline environments, as mentioned above. Therefore,
the presence of the B! peaks is attributed to physically immobilized BW in the geopolymer
[25]. As the Ca/Al ratio increases, the intensity of B! in the ring and non-ring structures
decreases, accompanied by a gradual broadening of the peaks (Fig. 3a). This indicates the
decomposition of some physically immobilized BW after Ca(OH) addition. In geopolymers
with a high Ca/Al ratio, several crystalline phases present in the BW disappeared, and the
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diffraction patterns of calcium sodium borate were detected. These results imply that a
corresponding increase in B!V occurs as the quantity of B! decreases. Meanwhile, the
resonance of B!V remained nearly consistent at a similar position (1 ppm), regardless of the
Ca/Al ratios (Fig. 3a). The increase in BV may indicate a rise in the quantity of B capable of
reacting with Si, as it forms chemical bonds by partially substituting Si, which resembles Al. It
could potentially influence the compressive strength of the geopolymer waste forms. The effect

of Ca(OH)> on the compressive strength will be discussed later.

In the A1 MAS NMR analysis, a distinct Al'Y resonance was clearly observed at 60
ppm (Fig. 3b). The Al"Y, A1V, and AIY! present in metakaolin transforms into aluminosilicate
gel with A1 due to alkaline activators and form an amorphous aluminosilicate structure by
binding with Si tetrahedra. The linewidth of Al1V! resonance gradually increased, and chemical
shielding was observed as the resonance center shifted toward lower chemical shifts with
increasing Ca(OH) content (Fig. 3b; inset). This is attributed to Ca altering the electronic cloud
around Al atoms. In high Ca content gel systems (Ca/(Si+Al) = 0.67 and 1.00), Al'Y resonance
appears broadly in the range of 40—80 ppm [30]. These systems show the presence of Al in
bridging tetrahedra, cross-linking tetrahedra, and paired tetrahedra within the C-(A)-S-H gel
[30]. Considering the resonance occurring at the same position for Si and highly polymerized
Al as the main unit in geopolymers, distinguishing between Al in C-(A)-S-H gel and Al within
the geopolymer structure based on the results of 2?A1 MAS NMR in this study may prove
challenging. In addition, precise quantitative analysis of high-coordinated Al, such as A1V and
AIVL is challenging due to the peak broadening effect caused by the quadrupolar interaction of
Al. Nevertheless, when compared to geopolymers without Ca, the qualitative observation

lVI

indicates a reduction in the intensity of resonances for AlY and AlY! in geopolymers with a
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Ca/Al ratio of 0.25, 0.5, and 0.75 (Fig. 3b). A previous study reported that the addition of
Ca(OH)> to geopolymers reduces the formation of aluminosilicate gel on the surface of
unreacted metakaolin particles [36]. This reduction is attributed to the reaction of Ca, which
consumes Si in processes such as the formation of C-(A)-S-H gel. This results in the dissolution
of more metakaolin, leading to a decrease in AlY and A1Y! and an increase in A1' as well [36].
Interestingly, the qualitative resonance of AlY and AIY! in the geopolymer with the highest
Ca/Al ratio appeared slightly higher than that in the geopolymer without Ca(OH), (Fig. 3b).
The addition of Ca(OH), to geopolymers significantly accelerated the setting of geopolymers
and the setting time was reduced in proportion to the Ca content [36]. Therefore, in the
geopolymers with the highest Ca content, the resonance intensity of Al¥ and AIY! appeared
somewhat higher than in geopolymers without Ca addition because of the fast setting that

occurs before sufficient dissolution of metakaolin.

The marked changes in the 2’Si MAS NMR spectra were confirmed based on the Ca/Al
ratios (Figure 3c). As the Ca/Al ratio increased, the 2°Si resonance exhibited a higher chemical
shift which indicates the occurrence of deshielding. This suggests that the environment around
the Si tetrahedra was altered by the presence of Ca, similar to the 2’Al MAS NMR results.
Geopolymers with Ca/Al ratios of 0.25 and 0.5 exhibited resonances similar to that of pure
geopolymer. In geopolymer waste forms containing 30wt% BW, Q4(B) units by chemical
bonding between B and Si (B-O-Si network) and Si Q sites of the geopolymer (Q4(4Al),
Q4(3Al), Q4(2A1), Q4(1Al), and Q4(0Al)) were present [25]. These units were positioned at
—105, =85, —89, —92, —98, and —109 ppm, respectively. In contrast, in geopolymers with high
Ca/Al ratios (0.75 and 1.0), the 2°Si resonances became overall sharper, and the linewidth

significantly reduced. The region of Q4(mAl) (m =0, 1, 2, 3, and 4) sites which are Si units in
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the geopolymer decreased and the resonance shifted from approximately —91 ppm to —83 ppm.
This location is similar to the Si NMR resonances of C-(A)-S-H gel. When Ca was added to
alkali-aluminosilicate gel, it results in the formation of relatively less polymerized two-
dimensional Qn sites such as Q1, Q2, and Q3, compared to the more polymerized Q4 sites. In
the Ca0-NaxO-Si02-Al1,03-H>0 system, QO0, Q1(I), QI(II), Q2, Q2(1Al), Q3(1Al) units are
observed in the range of -72 to -87 ppm with the Q2 unit showing the dominant intensity at

approximately -82 ppm [34]. For further understanding of C-(A)-S-H gel formation in this

study, 22Si MAS NMR spectra were deconvoluted, and the results confirmed the peaks for low
Qn sites in geopolymers with high Ca/Al ratios (0.75 and 1.0) (Fig. 4). This suggests that C-
(A)-S-H gel was formed in geopolymers with high Ca/Al ratios. At low Ca/Al ratios (0.25 and
0.50), the spectrum was very similar to that of geopolymer without Ca(OH)>, making it
challenging to precisely identify the formation of C-(A)-S-H gel through 2°Si MAS NMR (Fig.
3¢). Nevertheless, the shoulder at —105 ppm was significantly reduced by Ca(OH), addition
(Fig. 3c). This indicates that Ca also influences the B-O-Si network. The addition of Ca
increases the elements available to react with Si from two (B and Al) to three (B, Al, and Ca).
Accordingly, the quantity of Si available for bonding with B in the Ca-added geopolymer
system will decrease. Therefore, the decrease in the intensity of the Q4(B) resonance is
attributed to the consumption of Si by Ca, leading to a reduction in the bonding between B and

Si.

18



@) BV

Ca/’Al 0
——Ca/Al0.25
—— Ca/AL0.50
Ca/A10.75
—Ca/Al 1.0
Bll[
I ¥ T T T " T ¥ T T ¥ 1
40 30 20 10 0 -10 20
369 Chemical shift (ppm)
(b) AlY
f
/
ik s (opm)
v
Al AV
T T T T T v T T T v T 1
100 80 60 40 20 0 -20
370 Chemical shift (ppm)

19



T ¥ T T T T T T 1
-60 -80 -100 -120 -140
371 Chemical shift (ppm)

372 Figure 3. Solid-state MAS NMR results of ''B (a), ?’Al (b), and #Si (c) in geopolymer waste

373  form as function of Ca/Al ratios

20



374

375

376

377

378

379

380

381

382

383

Ca/Al 0.25 Ca/Al 0.50

Spectrum Spectrum

Geopolymer

Geopo]_vmer-

T T 1 r T T T
-60 -8R0 -100 -120 -61) -&0 -100 -120

Chemical shilt (ppm) Chemical shift (ppm)

Ca/Al 0.75 Ca/Al 1.0

Spectrum Spectrum

Fit Fit

C-(A)-S-H C-(A)-S-H A

T T T
-6 =80 =100 =120 =G0 =80 =100 =120

Chemical shift (ppm) Chemieal shift (ppm)

Figure 4. Deconvolution of 2Si MAS NMR spectra of geopolymer waste forms

The FT-IR analysis results provide additional insights into the formation of C-(A)-S-
H gel (Fig. 5). All geopolymer waste forms exhibit an intense sharp absorption band at 900—
1200 cm™ which is indicative of Si-O-T (T = Si or Al). Fully separating the two phases in the
FTIR results is difficult because both the main structure of the geopolymer (aluminosilicate)
and the chain structure of C-(A)-S-H gel have broad peaks at similar positions [37]. However,
this band gradually shifts to lower wavenumbers and sharpens as the added Ca(OH); increases.

This shift suggests higher polymerization in geopolymers and structural ordering in C-(A)-S-
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H gel [37]. Therefore, the addition of Ca(OH): contributes to the reactions in geopolymers and
the formation of C-(A)-S-H gel, as indicated by previous results [31, 36]. The broad band at
1370 cm™! is also attributed to B-O bonding, and the sharpening of this band with Ca(OH),
addition results from structural changes in BW (e.g., the formation of calcium borate). The

band at 1648 cm™! was related to the absorbed atmospheric water [14].
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Figure 5. FT-IR results of geopolymer waste forms with varying Cal/Al ratios

3.2 Enhanced compressive strength of geopolymer waste form by Ca(OH)2

The compressive strength of geopolymer waste forms after 7 days of curing was not

proportional to the Ca/Al ratio; however, geopolymers containing Ca(OH): exhibited higher
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compressive strength overall compared to those without Ca(OH), (Fig. 6). Compressive
strength increased 2—3 times depending on the the Ca/Al ratios, peaking at 14 MPa for the
geopolymer with a Ca/Al ratio of 0.25 (Fig. 6). Subsequently, it gradually decreased as the
Ca/Al ratio increased, and the geopolymer with the highest Ca/Al ratio exhibited a strength of
10 MPa (Fig. 6). The addition of Ca(OH)> to geopolymers results in variations in the physical
properties such as setting and compressive strength, depending on the Ca source used. The
incorporation of Ca additives such as CaCOs (calcite), changes the physical properties of
geopolymers according to the content. The addition of a small amount of calcite (<12%) does
not cause significant changes in the compressive strength, setting mechanism, and activation
energy of geopolymers [38]. This is attributed to the poor solubility of calcite in basic solutions
[38]. Using an optimal quantity of calcite (20%) enhanced the 7-day compressive strength of
metakaolin-based geopolymer from 36.2 MPa to 44.4 MPa; conversely, exceeding 40% led to
the low compressive strength (to 23.7 MPa) [38]. The compressive strength decreased in
proportion to the calcite content which is attributed to changes in the degree of geopolymer gel
formation, shrinkage, and microstructure connectivity [39]. The effects of CaO or Ca(OH)>
addition are known to be similar to those of CaCOs3; however, introducing a lesser quantity than
CaCO:;s is beneficial for enhancing the physical characteristics of the geopolymer [28, 40]. In
particular, Ca(OH). accelerates the setting, and the appropriate amount of addition increases
the compressive strength. Adding 2% Ca(OH). to the geopolymer using a sodium silicate
solution (Na20:A1,0,:4S10,:11H20) results in a slight improvement in the 7-day compressive

strength from 68 MPa to 76 MPa [28].

The fast setting and compressive strength variation induced by the addition of Ca(OH)2

are primarily attributed to the fast dissolution of metakaolin and C-(A)-S-H gel formation. The
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Al species in metakaolin are converted to aluminosilicate (Al'Y) after exposure to alkaline
activators. This then participates in a polycondensation reaction (geogpolymerization reaction)
and binds with Si tetrahedra, which results in the formation of a geopolymer gel structure. The
addition of Ca(OH), influences the formation of AI'Y in the geopolymer. During the initial
stages (<5 h) of the geopolymerization reaction facilitated by Ca(OH)a, the quantity of Al'Y
significantly increases from approximately 55% to 90% [36]. The quantity AlY and AIV!

decreases with an increase in Al"Y

[36]. The dissolution of precursor material is accelerated as
the Ca content increases and most of the AI(OH)3, which serves as the Al source in precursor
material, is dissolved within 30 h of the geopolymerization reaction when the Ca/Si ratio
reaches 2.0 [31]. The Al released from metakaolin easily reacts with Si and precipitates
aluminosilicate gel on the surface of unreacted metakaolin, limiting its further dissolution (the
protective layer effect) [36]. In other words, the presence of Ca decreases the Si concentration
because Si reacts with Ca, leading to a reduction in the formation of gel precipitation on the
metakaolin surface. The reaction between Si and Ca may be related to the formation of C-(A)-
S-H gel. In alkali-aluminosilicate systems containing Ca, the C-(A)-S-H gel may easily
precipitate due to the Al content in the geopolymer being considerably higher than in the OPC.
Unlike in a geopolymer, where Al and Si tetrahedra may form a random three-dimensional
structure, the C-(A)-S-H gel consists of Ca and Si (Al) arranged in a two-dimensional chain
structure [30]. According to the X-ray pair distribution function analysis of geopolymers
containing Ca, the CaO7 polyhedra constituting the C-(A)-S-H gel exhibits a correlation peak
at 2.4 A. The Ca-O layers became more ordered as the Ca content increased, and the intensity
of correlation peaks containing Ca such as Ca-T (T=Si or Al), Ca-Ca, and Ca-O increased [31].

This indicates that the C-(A)-S-H gel coexists with the geopolymer structure when

geopolymers contain Ca.
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In general, the addition of Ca(OH), to geopolymers incoporating 30 wt% of BW
resulted in a 2-3 fold compressive strength improvement. The results suggest that the
enhancement in compressive strength can be attributed to the fast dissolution of metakaolin by
Ca(OH), and the formation of C-(A)-S-H gel. As discussed in the XRD and ?°Si MAS NMR
results, the addition of Ca(OH): resulted in the formation of C-(A)-S-H gel and a reduction in
the bonding between B and Si (Fig 1 and 3c). In the presence of Ca, formation of C-(A)-S-H
gel consumes Si, leading to a decrease in the overall available Si amount for the reactive B-O-
Sinetwork formation. The chemical bonding between B and Si is slower than Si-O-Al bonding,
as it forms B"-0-Al-O-Si bonds in advance by reacting with Al [24]. The reaction rate slows
further with an increase in BW content, resulting in a decrease in the compressive strength of
the geopolymer waste form [25]. Therefore, the reduction of the amount of B-O-Si bonding
due to the presence of Ca is thought to contribute to an increase in the compressive strength by
decreasing the slower-reacting bonds (B-O-Si and B™-O-Al-O-Si) within the geopolymer

matrix.

Meanwhile, the compressive strength decrease in geopolymers with high Ca/Al ratios
is attributed to the reduction in the workability and flowability of the geopolymer paste due to
its fast setting, leading to inadequate molding (Fig. 6). When 4% of Ca(OH), was added to
metakaolin-based geopolymer with a Si02:Al,03:Na,O:H>O molar ratio of 1:1:4:11, the final
setting time decreased considerably (from 19 h to 2 h), and the 7-day compressive strength also
decreased from 76 MPa to 56 MPa [28]. Therefore, adding Ca(OH): is effective for enhancing
the physical properties of geopolymer waste forms containing BW; however, an appropriate

amount of Ca(OH) should be considered to ensure effectiveness while avoiding fast setting.
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Figure 6. 7-day compressive strength results of geopolymer waste forms with varying Ca/Al

ratios

3.3 Further insights into C-(A)-S-H gel formation and geopolymer gel structure evolution

The thermal analysis results provide indirect information about the quantity of
geopolymer gel products formed (Fig. 7). The water in the geopolymer system exists as both
free and structural water. Free water refers to the water remaining in the pores, which undergoes
decomposition at approximately 120 °C [41, 42]. In contrast, structural water in geopolymer
refers to water molecules that are bound to the amorphous aluminosilicate gel structure, and
this structural water undergoes decomposition in the range of 120-700 °C [42]. If the mass loss
of geopolymer with increasing temperature is greater in the range indicating structural water,
this indirectly suggests that more geopolymer has been formed [41]. The addition of Ca is
thought to accelerate the geopolymer reaction and lead to the formation of C-(A)-S-H with
structural water. Despite our expectation that the overall mass loss would be proportional to
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the Ca/Al ratios, the result revealed a non-proportional relationship of the order Ca/Al 0 <
Ca/Al 1.0 < Ca/Al 0.5 <Ca/Al 0.25 < Ca/Al 0.75. This is attributed to the combined effects of
Ca(OH); addition influencing not only the formation of C-(A)-S-H but also contributing to the
fast setting of geopolymer and reduced workability of the paste, among other effects. These
factors collectively result in an inconsistent trend. In addition, various crystalline phases
present in BW containing structural water may also contribute to the lack of a consistent mass
loss result because these crystalline phases are likely influenced by the addition of Ca(OH)2
(Fig. 1). Nevertheless, the ratios of mass loss for Ca/Al 0.25, Ca/Al 0.5, Ca/Al 0.75, and Ca/Al
1.0 formulation were 24.24%, 21.04%, 27.31, and 19.40%, respectively. All geopolymer waste
forms containing Ca(OH)> exhibited higher mass losses than the geopolymer without Ca(OH)>
(18.92%), regardless of Ca/Al ratios. This indicates that the addition of Ca(OH): led to the
generation of more gel products (here, geopolymer and C-(A)-S-H), considering the result in
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100 Cal/Al 0
Ca/Al 0.25
Ca/Al 0.50
Ca/Al 0.75
95 Ca/Al 1.0
90 |
X
< 854
w
w
<
=
80 -
75
Free Structural
water water
70 41— , : : : , : , : , . , : ,
100 200 300 400 500 600 700

Temperature (°C)

27



492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

Figure 7. Mass loss (~700 °C) of geopolymer waste forms as function of Ca/Al ratios

In-situ high-temperature (700 °C) XRD analysis was performed on the geopolymer to
explore the influence of Ca on the amorphous structure of the geopolymer waste form
containing BW while specifically examining high-temperature phase transformations (Fig. 8).
The amorphous phase of aluminosilicate in geopolymers is known to undergo a transition at
approximately 700 °C, and the high-temperature crystalline phases of geopolymers vary
according to the type of alkaline cation and the Si/Al ratio [43, 44]. Geopolymers activated
with Na-silicate as the alkaline activator crystallizes into nepheline (or low-carnegieite) and Si-
rich nepheline when the Si/Al ratio is 1 or 2, respectively [26, 28, 43]. On the other hand, when
K-silicate activator is used, the transformation into kalsilite (Si/Al=1) or leucite (Si/Al=2)
occurs depending on the Si/Al ratio [44, 45]. In this study, the fabricated geopolymers used a
K-silicate solution as the alkaline activator and with a targeted Si/Al molar ratio of 1.4;
therefore, the high-temperature crystalline phase of the geopolymer is likely kalsilite. The in-
situ high-temperature XRD result of the geopolymer waste form without Ca(OH), revealed
diffraction patterns of kalsilite with very low crystallinity (Fig. 8). This indicates that the actual
Si/Al ratio in the geopolymer was lower than the target ratio, which is likely due to the

consumption of Si through the bonding of B.

Meanwhile, Ca has been reported to influence the formation of high-temperature
crystalline phases in geopolymers. Kim et al. (2023) reported distinct diffraction patterns of Si-
rich nepheline when Ca(OH); was added to a metakaolin-based geopolymer using a Na-silicate
solution as the alkali activator [28]. This indicates that the addition of Ca accelerates the
dissolution of metakaolin in the early stages of the geopolymer reaction, leading to a higher

amorphous content in geopolymer which can transform into high-temperature crystalline
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phases. This study yielded similar findings, where the addition of Ca(OH): resulted in a clearer
diffraction pattern of kalsilite overall (Fig. 8). The main diffraction pattern intensity of kalsilite

(26 28.6°) was not proportional to the Ca/Al ratio. Geopolymers with low Ca/Al ratios (0.25

and 0.50) exhibited the most distinct diffraction pattern, whereas the intensity gradually
decreased in geopolymers with a Ca/Al ratio of 0.75 and 1.0. This aligns with previous research
findings in which the compressive strength increased with the Ca content and subsequently
decreased at high Ca content (Fig. 6). Therefore, Ca(OH). addition to the geopolymer waste
form promotes the formation of an amorphous structure, but excessive addition can negatively
impact the geopolymer waste form because fast setting induced by excessive addition of
Ca(OH): can result in the poor workability and low compressive strength. Crystalline calcium
silicate, which is related to the high-temperature phase of C-(A)-S-H gel, was observed in
geopolymer with Ca/Al ratios of 0.5 and 0.75 (Fig. 8). The diffraction pattern of this phase
disappeared, and gehlenite (Ca;Al>2Si07) was observed as identified in geopolymers with the
highest Ca/Al ratio (Fig. 8). The exact reason for the variation in the crystalline phases formed
with the Ca/Al ratio is not precisely understood; however, in-situ high-temperature XRD
analysis provides clear information about the formation of C-(A)-S-H gel. In geopolymers with
a Ca/Al ratio of 0.5, the presence of calcium silicate was observed in instances where the
evidence of C-(A)-S-H gel formation was not shown in XRD and 2°Si MAS NMR analysis
results. This indicates that the formation of amorphous C-(A)-S-H gel occurred even at a low
Ca/Al ratio. Therefore, C-(A)-S-H formation is also speculated to have occurred in
geopolymers with the lowest Ca content, but the quantity of geopolymer was so small as to be

unverifiable.
Interestingly, K-bearing nepheline, where K partially substituted Na, was identified in
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538  geopolymers with added Ca(OH), (Ca.Al 0.25, 0.5, and 0.75) (Fig. 8). This suggests that Na
539  ions released during the dissolution of BW by the alkaline activator play a charge-balancing
540  rolein the geopolymer structure, similar to K. In other words, it can be inferred that geopolymer
541  waste form containing BW and Ca(OH), coexists with three different phases: K-
542  aluminosilicate, Na-aluminosilicate, and C-(A)-S-H gel. The diffraction pattern of K-bearing
543  nepheline disappeared in the geopolymer with a Ca/Al ratio of 1.0, and it exhibited a low
544  crystallinity, similar to the diffraction pattern of the geopolymer without Ca(OH).. The
545  excessive addition of Ca(OH); leads to a complex interplay of factors, such as fast setting and
546  the protective layer effect, as discussed in Session 3.2. Therefore, the quantity of formed
547  geopolymers is expected to be less than that in geopolymers with an optimal amount of added

548  Ca(OH),.
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varying Ca/Al ratios

In addition, >Na MAS NMR was performed to determine whether Na released from
BW participates in the geopolymerization reaction (Fig. 9). The resonances in the >Na MAS
NMR of the geopolymer with Na-silicate as the alkaline activator vary somewhat depending
on the Si content [46, 47]. Where the Si/Al ratio is low (<1.6), narrow, sharp, and broad peaks
were observed at 0 ppm and -4 ppm, respectively. These are attributed to aqueous Na which
provides a charge-balancing function for AI(OH). in the pore solution of the geopolymer and

Na associated with Al plays a charge-balancing role within the binder framework [46, 47]. If

the Si/Al ratio is 1.6 or higher, only a single broad peak at -4 ppm is observed [46, 47].

Quadrupolar nuclei, such as ''B, »Na, and 2’Al, exhibit broadened resonances due to the

quadrupolar coupling effect. In this study, a single asymmetric broad peak at -2 ppm observed

in all geopolymer waste forms represents that Na ion compensates for the negative charge of
the geopolymer structure (Fig. 9). The chemical shift of the resonance slightly toward a positive
value occurred as the Ca/Al ratio increased (from —1.5 to —0.9 ppm), and the shape of the peak
gradually became more symmetric. Therefore, it can be inferred that some of the Na ions
released from BW participate in geopolymer reactions, thereby supplementing the charge of
the aluminosilicate framework even in the absence of Ca(OH),. The main resonance gradually
becomes more symmetric with the increase in the Ca/Al ratio (Fig. 9). Considering the finding
from in-situ high-temperature XRD, which confirmed the presence of K-bearing nepheline, an
increased Ca/Al ratio can be considered to lead to the formation of more Na-aluminosilicate
geopolymer structures. Two peaks with small shoulders were identified at approximately 3 ppm
and 13 ppm, respectively (Fig. 9). Although these are believed to be related to BW, precise
identification posed a challenge, because the diverse sodium borate crystal phases present in
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the BW can either transform into different crystalline phases or remain physically immobilized

during geopolymerization reactions.

Ca/Al 0
Ca/Al 0.25

—— Ca/Al 0.50
—— Ca/Al 0.75
——Ca/Al 1.0

Chemical shift

Figure 9. Solid-state MAS NMR results of >*Na in geopolymer waste form with varying

Ca/Al ratios

3.4 Microstructure and surface characteristics

The microstructure of metakaolin-based geopolymers varies with the Si/Al ratio.
Geopolymers with Si/Al ratios below 1.4 are known to exhibit a somewhat rough

microstructure, whereas those with higher ratios are recognized as their well-connected and
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compact surfaces [48]. The microstructure of the geopolymer without Ca(OH), was generally
somewhat rough with small particles agglomeration (Fig. 10), which is consistent with previous
research results [48]. In contrast, the surface of the geopolymer with Ca(OH), exhibited an
overall smooth and compact gel-like structure (Fig. 9) similar to the surface of geopolymers
with a high Si/Al ratio (Si/Al > 1.6) [48]. These results suggest that the introduction of Ca not
only facilitates the fast dissolution of metakaolin and the formation of C-(A)-S-H gel, as
discussed earlier, but also plays a pivotal role in influencing the evolution of the microstructure.
The formation of C-(A)-S-H gel is known to contribute to the evolution of a dense and compact

microstructure [40, 49].

The EDS mapping analysis was also conducted for the geopolymers with a Ca/Al ratio
of 0.75 and 1.0, respectively and the results revealed different chemical composition and
microstructures (Fig. 10). In the geopolymer waste form with a Ca/Al ratio of 0.75, major
elements, such as Si, Al, K, Na, and Ca were uniformly distributed overall. This is consistent
with the in-situ high-temperature XRD results (Fig. 8) which show that the fabricated
geopolymer waste form consists of three different phases: Na-aluminosilicate, K-
aluminosilicate, and C-(A)-S-H gel. The dominance of B and Na indicates physically
immobilized BW in geopolymer, as they are primary components of BW. In geopolymers with
Ca/Al ratios of 0.75 and 1.0, the presence of irregularly shaped particles ranging in size from
tens of micrometers was observed on the surface of the geopolymers (Fig. 10). This
phenomenon was most pronounced in geopolymers with a Ca/Al ratio of 1.0, and the presence
of K»COs3 was confirmed through EDS point analysis. In this study, the geopolymers had a
Si/Al ratio of 1.4, and the theoretically required K/Al ratio for charge balancing is 0.4. However,

an inadequate alkaline concentration can impede the effective dissolution of raw materials,
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which poses challenges to geopolymer formation and results in poor physical characteristics
such as low compressive strength. The geopolymer waste form was fabricated with a K/Al ratio
set to 1.0, providing a K-rich environment within the paste compared to the theoretically
required amount. Consequently, excess K ions were retained within the geopolymer pores.
Soluble alkali metal ions diffuse outward, which leads to the surface enrichment of soluble ions
and the formation of crystalline precipitates as water evaporates (e.g., white precipitates;
efflorescence). This process also includes the precipitation of carbonated products such as
K>COs3 [50]. Additionally, Ca can play a nondominant role in charge balancing within the
aluminosilicate structure [51]. Finally, the addition of Ca(OH)> causes to balancing the charge
by providing additional alkaline cations. The presence of more K than the theoretically required
amount, along with the potential charge balancing role of Ca, is suggested to involve a complex
interplay of factors that lead to the distinct formation of KoCOj3 in geopolymers with high Ca/Al

ratios (> 0.75).
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Figure 10. SEM/EDS results of geopolymer waste forms with varying Ca/Al ratios

3.5 Leaching characteristics and Kinetics

The 100-day long-term leaching test performed on the geopolymer waste form
revealed that the CFL of the primary elements of geopolymer such as Si and Al was below

0.6%, regardless of the Ca/Al ratios (Fig. 11). This shows that the addition of Ca(OH)> did not
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significantly influence the leaching of either element. The CFL of Ca was somewhat higher

than those of Si and Al, but it also remained low below 10% (Fig. 11). These results

demonstrate that the geopolymer waste form has excellent leaching resistance, and the structure

is well-maintained even after long-term leaching. The CFL of B did not change proportionally

with the addition of Ca/Al ratios; however, the addition of Ca(OH)> contributed to improved

leaching resistance for B (Fig. 10). The most effective Ca/Al ratio in reducing the CFL of B

was 23%, with CFL decreasing from 42% to 18%, which represents more than a twofold

reduction (Fig. 11). The CFL of B for Ca/Al ratios of 0.5, 0.75, and 1.0 geopolymer waste

forms were 34%, 30%, and 32%, respectively, revealing a minor decrease compared to the CFL

of 42% for the geopolymer waste form without Ca(OH). (Fig. 11) [25].
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Figure 11. Cumulative fraction leached (CFL) of major elements (Ca, Al, Si, and B) in
geopolymer waste forms with varying Ca/Al ratios; leaching tests were perfroemd in duplicate,

and erro bar is standard deviation.

The slope of the linear regression was calculated using the logarithm of B versus the
logarithm of time to determine the leaching mechanism. If the slope is less than 0.35, the
controlling leaching mechanism will be the surface wash-off. Slope values within the range of
0.35-0.65 indicate that leaching is controlled by a diffusion mechanism, whereas higher slope
values suggest the dissolution mechanism. In this study, the overall slope exhibited values
consistently lower than 0.35 and it suggests that the leaching mechanism is governed by surface
wash-off (Fig. 12). Interestingly, the log(B:) values for the geopolymer with a Ca/Al ratio of
0.25 increased during the initial leaching period (~5 days) and then decreased during long-term
leaching periods (19—100 days). This suggests that B in the geopolymer with a Ca/Al ratio of
0.25 follows a combination of two leaching mechanisms rather than a single leaching
mechanism. The slope for the long-term leaching period was 0.21, which indicates surface
wash-off. Determining the leaching mechanism based on Eq.7 was challenging due to the low
R> value of 0.13 (Fig. 12). Nevertheless, the CFL of B increased very slightly during the long-
term leaching intervals and reached equilibrium. The markedly low leaching of primary
elements (Si and Al) and the reduced leaching rate of B suggest that the leaching mechanism
of B in the geopolymer waste form with a Ca/Al ratio of 0.25 during the long-term intervals
involves 1on diffusion through the porous matrix (Fig 11 and 14). The reduction in silicate due
to the formation of C-(A)-S-H gel is considered to contribute to the decrease in chemically
immobilized BW (B-O-Si network), which leads to the observed changes in the leaching

mechanism of B. The B-O-Si network maintains its structure well even after a long-term
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661  leaching test [25]. The distinct decrease in the resonance of B-O-Si in the °Si MAS NMR
662  results (Fig. 3¢) indicates a reduction in the chemical bonding between B and Si. As it decreases,
663  the relative amount of borate that can be easily released within the geopolymer waste form is
664  expected to increase. It results in the rapid leaching of B during the initial leaching, which
665 indicates that B in the geopolymer follows a surface wash-off mechanism. Subsequently,
666  leaching of B gradually reaches equilibrium, and the leaching mechanism is controlled by
667  diffusion. The geopolymer with a Ca/Al ratio of 0.25 exhibited a compact microstructure while
668  simultaneously exhibiting extensive geopolymer formation (highest compressive strength, low
669  high-coordinated Al, and distinct formation in the high-temperature crystalline phase of the
670  geopolymer) (Fig. 3b, 6, 8, and 10). These aspects likely contributed to changes in the leaching

671 mechanisms and a reduction in the CFL of B.
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Figure 12. Slope value of linear regression of geopolymer waste forms with varying Ca/Al
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Figure 13. Leaching rate of B in geopolymer waste forms with varying Ca/Al ratios

The 100-day average Li of B was 8.7 in the geopolymer with a Ca/Al ratio of 0.25,
which was approximately 1.2 times that of the previously reported value of 7.5 [25]. This is
consistent with the result that the value of CFL decreased by approximately half (Fig. 11).
When the Ca/Al ratio exceeded 0.25, the Li exhibited little difference from the geopolymer
without Ca(OH), and ranged from 7.4 to 7.5. South Korea has no criterion for the Li of B;
however, waste forms must exceed the minimum acceptable Li of 6.0 for Cs, Sr, and Co [25].
The higher CFL and lower Li observed in geopolymers with a higher Ca(OH) content can be
attributed to the decomposition of physically immobilized BW, specifically the crystalline
borate phase, which results from the excess addition of Ca(OH),. The BW is physically
immobilized and exists in various crystalline borate phases within the geopolymer [25]. The

XRD patterns of these crystalline phases, such as borax, sodium borate, tripotassium triborate,
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and sodium borate hydrate, disappeared or their intensities decreased markedly as the Ca/Al
ratio increased (Fig. 1). In other words, excessive addition of Ca(OH); is presumed to have
further facilitated the decomposition of physically immobilized BW, leading to the release of
borate during leaching tests. While the addition of Ca(OH)> has an overall positive impact on
the leaching resistance of B, it has been confirmed that adding an appropriate amount of

Ca(OH): is more effective than a simply increasing the Ca content.

A comprehensive understanding of the structural changes in waste form following the
introduction of inorganic additives and the mechanisms that enhance the physicochemical
performance is essential for the safe disposal of radioactive waste in underground facilities. In
this study, the addition of Ca(OH)> was generally effective in improving the mechanical
strength of geopolymer waste forms containing a high concentration of BW at 30 wt% and
enhancing the resistance of B to long-term leaching. The geopolymer with a Ca/Al ratio of 1.0
exhibited a more pronounced indication of C-(A)-S-H gel formation. The scientific evidence
supporting this observation was obtained through analyses involving XRD, solid-state MAS
NMR, in-situ high-temperature XRD, and SEM/EDS. However, confirming the formation of
C-(A)-S-H gel through these characterizations proved challenging in geopolymers with the
lowest Ca(OH), content, despite their notable improvements in compressive strength and
leaching resistance. The overall research findings suggest that C-(A)-S-H gel was formed, but
its quantitative amount was minimal, and atomic ordering was poor due to low Ca content.
Geopolymer is a versatile binder material for immobilizing radioactive waste which is
challenging to solidify/stabilize with cementitious waste forms; however, its stability and
performance can vary depending on the physicochemical characteristics of the radioactive

waste. Therefore, the use of chemical additives to enhance the durability of geopolymer waste
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forms should be considered. The findings of this study indicate that the use of Ca(OH); as a
chemical additive in the geopolymer waste form for radioactive waste management is
advantageous. Improved durability and leaching resistance in the geopolymer waste form when

Ca(OH): is added adequately was also demonstrated.

4. Conclusion

The physicochemical characteristics of geopolymer waste form were enhanced by
adding Ca(OH), and structural changes were investigated. The crystalline borate phases
partially dissolved, and C-(A)-S-H gel formation was confirmed by an increase in the Ca/Al
ratio. The 7-day compressive strength increased approximately two to three times compared to
the geopolymer waste form without Ca(OH),, whereas it gradually decreased as the Ca/Al ratio
increased. This is attributed to the excess Ca(OH). leading to the further dissolution of
metakaolin and resulting in the fast setting of geopolymer. Simultaneously, the reduction of the
protective layer on the surface of metakaolin by C-(A)-S-H gel formation led to the high
viscosity and low workability of geopolymer paste. Meanwhile, added Ca(OH); led to a
decrease in the chemical immobilization of BW. This is attributed to a reduction in reactive
silicate caused by the formation of C-(A)-S-H gel. The characterizations, such as solid-state
MAS NMR, thermal analysis, in-situ high-temperature XRD, and SEM/EDS revealed that the
addition of Ca(OH) resulted in the formation of a more extensive geopolymer gel-like structure,
a compact microstructure, and participation in the geopolymerization reaction of Na released
from BW. The Ca/Al ratio effective in improving the B leaching resistance was 0.25, which is
consistent with the improved compressive strength results, and CFL decreased from 0.41 to

0.18. The 100-day average leachability index of B increased from 7.5 to 8.7. The leaching
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mechanism of B shifted from surface wash-off to diffsuion. The partial dissolution of
physically immobilized BW and the limited formation of the B-O-Si network contributed to
this. These research findings demonstrate the advantage of adding proper amount of Ca(OH)>

for enhancing the durability and leaching resistance of geopolymer waste forms.
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