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Capture of radioiodine by solid adsorbents and subsequent cementation is a promising solution to achieve “Near
Zero” emissions from nuclear fuel cycles. We investigate cementation of iodine-loaded silica adsorbents in blast
furnace slag blended Portland cement (BFS:PC) and metakaolin-based geopolymers, and subsequent leaching in
deionised water. Adsorbent encapsulation retarded BFS:PC hydration, but not geopolymer reaction. Phase
assemblage was unaffected by adsorbent encapsulation for both BFS:PC and geopolymers, which comprised
calcium aluminosilicate hydrate and potassium aluminosilicate hydrate gels, respectively. Adsorbents were
encapsulated intact within BFS:PC, whereas adsorbents dissolved in the high pH of fresh geopolymers. BFS:PC
exhibited low leaching stability and an alteration layer, however minimal iodine leaching occurred due to intact
absorbents. Geopolymers showed high leaching stability, however adsorbent degradation resulted in significant
iodine leaching. This evidences potential for cementation of radioiodine-loaded adsorbents under mild condi-
tions, and highlights the importance of synergy when designing adsorbents and wasteforms for radioiodine

abatement.

1. Introduction

Despite the rapidly growing concern amidst readily observable ef-
fects of climate change, global energy demand is still primarily met by
energy production based on burning fossil fuels, with 84 % of the global
energy mix produced this way [1]. For the world to limit global warming
to 2 °C by 2050 compared to pre-industrial levels a significant cut to the
carbon emissions arising from the global energy sector is required [2].
The nuclear sector is expected to play a key role in achieving that
ambition due to its high energy density, high capacity factor and low
environmental impact [3]. Currently, the nuclear sector provides
approximately 4 % of global energy demand [1], and this value is ex-
pected to increase before 2050 [4]. However, like many industrial
processes, careful waste management is required to minimise the envi-
ronmental impact and ensure its sustainability [5]. Consequently, in
recent years, significant attention and resources have been focused on
developing new options for the removal of hazardous elements, i.e.
radioiodine, from the liquid streams arising of the reprocessing PUREX
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process (Fig. 1; the red arrows indicate the path of radioiodine).

There are two major radioiodine isotopes of concern. I-131 is a high
energy beta- and gamma-emitter, but has a half-life of only ~8 days and
therefore principal risks are confined to accidental mass environmental
release. In contrast, I-129 is the focus of this work, as its half-life of 1.57
x 107 years necessitates a clear strategy for long-term management. The
majority (94-99 %) of the total radioiodine is volatilised upon dissolu-
tion of the SNF into nitric acid, and it may be found in the “dissolver off-
gas”, while the remaining fraction of iodine is released through solvent
extraction [6] and vitrification of the high-level waste (HLW) [7], within
the central and waste off-gas, respectively. The capture of gaseous iodine
(I2) can be achieved via wet scrubbing and solid adsorption [8], and
extensive literature can be found for a wide range of relevant adsor-
bents, i.e. activated carbon [9], macroreticular resins [10], zeolites [11],
and Ag-based materials [12]. Upon condensation of the volatile fraction,
such liquid streams are discharged to the environment within strict
regulatory limits, with the environmental impact of the contaminants
released is accepted to be small in comparison with the cost of their
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removal. However, a “Near Zero” discharge policy within the future fuel
cycle is strongly expected, and research is being carried out to develop
technologies that can achieve this [13]. Efficient removal of iodine from
the resulting solution might offer further alternatives, but the high pH
and anionic competition limit the selectivity of the adsorbents for the
targeted species. The use of commercially available ion-exchange ma-
terials appears promising given the enhanced selectivity achieved upon
attachment of a hard Lewis acid, i.e. metal ions, through the so-called
metalation step. Likely, events of in-situ salt precipitation and ligand-
exchange are promoted given the enhanced affinity of the composite
adsorbent for Lewis bases, i.e. iodine [14,15].

The disposal of the adsorbed radioiodine into geological repositories
appears promising with respect to the current discharge policy; how-
ever, a suitable wasteform still needs development, and this depends on
the properties of the materials to be immobilised. Due to the volatility of
iodine, high-temperature processes such as vitrification may not be
appropriate, whereas other techniques, such as low-temperature glass
sintering [16] or Hot Isostatic Pressing [17] are expected to have greater
applicability. However, technically complex processes and high costs
require further investigation of alternatives, such as cementation which
is characterised by mild operating conditions, simplicity of the process,
ability to condition granular absorbent materials, and avoidance of
volatilisation of radioiodine [18,19]. Traditionally, contaminated
adsorbent materials have been encapsulated in Portland cement (PC)
[20-22].

Geopolymers are a sub-group of alkali-activated materials (AAM),
formed via reaction of an aluminosilicate precursor (e.g. calcined clays)
with an alkaline source, resulting in polymerisation of aluminosilicate
oligomers and formation of a solid binder (Fig. 2).

These materials exhibit certain characteristics, i.e. cation-binding
sites, a tortuous pore network with low connectivity, chemical resis-
tance to many radioactive waste streams, and compatibility with
absorbent materials, may make them superior materials for the
cementation of contaminated novel adsorbent materials. Geopolymers
have already been investigated in these terms due to the pseudo-zeolitic
nature of the N,K-A-S-H gel formed, leading to promising results such as
the low-temperature formation of sodalite, which is an excellent
candidate phase for long term chemical immobilisation of radioiodine
[25], and is usually synthesised through energy-intensive or technically
complex routes [26].

We previously assessed the capabilities of a number of organosilica
adsorbents to capture iodine from aqueous conditions simulating
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industrially relevant waste streams, and concluded that mercapto and
thiourea ligands, loaded with Ag and Cu, were the most promising ab-
sorbents [15,27]. Here, we encapsulate these iodine-loaded functional-
ised adsorbents in both BFS:PC and geopolymer cements, characterise
their phase assemblage, micro and nanostructure, and assess their sta-
bility and iodine retention during prolonged leaching in deionised
water. Using an array of advanced spectroscopic and microstructural
characterisation approaches, this work reveals the encapsulation/
incorporation mechanisms, mass transport processes, and iodine reten-
tion in these cement wasteforms. This information is essential to
demonstrate that an iodine loaded capture material can be designed
with a wasteform conversion step in mind to enable simplicity and
synergy in the process. This may enable methods of iodine capture that
further reduces iodine discharge and reduce secondary wastes, enabling
future fuel recycling to achieve a potential “Near Zero” policy.

2. Materials and methods
2.1. Materials

This study investigated development of cement wasteforms that can
be used to encapsulate three different hybrid silica materials, chosen
based on previously published work identifying optimum iodine uptake
in the order of 100-150 mg per gram of adsorbent [15,27]. The candi-
dates were: synthetized Mercaptsosilica (the synthesis method has been
previously reported [15]), and commercially available MercaptoSil and
TUPrSIL (PhosphonicS Ltd). The materials used in this work included
reagent grade chemicals: Fluorochem KI (>98.0 %), AgNOs (Sigma
Aldrich, >99.0 %), CuCl,.2H50 (Sigma Aldrich, >99.9 %), Fisher Sci-
entific KOH (99 %), and commercial grade potassium silicate solutions
K2SiO3 (PQ-KS, 51.6 mass% K3SiOs, with a SiOy/ MO of 2.2). The
wasteforms in this study were produced from Ketton coarse ground PC
from Hanson Cement (UK), ground granulated blast furnace slag (BFS)
from ECOCEM (France), and metakaolin (MetaMax, BASF and Lawrence
Industries, UK), and we have previously published a preliminary
investigation into the microstructural characteristics of similar cement
wasteforms [28]. Chemical composition data for all solid raw materials
were determined using X-ray fluorescence analysis, reported in Table 1;
CaO, SiO, and Al,03 were the main oxides detected in all solid raw
materials, with CaO/SiO, dominant in PC and BFS, and SiO5/Al;03 in
MetaMax metakaolin.
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Fig. 1. Schematic and simplified overview of the PUREX process; the presence of iodine in the gas phase is reflected by red-highlighted arrows. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Approximate structural arrangement of the geopolymer matrix produced upon reaction between the activating solution (K-based) and metakaolin (source of
Al and Si).
Table 1 Table 2

Oxide composition (mass %) determined by X-ray fluorescence for the materials
used in this study. PC: Portland cement; BFS: blast furnace slag; Metamax
metakaolin.

PC (mass%) BFS (mass%) Metamax (mass%)

SiO, 21.6 36.0 52.5
Al,03 5.1 11.3 44.5
Fe;03 2.6 0.3 1.9
CaO 64.9 41.3 -
MgO 1.0 6.5 -
TiO2 0.4 0.5 1.3
SO3 2.6 0.7 -
Others® 1.6 0.7 0.4

2 Including K50, Na,O, MnO, CI™.
2.2. Experimental procedure

2.2.1. Adsorbent loading

Prior to metalation, all the adsorbents were conditioned in 1 M HNO3
solutions for 24 h, following which they were rinsed and stored in
deionised water until usage. The metalation was performed by dissolu-
tion of AgNO3 or CuCly.H0 into deionised water (0.1 M); 0.5 g of
adsorbent was immersed into 50 mL of the solution containing the tar-
geted metal ions. To achieve equilibrium, the systems were sealed and
placed on an orbital shaker for 48 h; subsequently, the metalated ad-
sorbents were rinsed and stored in deionised water. Considering a 2
mass % iodine uptake on the adsorbents, KI was dissolved into deionised
water to have an iodine concentration of 1 g-L™%; 0.1 g of adsorbent was
treated with 25 mL of solution on an orbital shaker for 48 h. Prior to the
experiments, the adsorbents were washed with deionised water to
remove any residual iodine from the solids. Aliquots of the solutions
were sampled to assess the iodine loading performed through ion-
selective electrode. For clarity, an overview is provided in Table 2
below.

The iodine uptake was calculated by considering the mass balance of
the KI solutions used prior and upon treatment of the adsorbents, as
reported in Eq. 1.

Details of the adsorbents selected including iodine loading on the adsorbent,
expressed in mglodine/gSolids-

Adsorbent ID Adsorbent name lodine (mg/g)

M1'Ag Mercaptosilica” + Ag 58.4 +2
M2'Ag MercaptoSil + Ag 729 +5
M2'Cu MercaptoSil + Cu 328+ 5

T'Ag TUPrSIL+ Ag 119.5+5

T Cu TUPrSIL+ Cu 61.1+5

# Synthetised. All other hybrid silica materials purchased.

= (Cy—Ct) oV 1
e ( 0 ') O/ M Adsorbent M

In Eq. 1, ge, Co, Cf, Vo, and mapgsorbent are defined as the amount of
iodine adsorbed (mg/gadsorbent), the concentration of iodine prior
treatment with adsorbents, upon treatment with adsorbents, the initial
volume of the KI used, and the mass (g) of the adsorbent introduced,
respectively.

For the wasteforms based on PC blended with BFS, a 3 to 1 BFS:PC
proportion was chosen to align with the formulation used in a Waste
Encapsulation Plant (WEP) at the Sellafield nuclear site for treatment of
barium carbonate wastes, including Co-Treat [29], and to also align with
the formulation envelope for UK intermediate level waste (ILW) grouts.
The Hanson PC used conformed to specifications set by Sellafield Ltd.
(SL) [29]. Hydration was performed using a w/b ratio of 0.4, ensuring
high compressive strength [30] while keeping the water content low to
hinder the mobility of iodine. Firstly, the adsorbent was added to the
deionised water for the reaction, and the PC and BFS powders were
subsequently added. Addition of each component was controlled by
mass. Manual mixing was initially used to ensure homogenisation, and
the resulting paste was then mixed with a shear Heidolph overhead
stirrer for 10 min at 400 rpm, with the mixing speed chosen to avoid the
disintegration of the adsorbent. Finally, the paste was poured into 30 mL
centrifuge plastic tubes, vibrated to remove entrapped air, and the
sealed packages were cured at 20 °C for 28 days. For clarity, Table 3
below reports the samples produced starting from the BFS:PC formula-
tion, also including a reference sample (BFS:PC_Ctrl) prepared without
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Table 3
Overview of the BFS:PC samples prepared, highlighting the ID of the specimen,
the adsorbent used, and the overall iodine uptake.

Sample ID Adsorbent lodine (mg/g)
BFS:PC Ctrl - -

BFS:PC° M1'Ag Mercaptosilica® + Ag 1.1+2
BFS:PC° M2'Ag MercaptoSil + Ag 14+5
BFS:PC° M2'Cu MercaptoSil + Cu 0.6 +5
BFS:PCT'Ag TUPISIL+ Ag 23+£5
BFS:PCT Cu TUPrSIL+ Cu 1.2+5

@ Synthetised.

adsorbent or iodine.

For the synthesis of the geopolymer wasteforms, samples were
formulated as per previously published work [26]. The activator was
prepared by mixing the potassium silicate activator with KOH solutions;
the final stoichiometry of the solution was designed as follows: HyO/
K20 = 11, SiO2/K0 = 1, Aly,03/ K50 = 1 and SiOy/ AlpO3 = 1. The
MetaMax metakaolin was then added to the activating solution and
initially hand-mixed to ensure homogenisation and to avoid agglomer-
ation, and the resultant paste was subsequently mixed for 10 min with a
shear Heidolph overhead stirrer at 400 rpm. As above, the mixing speed
was chosen to avoid the disintegration of the adsorbents by mechanical
friction. Overall, a water-to-binder (w/b) ratio of 0.5 was used, since
these conditions have been identified to lead to high compressive
strengths while retaining acceptable workability [31]. Table 4 below
reports an overview of the geopolymer samples prepared, with GP_Ctrl
used as a reference and reflecting the geopolymer system without
adsorbent or iodine.

2.2.2. Leaching tests

Cement samples were cured for 28 days at 20 °C, after which they
were demoulded and cut into monoliths measuring 15 mm x 15 mm;
these were used to assess the leaching of iodine, in accordance with an
adaptation of the ANSI 16.1 testing methodology [37]. The ends of the
sample cylinders were sealed with epoxy resin to allow only radial
diffusion during leaching; upon drying of the resin, the monoliths were
placed in contact with 47.1 mL of deionised water in sealed containers.
Testing was completed in triplicate for monoliths and ‘blanks’ (leachate
without cement monolith) in an environmental chamber at 20 °C to
represent the average temperature for above ground ILW storage across
the UK [38]. Sampling and total replacement of the leachate was
completed at intervals of 2 and 7 h, then 1, 3, 7, 14, 21, 28 days, after
which the containers were sealed. This methodology is an accelerated
test that accentuates the alteration of the cement to provide a worst-case
scenario of leaching characteristics from samples; in other words, the
procedure depicts the potential for leaching in a much more aggressive
environment than the real conditions of a storage/disposal facility.
Immediately after sampling, the pH of the solutions was recorded;
following, the liquid phases were stored in sealed containers at 20 °C
until quantification of iodine through inductively couple plasma optimal
emission spectroscopy (ICP-OES). After the leaching period had
finished, the solids were dried, ground, and sieved below 63 pm for
characterisation through X-ray diffraction (XRD), thermogravimetry

Table 4
Overview of the geopolymer samples prepared, highlighting the ID of the
specimen, the adsorbent used, and the overall iodine uptake.

Sample ID Adsorbent lodine (mg/g)
GP'Ctrl - -

GP _ M1 Ag Mercaptosilica” + Ag 1142

GP _ M2 Ag MercaptoSil + Ag 14+5

GP _ M2_Cu MercaptoSil + Cu 06+5
GP_TAg TUPISIL+ Ag 23+5

GP _T Cu TUPrSIL+ Cu 1.2+5

 Synthetised.

Cement and Concrete Research 179 (2024) 107480

(TGA) and nuclear mass resonance spectroscopy (NMR).

The results were compared with preliminary tests conducted on the
pure adsorbents exposed to alkaline conditions simulating the fresh
geopolymer reaction mixture: 10 mg of pure adsorbent (without sorp-
tion of iodine) was added to 10 mL of activating solution (pH ~ 15.2).
This mixture was stirred using magnetic stirrer at room temperature for
2 h. The solution was then filtered using Whatman GF/C filter paper and
washed twice with 10 mL of deionised water; finally, the filter paper was
dried for 1 h at 80 °C and then weighed.

2.3. Characterisation techniques

Isothermal calorimetry (IC) was used to investigate the kinetics of
reaction and phase formation during hydration/reaction of the waste-
forms, and X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), thermogravimetric analysis (TG), and solid state
nuclear magnetic resonance (NMR) spectroscopy were used to charac-
terize the hydration/reaction products. These techniques allowed for the
determination of the local structure of the cements, and interaction of
cement phases with adsorbents and/or potassium iodine. Details of each
analytical approach are provided below.

IC data were obtained using dual channel TAM Air equipment from
TA Instruments, with distilled water used as the reference. Cement
pastes were hand mixed, and 20 g was placed into the glass testing
ampoule; it was sealed and placed in the calorimeter at 20 °C for 7 days.

XRD was performed using a Panalytical X’Pert®, using CuKa radia-
tion generated at 45 kV and 40 mA. Scans were run between 5 and 70°
20, with a step size of 0.02° 26, 2.2 s dwell per step, a LYNXEYE detector,
an incident beam divergence of 1.0 mm and a 2.5° Soller slit in the
diffracted beam, and the stage rotating at 15 rpm. Powdered samples
were loaded onto 2.5 cm diameter and 1.0 mm deep sample holders.
Qualitative phase identification was carried out using the Diffrac.EVA
V4.1 software with the ICDD PDF4+ 2015 database.

FTIR data were obtained using a Perkin Elmer Frontier FTIR spec-
trometer equipped with a deuterated triglycine sulfate detector and KBr
beam splitter optical system. The samples were prepared by blending
together 2 mg of ground sample with 200 mg of KBr powder, i.e. KBr
pressed pellet method; each specimen underwent 16 cycles of scanning
at a resolution of 4 cm™! between 4000 and 400 cm™!. The contribution
from atmospheric CO5 and water vapour was removed by measuring the
background prior to sample analysis.

Thermogravimetric analysis TGA was completed using a Perkin
Elmer Pyris 1 TGA 4000, and the analysis was performed by considering
40 mg of powder. The samples were heated from 30 to 1000 °C in an
alumina crucible at a rate of 10 °C/min, in a nitrogen atmosphere with a
flow rate of 40 mL/min.

Samples for SEM-EDX analysis were mounted in epoxy resin and
prepared for analysis by successive grinding using 600-4000 SiC grit
papers before polishing on cashmere cloth coated with progressively
finer (3 pm — 0.25 pm) diamond suspensions, with isopropanol as a
lubricant. Data were collected using a Hitachi TM3030 SEM and a 15 kV
accelerating voltage at a working distance of 8.5 to 9 mm. EDX was
completed using a Bruker Quantax 70 detector and software to provide
elemental maps that were collected for 600 s.

Solid-state NMR data were acquired on a Bruker Avance III HD 500
spectrometer at 11.7 T with a 4.0 mm dual resonance CP/MAS probe,
producing Larmor frequencies of 99.35 MHz and 130.32 MHz for 2°Si
and 2’Al, respectively. The 2°Si spectra were collected at a spinning
speed of 12.5 kHz, with a minimum of 256 scans, a non-selective (1/2)
pulse width of 4 ps, and a measured relaxation delay of 60 s. %Al spectra
were collected at a spinning speed of 12.5 kHz, with a minimum of 512
scans, a selective (1/6) pulse width of 1.7 ps, and a measured relaxation
delay of 5 s. The chemical shifts of the 2°Si and 2”Al nuclei were refer-
enced to external samples of pure tetramethylsilane (TMS) and 1.0 M
aqueous Al(NOs)3 respectively. All data were processed using Bruker
TopSpin 4.0.6 software.
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ICP-OES analysis of the sampled leachate from the leaching tests was
performed using a Spectro Ciros Vision Inductively Coupled Plasma-
Optical Emission Spectrometer, operated using a gold internal stan-
dard and ceramic torch. Samples were filtered (0.22 pm), diluted and
acidified with 20 pL of concentrated HNO3 (99.999 % purity) prior to
analysis. Calibration curves were prepared by measuring intensities
against a series of known calibration standards, which were prepared by
diluting single element standard solutions (Fisher Scientific) with 1 %
(v/v) HNO3.

3. Results and discussion
3.1. Adsorbent loading

3.1.1. Hydration and reaction kinetics

After curing for 28 days, all the BFS:PC and geopolymer samples had
fully set, and were demoulded from the sample containers. Here, the
hydration kinetic of the BFS:PC and PC samples is discussed by consid-
ering the IC data displayed in Fig. 3A and B, respectively.

The hydration mechanism of BFS in the presence of PC have already
been extensively investigated [32], with the reaction kinetics of blended
PC and BFS being lower than that of PC only. Specifically, the hydration

Cement and Concrete Research 179 (2024) 107480

in the BFS:PC control sample can be divided into several consecutive
steps: pre-induction, induction, acceleration, deceleration, and steady-
state periods. The pre-induction, induction, and acceleration steps are
important since they allow for initial mixability, pumpability time, and
development of the early strength of the paste. At this stage, the main
hydrated species ettringite (AFt), calcium silicate hydrate (C-S-H), and
portlandite (Ca(OH);) precipitate upon reaction between alite (C3S),
belite (C5S), aluminates, gypsum, and water. However, it is well known
that the hydration rate of PC is decreased by the presence of supple-
mentary cementitious materials (SCMs), such as BFS; in fact, the disso-
lution of the BFS only starts to occur in alkaline conditions, i.e. when the
precipitation of portlandite Ca(OH); from the hydration of PC starts, via
pozzolanic reaction [33].

The introduction of adsorbents to the fresh cement paste appeared to
retard the hydration kinetics of BFS:PC samples, as shown in Fig. 3A. The
precipitation of Ca(OH),, occurring between 1 and 10 h [33], was
observed as a sharp heat evolution peak with a maximum at approxi-
mately 5 h for the reference sample BFS:PC_Ctrl (Fig. 3A). Retardation of
the hydration kinetics in samples containing adsorbents is likely to arise
from retardation of precipitation of Ca(OH); in these samples. Likely,
the reaction between the Ca(zﬁl) and the non-metalated silicate chains of
the adsorbents led to a lower availability of Ca®>* ions in solution,

A
'Q) 9x10° o
1.5%10° - = 1203 - 100
;suo-’ <
3 s 2
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Fig. 3. Isothermal calorimetry data for the ground granulated blast furnace slag (BFS)/Portland cement (PC) 3:1 (A), and geopolymer (B) wasteforms. Samples are

identified in the legend as described in Table 3 and Table 4.
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increasing the time required to reach the supersaturation conditions
required for the precipitation of portlandite, and therefore the dissolu-
tion of BFS in these cements. Furthermore, some metalated ligands on
the adsorbents might undergo events of metal substitution between
Ag*/Cu®" and Ca®" ions in the pore solution, upon charge balancing. In
this case, a lower availability of Ca?" jons within the pore solution
would occur, retarding the precipitation of Ca(OH), and therefore the
overall hydration rate.

One of the samples with the least affected hydration reactions (c.f.
the control sample) was for BFS:PC_M2_Ag, which was noticeably
different to the synthesised BFS:PC_M1_Ag. The same type of Ag-loaded
adsorbent (synthetized mercaptosilica) led to a 3-h longer induction
period in BFS:PC_M2_Ag compared with the commercially purchased
BFS:PC_M1_Ag. The incorporation of Cu-loaded MercaptoSil in BFS:
PC_M2 Cu led to a 10-h retardation with respect to BFS:PC_M2 Ag,
therefore suggesting that the hydration kinetics would be hindered
when copper is used for resin metalation. However, T_Cu in BFS:PC_T_Cu
was showing a 3-h shorter induction period when compared to T_Ag in
BFS:PC_T_Ag, suggesting that the relationship between the metal-ligand-
silica system and the reaction kinetics during hydration of the PC:BFS
wasteforms is not trivial.

Despite their complexity, the trends observed for these samples are
consistent with the mechanism proposed above, suggesting that the
slower hydration kinetics are a result of substitution of the adsorbent
bound metal ions Ag* or Cu?* with the Ca?" ions within the pore so-
lution. The different extent of retardation of the hydration of the BFS:PC
wasteforms appears to be dependent on the adsorbent encapsulated, and
is likely to arise from differing strengths of the bonding interactions
between the metal and the ligand in each type of adsorbent; in this case,
the stability of the T Cu complex was higher than the T_Ag one, and vice
versa for M2. Such an observation is corroborated by the affinities of the
two metals studied for each ligand, since the bond strength between Ag™
and M2 is stronger than Cu®>" and M2, as reflected by the respective
absolute association constants g of 4.07 x 10'° and 1.26 x 10'!. Simi-
larly, the weaker binding strength expected for Agt and T (K ~10'%
[34]) with respect to Cuw’*t and T (K ~1010 [35]) was in line with the
retardation of the hydration observed when the complex Cu?*/T was
considered. However, further investigation is required to isolate and
assess the effects of different metal ligands on hydration kinetics, since
the reaction rate might influence the structure and stability of the
resulting material. Clearly, the synthetic differences between BFS:
PC_M1_Ag and BFS:PC_M2_Ag are influencing hydration kinetics and it is
proposed that the variation in porosity in the silica might explain the
observed behaviour. Despite the differences in the hydration kinetics
observed, all the BFS samples analysed here underwent final set within
24 h by not exceeding the 180 kJ kg ! heat released (Fig. 3A), within the
limits set by Sellafield Ltd. for cement used as wasteform. The control
sample was exhibiting the most exothermic reaction among the samples
considered here.

IC data for the geopolymer samples (Fig. 3B) encapsulating the ad-
sorbents did not differ significantly from that of the control sample
GP_Ctrl. The geopolymerisation process firstly involves the alkaline
dissolution of the aluminosilicate sources into aluminate and silicate
monomers, reflected by the first exothermic peak occurring within mi-
nutes. It is followed by another exothermic reaction involving the proper
breakdown of the silica chains of the MK to produce alumina/silica-
hydroxy species and oligomers, such as OSi(OH)s, Al(OH)g,
(OH)3-Si-O-Al-(OH)s. Following this, the exothermic peak observed up
to 60 h of curing results due to the progression of those polymerisation
reactions leading to the hardening of the paste [36]. As expected, the
maximum heat flow value was registered between 8 and 10 h of curing,
with the adsorbents apparently not influencing any of the characteristic
reaction steps, i.e. initial dissolution (<1 h), induction period (1—2 h)
and polymerisation (>2 h), of the geopolymerisation (Fig. 3B). Only
M1_Ag exhibited a slight retardation, with the maximum heat flow value
detected just above 10 h of curing. However, the different adsorbents led

Cement and Concrete Research 179 (2024) 107480

to a varying cumulative heat release after 150 h of curing, the highest for
which was for the materials with T as the ligand. The heat release from
the control sample exceeded 200 J g~! after 150 h of curing, slightly
higher than the remaining samples GP_M1_Ag, GP_M2 Ag and
GP_M2_Cu. Likely, the lower heat generation observed for the adsorbent
containing samples is a result of the adsorbent behaving like secondary
mineral phases within the metakaolin product, diluting the thermal
output of the reaction. Although this is not significant at the current
levels of loading, it will be of interest for increased loading of adsorbents
into the systems. Despite the higher cumulative heat release, with
respect to the BFS:PC (Fig. 3A), these outcomes suggested that the
geopolymer systems considered were also below the maximum heat
release requirements for cement use as a wasteform by standards used at
Sellafield Ltd., i.e. <180 kJ kg ! released in the first 24 h.

3.1.2. Phase assemblage

The XRD analysis of the BFS:PC samples hydration products (Fig. 4A)
confirmed the presence of ettringite (Powder Diffraction File, PDF, 00-
041-1451), monocarboaluminate (PDF 00-036-0377), a hydrotalcite-
like phase (PDF 00-014-0525), portlandite (PDF 00-044-1481), and
calcium aluminosilicate hydrate with a tobermorite-like configuration
(PDF 00-034-0002). Minor reflections for calcite (PDF 00-005-0586) and
unreacted belite (PDF 00-023-1044) were also detected. The XRD pat-
terns reported in Fig. 4A suggested that inclusion of different adsorbents
did not affect the type of phases formed when compared to the control
sample. The data from thermogravimetric analysis (Fig. 4B) supported
the XRD data, registering total loss on ignition (LOI) values around
10-11 mass% for all the samples. The loss of water from the main hy-
drated species Aft/AFm [37], C-A-S-H [38], and Ht [39] was observed
between 30 and 200 °C, amounting to around 6 mass% both for the
control and adsorbent loaded samples. That suggested a similar hydra-
tion extent achieved from all the samples after 28 days of curing,
regardless of the adsorbent. The gradual weight loss observed between
270 and 470 °C, overlapping with the de-hydroxylation of portlandite
occurring between 400 and 500 °C [40], is proposed to be the result of
further thermal decomposition of hydrotalcite [39].

The endothermic peak linked to the de-hydroxylation of portlandite
was not observed in BFS:PC_M2 Ag and BFS:PC_M2 Cu, potentially
suggesting that Ag could hinder the precipitation of portlandite; on the
contrary, the Ag-loaded adsorbent M1_Ag led to the precipitation of
portlandite. As discussed above, this difference might result from dif-
ferencing strengths of the bonding interaction between Ag and the
specific adsorbent, with the data here suggesting a stronger Ag-ligand
bonding interaction for M1 rather than M2, where some of the Ca%"
ions could replace some Ag" upon charge balancing. Potentially, the
lower weight loss observed between 400 and 450 °C for the adsorbent
containing blends may indicate pozzolanic reaction of the adsorbents
had initiated. Finally, the release of CO; from residual CaCO3 was likely
identifying the weight losses observed between 600 and 750 °C, whereas
the decarbonisation detected around 900 °C could not be attributed with
certainty. Likely, it was referring to the further loss of CO5 from CaCOs3
crystals trapped in the double layers during the de-hydroxylation of
AFm, AFt, and Ht. Their complex thermal degradation might result in a
re-arrangement of the solids upon heating, leading to the trapping of
CaCOs crystals within the re-arranged structure.

Regarding the geopolymer samples, the XRD analysis (Fig. 4A) did
not show any detectable difference between the control and the adsor-
bent containing samples, with the only identifiable crystalline phases
arising from those in the metakaolin precursor, including rutile (TiO,,
PDF 01-084-0286), kaolinite (Al;03-28i05-2H,0, PDF 75-1593), and
quartz (SiO,, PDF 46-1045) (Fig. 5).

Diffuse scattering between 22 and 36° 20 is consistent with the
presence of an amorphous potassium aluminosilicate hydrated (K)-A-S-
H gel phase, and no additional phases were observed via XRD to form
upon addition of adsorbents and iodine. The TG analysis (Fig. 5B) also
indicated very high similarity between all the geopolymer systems
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Fig. 4. XRD patterns obtained for the ground granulated blast furnace slag (BFS) / Portland cement (PC) (3:1) samples (A), highlighting the peaks for ettringite (AFt),
monocarboaluminate (AFm), Hydrotalcite (Ht), Portlandite (P), C-A-S-H gel, calcite (Cc), and larnite (C2S). Thermogravimetric analysis conducted on the BFS:PC

samples, highlighting the main weight losses events (B).

investigated, including the control one; indeed, all these samples were
showing the same signal between 30 and 300 °C, accounting for a 13.7
mass% weight loss, on average. Such a signal was composed of two over-
lapping peaks, and therefore they could not be resolved independently.
The intensity was in line with other data in literature [41], and arises
due to the release of free and/or slightly bound water present in the
samples. Considering that mean LOI values of 16.7 mass% were regis-
tered throughout the temperature ramp, the signal below 300 °C was
representing the near totality (~82.3 mass%) of the total weight loss
observed. The following weight loss observed between 350 and 700 °C
(2.0 mass% on average) was likely referring to the dehydroxylation of
the geopolymer matrix, the removal of the surface hydroxyl groups, and
the formation of Si-O-Si bonds leading to the release of water and the
shrinkage of the overall structure [42]. The remaining weight loss
observed up to 800 °C, 1.0 mass% on average, was likely referring to a
further water release from the system [43].

3.1.3. Nanostructure
The nanostructure of all the samples was investigated through NMR

(2QSi, 27Al) and FTIR analyses. For all the BFS:PC samples, the 295i MAS
NMR data (Fig. 6A) comprise four overlapping resonances with maxi-
mums at 8i5o = —74 ppm (Qo), —75 ppm (Ql(lAl)), —79.0 ppm (Ql) and
—81.6 ppm (Q?(1A1)), —84.4 ppm (Q?) [44].

These resonances are attributed to Q° sites within unreacted BFS
particles, and Ql(lAl), Ql, Qz(lAl), and Q2 sites within an aluminium-
substituted calcium silicate hydrate (C-A-S-H) gel, typical of that
formed in hydrated BFS:PC wasteforms [45]. Whereas, a single broad
resonance of the Q"(mAl) environments (maximum intensity at 8;so =
—75 ppm), characterised by a lower polymerisation or higher Al sub-
stitution, refers to the presence of anhydrous slag [46]. Only slight
variations could be detected with respect to the control sample, prob-
ably linked to the shorter length of the silicate chains (fewer Q2 posi-
tions) in the C-(A)-S-H; the lack of variation of the resonance attributed
to QU sites was also justifying it. The 2’Al data (Fig. 6C) confirmed the
high similarity of all the BFS:PC samples, as outlined above. The broad
tetrahedral Al resonance with maximum at 85, = 63 ppm could be
attributed to the multiple overlapping AlOy sites including Al in bridging
tetrahedra and Al in crosslinked bridging tetrahedra (q%) within the
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Fig. 5. XRD patterns obtained for the geopolymer samples (A), highlighting the
peaks for rutile, kaolinite, and quartz. Thermogravimetric analysis conducted
on the geopolymer samples, highlighting the main weight losses events.

aluminosilicate chains in the C-A-S-H gels [47], as well as Al in
unreacted slag particles. The resonances at 11 ppm and 13 ppm also
support the XRD analysis, and are due to AlOg sites in AFm-type phases
(e.g. mono- and hemicarboaluminate) and ettringite, respectively
(octahedrally coordinated Al(VI)) [47].

Regarding all the GP samples, the 2°Si MAS NMR data (Fig. 6B)
exhibit a broad resonance spanning from &;s, = —70 ppm to —110 ppm,
with a consistent line shape and a maximum at &;5, = —87.8 ppm, also
suggesting slight differences in upon adsorbent loading. Such resonance
is attributed to a distribution of Q4(m.A1) local sites within K-A-S-H [48]
(where 0 < m < 4), confirming the alkali activation of the metakaolin,
whose original signals [49] are replaced by Q4(4Al) and Q4(3Al) sites.
The line shape and position of the chemical shift distribution for all
geopolymer samples analysed here is very similar to that observed
previously by deconvolution and quantification of 2°Si MAS and 'H-2°Si
CPMAS NMR data for similar geopolymer cements, and indicate the
formation of an Al-rich (Si/Al < 1.2) K-A-S-H gel with similar chemical
composition, comprising Q4(4Al), Q4(3Al) and Q4(2A1) sites. As ex-
pected, also the 27A1 MAS NMR data (Fig. 6D) could not outline any
detectable changes in the nanostructure of the GP samples upon adsor-
bent loading, therefore suggesting that no changes have occurred in the
local Si surroundings within the (N,K)-A-S-H gels. The nearly complete
dissolution of metakaolin is confirmed by the weak intensity of the
characteristic resonances at d,ps = 33 and 8 ppm [50], while the reso-
nance at dops = 56 ppm was overlapping with the main resonance
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detectable between 8,5 = 50 and 70 ppm. This resonance exhibited a
maximum centred at 8,5 = 60.7 ppm and is attributed to tetrahedral
AlQy sites within the K-A-S-H gel [51] (Fig. 6D).

To further investigate nano-scale variations that may have occurred
due to encapsulation of the adsorbent/iodine complexes within the
geopolymer cements, FTIR spectroscopy was performed on the samples
prepared with Mercaptosil-Ag and Cu, since they reported the highest
(BFS:PC_M2_Ag) and lowest (BFS:PC_M2_Cu) hydration kinetics in the
BFS:PC system (Fig. 3A). The FTIR data for the BFS:PC and GP samples,
reported as supplementary electronic material (SEI—I), confirmed the
absence of any changes in the nanostructure of all the samples produced
upon adsorbent loading. The nearly complete dissolution of BFS was
observed at 28 days of curing, with the typical signals at 4 = 1021 cm ™!
[52] replaced by the characteristic peaks of C-A-S-H around 960 cm_l,
referring to the asymmetrical stretching vibrations (v, Si-O-Si) of the
Si—O bonds [53]. The diffused signals referring to the presence of water,
between 1400 and 3700 cm ™! and with maxima at 3498, 1662 and 1494
em™!, suggested the presence of a poorly crystalline phase or con-
strained water, and therefore confirming the presence of hydrated alu-
minosilicates [54]. The FTIR analysis performed on the GP samples
loaded with the same adsorbents is also reported in SEI—I; in accordance
with the previous discussion, the advanced reaction extent of meta-
kaolin at 28 days of curing was reflected by the hidden signal around
1060 cm ™!, usually referring to the asymmetric stretching of the Si-O-T
chains [55]. The main overlapping signal registered at 993 cm™! refers
to the resonance of K-A-S-H gel; the shift to lower wavelength, with
respect to unreacted metakaolin, suggested a higher percentage of Si-O-
Al bridging interactions. In fact, while unreacted metakaolin is pre-
dominantly consisting of Q*(1Al) local sites, with a single silicon atom
tetrahedrally coordinated with four atomic centres (of which 3 silicon
and 1 aluminium atom) [56], a shift to a highly Al substituted local
structure was observed for the alkali activated solid. In fact, the distri-
bution of the Si-O-T linkages changes towards the predominant presence
of Q*(4Al) and Q*3Al) sites (Fig. SEI I) [48].

3.2. Leaching tests

The pH of all the solutions sampled after the targeted leaching pe-
riods was registered, and the trends for the BFS:PC and GP samples are
reported in Fig. 7A and B, respectively; as reported in the experimental
section, the leaching medium was replaced with fresh one after each
sampling, and therefore the value registered refers to the timeframe
highlighted.

Both the BFS:PC and GP led to an increase of pH with respect to the
blank (7.0 & 0.8), due to the dissolution of Ca(OH), [57] and alkali in
the former and latter, respectively. While the dissolution extent of Ca
(OH); in the BFS:PC samples appeared to decrease beyond 7 days, re-
flected by a pH drop from 10.2 + 0.3 to 8.7 + 0.5, a constant alkalinity
(pH of 11.5 £ 0.5) was observed for all the GP samples for the first 7 days
of leaching, after which the pH decreased to between pH 11.0 and pH
9.5, depending on the adsorbent encapsulated. The partial dissolution of
the solids suggested by the pH trends was further confirmed by the
detection of Si in the liquid phase, whose trends are reported in SEI-II
both for the BFS:PC and GP samples. In the GP leachates, the Si con-
centration increases up to 150 days, but then decreases to significantly
lower values, suggesting formation of a secondary phase containing Si.
However, there is no clear evidence of this Si-containing phase in the
SEM micrographs obtained for the samples after leaching. The SEM
micrographs of the control GP and BFS:PC monoliths cured in deionised
water up to 28 days is reported in Fig. 8A and B below, respectively, with
highlight on the textural properties of the surface.

While no apparent modifications could be detected for the GP sample
both in the inner and outer regions (Fig. 8A), showing homogeneity at
any depth from the boundaries, distinct local regions were outlined for
the BFS:PC sample (Fig. 8B). The texture was denser at the level of the
solid bulk (region 1), whereas the contact with water led to a higher
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porosity in proximity of the solid/liquid interface (region 2); such an
observation was based on the increased portion of voids (dark grey) with
respect to the solid bulk. Furthermore, some non-continuous deposits of
precipitated solids could be observed at the solid/liquid interface (re-
gion 3); likely, such precipitates were referring to calcite particles
resulting from the availability of Ca>" and CO3~ ions within the leachate
and the achievement of the supersaturation conditions. The partial
dissolution of Ca(OH); could have provided the Ca** ions into the liquid
bulk, whereas the CO%~ ions were likely a result of dissolution of a small
amount of atmospheric CO, during sample handling and preparation.
Despite these outcomes would confirm the partial dissolution of the
monoliths, the degradation of the adsorbents could only be assessed via
detection of iodine through ICP-OES analysis of the liquid phases. The
rate k (mg s~ ') of leaching iodine could be calculated through Eq. 2
below, where the terms If, Vi, and At reflect the final concentration of
iodine within the leachate (mg L1, the volume of the leachate (L), and
the time interval (s), respectively; the outcomes are reported in Fig. 9A
and B for the BFS:PC and GP samples, respectively.

k:If.VL/At )

As reported, the iodine leaching rate for the geopolymer samples was
approximately 1.5 orders higher than the BFS:PC ones throughout the
time intervals considered; specifically for the three-days tests, average
leaching rates of 2.9.10° and 1.2:107° mgiodine per second were
calculated, respectively. However, both the systems were undergoing a
rapid drop beyond that, until nearly stationary conditions were achieved
after 14 days. That could be due to 1) a slower progression of the
leaching front within the monoliths, or 2) that iodine quantitatively
leached out of both the systems. To assess this, the cumulative iodine
release v;, expressed as a fraction of the total iodine initially inserted,
was calculated by considering the original loading of iodine reported in
Table 5.
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Table 5

Overview of the iodine content within each samples monolith considered,
together with the theoretical iodine concentration in the leachate (47.1 mL)
assuming a complete dissolution.

Sample ID Iodine It
(Mg Zeement) (mgL ™

BFS:PC_M1_Ag 4.6 96.8
BFS:PC_M2 Ag 5.6 119.3
BFS:PC_M2_Cu 2.5 53.9
BFS:PC_T_Ag 3.9 196.6
BFS:PC_T_Cu 4.1 104.0
GP_M1_Ag 3.9 83.6
GP_M2 Ag 5.1 107.6
GP_M2_Cu 2.2 46.5
GP_T Ag 8.5 180.5
GP_.T_Cu 4.3 92.4

10

SEM Micrographs of the GP_Ctrl (A) and BFS:PC_Ctrl (B), demonstrating the microstructural changes resulting from leaching of the samples.

Assuming a total release of iodine, the theoretical concentration It
within the known volume of leachate (47.1 mL) could be calculated.
Subsequently, starting from the punctual iodine concentration v;,
detected at a given time interval At, (n=2h, 7 h, 24 h, 3d, 7d, 14d, 28d)
the total fraction of leached iodine v;¢ could be calculated through Eq. 3
below.

28d
_ 2.n Yin
Vif ==7——

- 3
The fraction of leached iodine v;, is plotted in Fig. 10A and B for all
the BFS:PC and GP samples, respectively; a complete overview of all the
samples here discussed is reported in Table 6 below, where the effective
diffusivity is also considered.

As reported in Fig. 9A, the BFS:PC wasteform allowed for a relatively
small fraction of iodine to leach out; in fact, independently from the
adsorbent used, a maximum iodine fraction v;; of 0.08 was leached after
28 days. Likely, the iodine-loaded adsorbents would not degrade at the
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Fig. 10. Cumulative leached fraction of iodine from BFS:PC (A) and GP
(B) samples.
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Table 6
Total released iodine from leached cement samples and average effective
diffusivities.

Adsorbent reference Total released 1 Average effective diffusivity (cm?/s)

BFS:PC  GP BFS:PC GP
M1 Ag 6 22 3.7 x 10710 1.4 x 1078
M2_Ag 8 20 1.5 x 107° 1.1x10°8
M2 _Cu 6 103 1.2 x 107° 6.1 x 1077
T Ag 4 75 2.2 x 1071 2.1 x 1077
T Cu 6 94 6.1 x 10710 4.8 x 1077

alkaline conditions within the BFS:PC samples, and iodine would be
withheld in the insoluble adsorbent material. In other words, the ad-
sorbents would not degrade upon interaction with the cementitious
matrix; therefore, the iodine-loaded adsorbents would physically
migrate towards the leachate, but a low dispersion of iodine would
occur. However, the detection of iodine allowed for the calculation of
the effective diffusivities within the BFS:PC samples [58], which ranged
between 3 x 10 2 and 7 x 10~° cm?s~? (Table 6); such values were
lower than other studies introducing 1 wt% silver zeolite into a similar
blended PC system [59]. This is likely a result of both the ligand-met-
al-iodine interaction slowing iodine release, as well as the porosity
differences between the silica materials and the silver zeolite [15,27].
Regarding the GP samples (Fig. 9B), a higher fraction of iodine would
leach out with respect to the BFS:PC ones, and it was clear that different
adsorbents led to varying leaching extents. Generally, the systems with
Ag-loaded adsorbents were retaining more iodine that those with Cu, for
which the iodine leaching was nearly quantitative; however, both cases
led to a failure of the system to retain iodine, given the likely degrada-
tion of the adsorbents due to the very high internal pH. Such data
seemed to confirm the degradation of the adsorbents, despite the fact
that ICP-OES detection of Ag and Cu was beyond the limits of the
analysis. A good correlation between the effective diffusivities reported
in Table 6 (4 x 1072 - 1.5 x 10" ecm?s™ 1) and the literature investi-
gating the leaching of Cs from PC was found [60]. When looking at the
trends in Figs. 7B and 10B, it is notable that the highest recorded iodine
concentrations do not match with the highest recorded pH, which were
buffered to high values until 7 days. Furthermore, I, Ag, and Cu are
redox-sensitive elements, and will exhibit different speciation in
different redox conditions present in the each wasteform type. BFS
dissolution during wasteform formation will result in reducing condi-
tions in the BFS:PC wasteform, where Ag and I are expected to be present
as Ag0 and I"., whereas the oxic conditions present in the GP wasteforms
means Ag and I are expected to be present as Ag+ and I03 [61-63]. The
redox conditions present would therefore also contribute to the differ-
ences in leaching seen between each wasteform type.

4. Conclusions

This study investigated BFS:PC and geopolymer cement wasteforms
encapsulating three different hybrid silica adsorbents, chosen based on
previously published work identifying optimum iodine uptake in the
order of 100-150 mg per gram of adsorbent: in-house synthetized
Mercaptsosilica, commercially available MercaptoSil, and commercially
available TUPrSILA.

e Encapsulation of the adsorbents resulted in the retardation of the
hydration reaction for the BFS:PC wasteforms. This is attributed to
the reaction between the Ca(zgq) and the non-metalated silicate chains
of the adsorbents leading to a lower availability of Ca** ions in so-
lution, increasing the time required to reach the supersaturation
conditions required for the precipitation of portlandite, and there-
fore the dissolution of BFS in these cements.
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e Encapsulation of the adsorbents in the geopolymer wasteforms
resulted in negligible effects on the reaction kinetics during waste-
form formation.

o All BFS:PC samples were in accordance with the current Sellafield
requirements in terms of total evolved heat and estimated set time,
whereas the geopolymer ones slightly exceeded them whilst in line
with the data from the literature [64].

e No phase assemblage nor microstructural changes could be detected
for any of the BFS and geopolymer samples upon addition of the
iodine-adsorbent complexes.

e The GP wasteform did not show any observable chemical or micro-

structural changes after leaching, whereas a significant alteration

layer was observed near the surface of the BFS:PC wasteform after
leaching, with different chemical composition and microstructure
than the bulk.

The leaching experiments showed that that, despite the above point,

BFS:PC wasteforms exhibited better iodine retention than GP

wasteforms, most likely because of degradation of the adsorbent in

the very high pH of the fresh GP reaction mixture.

Different iodine leaching extents were observed for the different

adsorbents loaded on the GP system, suggesting potential for further

investigation into other types of adsorbents.

The further investigation on the breakdown of the adsorbents and
resulting distribution of the functional groups / iodide is required to
achieve acceptable performances in terms of iodine retention, likely
adjusting the overall alkalinity of the GP matrix and therefore acting on
the basic formulation used. In addition, durability testing that enables
comparison to other iodine wasteform concepts is important to enable
decision making on the best concept for iodine capture and disposal.
Overall, this work evidences the potential for cement-based wasteforms
to encapsulate radioiodine-loaded adsorbents if it can be shown that
iodine retention is sufficient for disposal conditions. Therefore, this
work contributes to a potential “Near Zero” discharge policy and high-
lights the importance of synergy in design and implementation of
adsorbent materials and the final wasteform to be used for radioiodine
abatement.
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