AT

Karlsruhe Institute of Technology

2021 Annual Workshop Proceedings
of the CORI WP in EURAD

M. Altmaier (Ed.)

S

———
—

——
ey

—
e

———
———
R

—

www.kit.edu

KIT — The Research University in the Helmholtz Association



This document provides scientific and technical reports related to
the presentations given at the 2021 Annual Workshop of the
EURAD WP on Cement-Organics-Radionuclide-Interactions (CORI)

el

* *

. *

* *

* *

* g x

C o

R 1

Acknowledgement: This project has received funding from the
European Union’s Horizon 2020 research and innovation
programme under grant agreement No 847593.

Institut fiir Nukleare Entsorgung (INE)

Hermann-von-Helmholtz-Platz 1
76344 Eggenstein-Leopoldshafen
www.ine.kit.edu

Impressum

Karlsruher Institut fir Technologie (KIT)
www.kit.edu

[ONolel

This document is licensed under the Creative Commons Attribution — Share Alike 4.0 International
License (CC BY-SA 4.0): https://creativecommons.org/licenses/by-sa/4.0/deed.en

2024

URL: http://www.ine.kit.edu/53.php
ISSN: 2701-262X
DOI: 10.5445/IR/1000173343

KIT — The Research University in the Helmholtz Association


https://creativecommons.org/licenses/by-sa/4.0/deed.en

This document provides scientific and technical reports related to the
presentations given at the 2021 Annual Workshop of the EURAD WP
on Cement-Organics-Radionuclide-Interactions (CORI)

The Annual CORI Workshop in 2021 was held during four days as a video meeting between
Thursday 25.11.2021 and Monday 29.11.2021. During this CORI event, several groups
involved in CORI provided presentations on the technical progress related to the work in the
respective Tasks. The S&T contributions summarized in this documents capture the status of
the studies in CORI at that time. They have been reviewed at the WP CORI level, including
input from the End Users in CORL

The CORI (Cement-Organic-Radionuclide-Interactions) Workpackage integrated into EURAD
(EURAD — European Joint Programme on Radioactive Waste Management, https://www.ejp-eurad.eu)
performs research to improve the knowledge on the organic release issues which can accelerate the
radionuclide migration in the context of the post closure phase of geological repositories for ILW and
LLW/VLLW including surface/shallow disposal. The R&D in CORI extends the current state-of-the-
art and will contribute to optimize disposal solutions and consider questions of regulatory concern.
CORI results will help member states to further develop their national R&D programs and support
programs at an early implementation stage.

CORI research addresses topics in the context of cement-organics-radionuclides-interactions.
Organic materials are present in some nuclear waste and as admixtures in cement-based materials and
can potentially influence the performance of a geological disposal system, especially in the context of
low and intermediate level waste disposal. The potential effect of organic molecules is related to the
formation of complexes in solution with some radionuclides of interest (actinides and lanthanides)
which can (i) increase radionuclide solubility and (ii) decrease radionuclide sorption. Organic
substances require special attention since a significant quantity exists in the waste and in the
cementitious materials, with a large degree of chemical diversity. Cement-based materials will be
degraded with time, leading to specific alkaline pH conditions under which the organics can degrade,
thus increasing their impact on repository performance.

The three R&D Tasks in CORI in which the contributions in this proceedings are integrated are:



e Organic Degradation. Focus is on the characterization of soluble organic species generated
by radiolytic and hydrolytic degradation of selected organics (PVC, cellulose, resins,
superplasticizers). Studies also include the analysis of degradation and stability of small
organic molecules such as carboxylic acids and the determination of degradation rates.

e Organic-Cement-Interactions. Studies focus on investigating the mobility of selected
organic molecules in cement-based materials. Mobility of organic molecules includes
sorption and transport properties. Organics also include small C bearing molecules as
identified in the EC EURATOM project CAST. Both retention on individual cement phases
and cementitious systems are investigated.

o Radionuclide-Organic-Cement-Interactions. Radionuclide migration processes are studied
in the ternary system. The role of organic molecules on the transfer properties of
radionuclides are investigated through sorption and transport experiments. Selected
radionuclides cover a range of chemical characteristics and redox states relevant for
conditions in L/ILW disposal.

CORI has produced a state-of-the-art document, which gives additional technical background
information on the topics investigated in the project. This may provide complementary information to
the technical R&D studies summarized here. The SOTA document from CORI (Deliverable D3.1) is
available for download via the EURAD homepage at:

https://www.ejp-eurad.eu/publications/eurad-d3 1 -cori-sota-cement-organic-radionuclide-interactions-
content-lilw-disposal

Karlsruhe, 20" Dec 2023,
Marcus Altmaier

(WP CORI Leader on behalf of the CORI team)
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Abstract

In this study the role and significance of phthalates as organic degradation products of waste
constituents or cement additives on the migration behaviour of **'Am and "’Eu in a cementitious
repository environment were investigated. The sorption of I 4m and "’Eu at tracer concentration on
hardened cement pastes (HCP) prepared from a CEM V/A 42.5N was studied in batch experiments
under anoxic conditions in the presence and absence of phthalate. Preparatory solubility tests showed
that phthalic acid concentrations up to 1 mM have no impact on the dissolved and colloidal fractions
of *"Am and ’Eu in cementitious waters. In the absence of organics, a strong uptake of **’Am and
2By on the CEM V/A HCP was observed with distribution ratios, Ry, in the order of 10°to 10° L kg’l .
The uptake of **'Am and "’Eu uptake was found to be dependent on the aqueous phthalic acid
concentration, leading to a decrease of the Ry values of several orders of magnitude at phthalic acid
concentrations of 100 mM. The reduction of the **' Am and "’ Eu uptake in the presence of phthalic acid
is attributed to the destabilisation/dissolution of C-S-H/C-A-S-H due to increasing Ca-complexation by
phthalate in solution.

1 Introduction

The safety concept for deep geological disposal of nuclear waste is based on the confinement of the
radioactive material over a long period of time by the combination of natural and engineered barriers
(multibarrier system). The geological barrier is provided by the surrounding host rock and its inherent
isolating properties. The engineered barrier system isolates or retards radionuclide migration towards
the geological barrier and further stabilizes the repository system. Many disposal concepts for
radioactive wastes developed internationally make extensive use of cementitious materials for example
for solidification and stabilisation of low and intermediate level wastes, or as construction materials and
backfill in near surface and deep geological disposal facilities (e.g., ANDRA, 2005; Drace and Ojovan,
2013; ENRESA, 1995; Jantzen et al., 2010). This is due to the general radionuclide fixation and
immobilisation properties of cementitious materials and their low permeability and diffusivity.
However, the impact of organic degradation products, derived either from waste constituents or from
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cement additives, on radionuclide solubility and sorption in cementitious environments is not
completely understood. In alkaline media, short-chained organic compounds such as phthalate ions
(CsH404*) have been confirmed as possible degradation products of superplasticizers used as additives
to enhance the workability of concrete or as degradation products from PVC plasticizers such as di-
isononyl phthalate (DINP) or di-isodecyl phthalate (DIDP) (cf., Garcia et al., 2018; Colombani et al.,
2009; Smith et al., 2013) . Here, we investigate the potential effect of phthalates on the solubility and
sorption of trivalent actinides and lanthanides in cementitious environments. First, preliminary
solubility tests were performed to assess i) the effects of the phthalate on the solubility of >*! Am and
1532y, ii) the sorption of **'Am and '’Eu to the walls of the centrifuge tubes used in sorption
experiments, and (iii) the potential binding of **' Am and '5?Eu to colloids, which can be generated in
cementitious waters. Moreover, batch sorption experiments were performed to quantify the *' Am and
152By uptake in cementitious materials and assess the effects of phthalates on their sorption behaviour.

2 Materials and methods

2.1 Preparation of HCP

The hardened cement paste (HCP) was manufactured by the Commissariat a 1'énergie atomique et
aux énergies alternatives (CEA) in February 2016 from a CEM V/A cement (CEM V/A (S-V) 42.5N
CE PM-ES-CP1 NF, Calcia, Rombas) with a cement/water ratio of 0.40 as described by Mac¢ et al.
(2019). The CEM V/A is a ternary blended cement consisting of 54% Ordinary Portland cement, 23%
blast furnace slag (BFS), and 23% fly ash (FA), and is expected to be used in the French nuclear waste
disposal program (cf- Bildstein and Claret, 2015; Claret ef al., 2018). The HCP cylinders (diameter = 5
cm and hight = 5 cm) were stored at room temperature in a glove box under controlled atmosphere (Ar)
to avoid carbonation. The HCP was mechanically crushed for use in batch sorption experiments.

CEM V/A water was prepared by immersing crushed HCP in Milli-Q® water (Millipore, 18.2
MQ cm! at 25 °C and total organic carbon TOC content = 2 ppb) at a solid-to-liquid ratio of 12 g L™!
(Pointeau et al., 2004a). The degradation state III free of portlandite was obtained with a resulting pH
of 12.2, which is regulated by the dissolution of C-S-H phases. Table 1 shows the chemical composition
of the equilibrated solution used in the preliminary solubility tests and the batch sorption experiments.

Table 1: Chemical composition (in mol L) and pH of the solution equilibrated with HCP CEM V/A used in the
preliminary solubility tests and the batch sorption experiments.

CEM V/A water Na K Si Ca pH

5.0410* | 1.2210° |9.2410° | 6.4610° 12.2

2.1 Solubility tests

The solubility tests were carried out in a glove box under a controlled Ar atmosphere (O, and CO;
concentrations < 5 ppm) following the experimental procedure of Tits and Wieland (2018). The batch
solubility tests were carried out in 40 mL polypropylene centrifuge tubes, which were thoroughly
washed and left overnight in a solution of 0.1 M HCI, then rinsed with Milli-Q® water. For the solubility
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tests three different concentrations of 2! Am and '3?Eu (between ~10® M and ~10-'° M; stock solutions
of the radionuclides were obtained from Eckert & Ziegler Nuclitec GmbH) were employed in CEM
V/A water in the presence and absence of phthalic acid. Phthalic acid (99.5%, Sigma-Aldrich) stock
solutions of 0.1 M were prepared and diluted to obtain the required initial concentrations in the
experiments. The concentration of phthalic acid in the solubility tests ranged between 10~ and 10~ M.
After selected times, aliquots were withdrawn from the solutions before and after centrifugation
(6,000 rpm ,1 hour) and analysed for 2! Am and '*>Eu with liquid scintillation counting (TriCarb 3100
TR, Perkin Elmer, Freiburg, Germany) using Ultima Gold (Perkin Elmer) as scintillation cocktail.

2.2 Batch sorption experiments

Batch sorption studies with 2! Am and '>Eu on CEM V/A HCP were carried out in a glove box
under Ar atmosphere (O, and CO; levels < 5ppm) at different concentrations of phthalic acid
(concentration range 10" M to 10° M) and in absence of phthalic acid; initial **'Am and "S?Eu
concentrations in the experiments were 10 to 107 M and 3.0:-10® to 5.0-10""" M, respectively. The
centrifuge tubes (polypropylene) were thoroughly washed and left overnight in a solution of 0.1 M HCI
before rinsing with Milli-Q® water. The experiments were performed with a fixed solid/liquid ratio of
5-10* kg L'!. Before adding the radionuclides, the suspensions which consisted of the powdered HCP,
CEM V/A water, and phthalic acid, were equilibrated for at least 5 months and the pH was adjusted to
reach 12.2 after phthalic acid addition. Aliquots from the 2*' Am and '3?Eu labelled solutions were added
to each of the polypropylene centrifuge tubes which remained static for 7 days; based on literature data,
this time is sufficient to reach steady state conditions in the system, due to the fast uptake kinetics of
An(IIT)/La(I1I) on cementitious materials (cf. Tits and Wieland, 2018). After one week equilibration
time, the suspensions were centrifuged (6,000 rpm, 1 hour). The activities of the tracers in the
supernatant solution were determined by liquid scintillation counting as described above. The results of
the sorption tests were expressed in form of the distribution ratio R4 [L kg'!'] (Equation 1). The results
generated in the solubility tests are used in the calculations of the distribution ratios R4, by considering
the wall sorption effects and the formation of >*! Am and '>?Eu colloids as described in Tits and Wieland
(2018), i.e.,

Ry =2 = (Ainput_Awall_Al) _ (K) _ (Asusp‘Al) : (K) Equation 1

A A m A m
where

As [Bq kg''] is tracer activity on the solid phase,

A [Bq L] is the tracer activity in solution at the end of the experiment,
Ainpue [Bq L] is the initial tracer activity in solution,

Awan [Bq L'] is the tracer activity sorbed on the wall of the centrifuge tubes,
Asusp [Bq L] is the tracer activity determined in suspension,

V' [L] is the volume of the liquid phase, and

m [kg] is the mass of solid phase used in the experiment.
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2.3 Thermodynamic modelling

To aid interpreting the batch sorption experiments in presence of phthalate, the aqueous speciation
of the components in solution and saturation indices of relevant phases were calculated using the
geochemical code PhreeqC Ver. 3.5.0 (Parkhurst and Appelo, 2013) and GeoChemist’s Workbench
(GWB) Ver. 11.0.8 (Bethke, 2008). The ThermoChimie v.10d thermodynamic database (Consortium
Andra — Ondraf/Niras —- RWM; Giffaut et al., 2014; Grivé et al., 2015) was used for the thermodynamic
modelling. The activities of aqueous species were calculated using the specific ion interaction (SIT)
approach (PhreeqC; cf. Brensted, 1922; Guggenheim, 1935; Scatchard, 1936) or the B-dot equation
(GWB; ¢f. Bethke, 2008).

3 Results and discussion

As illustrative examples of the solubility tests, the ! Am and '*?Eu concentrations in the CEM V/A
water are shown in Figure 1 as a function of the phthalic acid concentration for different initial
radionuclide concentrations. Already a first decrease of 2! Am and '*?Eu concentrations in comparison
with the input concentrations can be observed before the centrifugation. This decrease of the
concentrations of **!Am and '"?Eu is due to the sorption on the walls of the centrifuge tubes. After
centrifugation, a further decrease in the activity of **! Am and '5°Eu is observed, which can be explained
by the presence of **!Am and '’Eu colloids generated in CEM V/A water and settled during
centrifugation. The presence of phthalate at different concentrations shows no influence on the input
and output concentrations of 2! Am and '3Eu in CEM V/A water, i.e., do not influence the solubility of
the radionuclides and their sorption to the centrifugation tubes and colloids, respectively. Though
phthalates are strong complexing ligands at near neutral conditions, under cementitious conditions their
impact on the speciation and solubility of **' Am and '*?Eu is negligible (Figure 2). Assuming amorphous
Am(OH); and Eu(OH); as solubility limiting phases, the calculated concentrations under the
experimental conditions (cf. Table 1) remain unaffected by addition of phthalate up to concentrations
of 0.1 mol kg!, with Am and Eu concentrations of 5.5:107'° and 2.6-10° M, respectively. The
contributions of the aqueous Am- and Eu-phthalate complexes to the total radionuclide concentrations
were less than 10 % even at the highest phthalate addition. Based on the PhreeqC calculations, major
radionuclide and organic species in solution are Eu(OH);(aq) or Am(OH)s(aq), respectively, as well as
phthalate (CsHs04>) and Ca-phthalate ((Ca(CsH4O4)%)).
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Figure 1: ** Am and '’Eu concentration in HCP CEM V/A equilibrated water as a function of the phthalic acid

concentrations after 7 days and 7 months equilibration, at different initial concentration of **' Am and '>’Eu.
Background electrolyte is the CEM V/A water at equilibrium with the HCP at degradation state I11.
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Figure 2: Solubility of Am (top) and Eu (bottom) in the absence (left) and presence (right) of 10 mmol kg™
phthalate in a solution containing 5-107° mol kg Ca as function of pH (Thermodynamic database:
ThermoChimie V10d).

The results of *!Am and '*?Eu batch sorption experiments with CEM V/A HCP are shown in
Figure 3. In the absence of phthalate, Rq values of 2! Am and '*?Eu are in the range 10° L kg! < Rq <
10° L kg'!. These values are in good agreement with the results obtained in the literature (cf. Tits and
Wieland, 2018; Pointeau et al., 2004b; Pointeau et al., 2001; Ochs et al., 2016), considering that in
absence of organics, the mentioned authors did not observe a distinct effect of the degradation state on
An(II)/Ln(I1I) sorption. The uptake of >*' Am and '*’Eu is associated with their incorporation into the
C-S-H structure, substituting for Ca®" in the C-S-H interlayer and in the Ca-octahedral layer (cf. Tits et
al., 2003; Tits and Wieland, 2018). In the investigated systems, **' Am and '*?Eu uptake by HCP CEM
V/A was found to be strongly dependent on the aqueous phthalate concentration. The results in Figure
3 show a plateau of the uptake at low phthalate concentrations (< 10° M), where the R4 values are similar
to those in absence of phthalate, followed by a distinct decrease in the Rq values above a so-called
“concentration edge” (Tits ef al., 2005). Above the “concentration edge” the R4 values of **'! Am and
152Eu decrease by several orders of magnitude to values of about 10° L kg < Rq < 10* L kg'!. Due to
the negligible presence of phthalate complexes of **' Am and '*?Eu under cementitious conditions, this
“concentration edge” cannot be explained by complexation with the organic compound but rather
suggests an effect of the phthalate addition on the cementitious material used in the sorption
experiments.
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Figure 3: Effect of phthalate on ** Am and '*’Eu uptake by CEM V/A HCP (solid/liquid ratio = 5-10* kg L/,
pH = 12.2, 1 week of equilibration, co**'Am) = 10 — 107" M, and co("*’Eu) = 3.0-10%— 5.0-10""" M).

In Figure 4, the calculated aqueous speciation of Ca in the solution equilibrated with HCP CEM V/A
is shown as function of the phthalate concentration. At phthalate additions above approximately
10 mol kg'! the contribution of the aqueous Ca-phthalate complex (Ca(CsH404)°) to the total Ca
concentration increases sharply, becoming the dominant Ca-complex at phthalate concentrations above
about 102 mol kg'. The increasing organic complexation of Ca in solution causes the
dissolution/destabilisation of Ca-bearing phases in the cementitious material, leading in particular to a
decalcification of C-S-H/C-A-S-H phases, which are the main sorbing phases for An(Ill)/Ln(Ill) in
cementitious materials. The destabilisation of C-S-H is indicated by the calculated saturation indices.
As expected in the absence of the organic complexant and at low phthalate concentrations (< 10
mol kg!), the solution equilibrated with CEM V/A is practically in equilibrium with C-S-H with low
Ca/Si ratio (CSHO0.8 ; saturation index SI = 0). With increasing phthalate addition, the SI for CSHO0.8
decreases to about —0.8 (at 10"! mol kg! phthalate), indicating the increasing destabilisation of this
phase.
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Figure 4: Calculated Ca-speciation in the solution equilibrated with HCP CEM V/A as function of the
phthalate concentration ([Cali: = 6.5 mM and pH = 12.2).

5 Concluding perspective

In this study, the impact of phthalates, which might be present in a cementitious repository as
degradation products of superplasticizers or PVC additives, on the migration behaviour of trivalent
actinides and lanthanides was investigated. Batch sorption experiments on HCP CEM V/A, intended
for use in the French repository program, confirmed the strong uptake of An(111)/Ln(Ill) on cementitious
materials. The results indicate that above a no-effect level of about 1 mM, the presence of phthalate
ions will lead to a strong sorption reduction of trivalent actinides and lanthanides in a cementitious
repository, increasing their mobility within the engineered barrier system. However, this sorption
reduction is not caused by the complexation of the radionuclides by the organic ligand but is rather due
to the decalcification of C-S-H/C-A-S-H as sorbing phases as consequence of the increasing formation
of Ca-phthalate complexes. The role and significance of phthalates on the migration behaviour of > Am
and '3?Eu in a cementitious repository will be further explored in diffusion experiments using CEM V/A
monoliths as well as in bottom-up studies using C-S-H/C-A-S-H phases synthesised according to the
method of L’Hopital et al. (2015).
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Abstract

One of the objectives of CIEMAT in CORI was to analyse the effects of cellulose degradation
products on the mobility of different radionuclides (RN) in cement. The isosaccharinic acid is reported
to be the main important degradation products of the cellulose under alkaline conditions and it has
been widely studied. However, the chemistry of the environment may affect both the final degradation
products and the effects that they may have on RN migration.

In this study we analysed the degradation of pure cellulose under alkaline conditions, under different
chemical conditions (dominated either by Ca or Na/K), to compare the extent of degradation and the
effects of the degradation products formed on the adsorption of Ni in cement.

The degradation of cellulose was more effective in solutions where alkali ions dominated and
according to that, Ni adsorption in cement was lessened more under the “fresh” than in degradation
Stage (1l) conditions.

Introduction

In the context of low-intermediate level radioactive waste disposals, cements are widely used for the
containment of the waste. Many different types of organic materials like, paper, plastic, tissues etc., can
be co-stored with the radioactive waste, that can undergo to alkaline and radiolitic degradation. The
formation of organic ligands is of concern because they may form very stable aqueous complexes with
radionuclides and affect their mobility by increasing their overall solubility.

Cellulose (CsH10Os)n, with n>200 is the main constituent of paper, wood and other textile product;
many studies recognised that the most important degradation product of the cellulose under alkaline
conditions is the isosaccharinic acid (ISA) (Glaus et al. 1999; Pavasars et al, 2003), which has been
widely studied in the frame of low-medium waste radioactive waste repositories, in which the principal
containment material is cement. The methodology to produce ISA is standardized, and in most of the
cases, the soluble Na-(aISA) is used in the experiments.

Degradation of cellulose in different chemical environments may be different from a kinetic point
of view or lead to different degradation products (Knill & Kennedy, 2003). These variations could have
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possible implications on radionuclide behaviour in the system, and it is interesting to analyse them more
in detail using degradation products obtained under different chemical conditions.

Materials and methods
Cellulose

The cellulose used for the experiments was a chemical from Sigma-Aldrich (CAS: 9004-34-6), a
microcrystalline powder of 20 um. The carbon in cellulose is around 44% of the solid. This pure
cellulose was suspended in five different alkaline solutions, at a solid to liquid ratio of 1 g-L!, to analyse
the extent of degradation in each case. The suspensions were prepared and maintained under N,
atmosphere during all the test duration.

Aqueous solutions

The aging of the cellulose has been carried out in different alkaline solutions, namely: a) 1.4 M
NaOH (pH=13.95); b) 0.046 M NaOH (pH=12.64); ¢) 0.016 M Ca(OH). (pH=12.45); d) synthetic water
representative of fresh cement, and e) synthetic water representative of Stage(Il) of cement degradation,
Deg(II). The initial composition of the two synthetic waters is summarised in Table 1.

Table 1: Initial composition of the synthetic waters used in the experiments.

[mg-L1] Fresh Deg(II)
Al 1.2 <0.03
Ca 3.9 450
K 6100 240
Na 2100 67
Si 19 1

TOC <2 <2
pH 13.3 12.4

To determine the progressive degree of degradation, the total organic carbon, TOC, leached in
solution, was periodically measured. All the samples were filtered by 0.1-0.2 pum syringe filters
(Millipore). Apart from TOC measurements, the analysis of the different suspensions was carried out
by UV-Vis. The initial cellulose powder and the degraded cellulose were analysed by ATR FTIR
Preliminary analyses on the supernatant solutions were carried out also by high performance anion-
exchange chromatography with pulsed amperometric detection, HPAEC/PAD.

Cement

The cement used in these tests is the reference CEM I provided to the CORI participants by the
Czech team. The hardened cement paste was prepared in the laboratory and after 28 days curing, it was
crushed and sieved to <0.1 mm. Part of the powder was degraded to Stage (II), washing with deionised
water (DW) and synthetic Deg(Il) water, using a standard procedure. The solids were characterised by
XRD and ATR-FTIR. The natural content of Ni in the initial cement powder was 32 ppm. As reported
in Wieland et al. (2006), Ni can be in the form of Ni-Al hydrotalcite-like solids.
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Sorption tests

For the adsorption tests the isotope ®Ni was used. The distribution coefficient for *Ni was
determined in fresh and Stage (IT) degraded cement (1g-L'") without and with the presence of the
cellulose degraded in the respective waters. The contact time was 7 days.

The distribution coefficient for °Ni was determined using the following formula:

Ka(Ni) = Cniini — Cnifin V
Cnifin m

being Cniini and Cnin the initial and final **Ni concentration in solution [Bq-mL'], V the volume of
the solution [mL] and m the mass of the solid [g]. The activity of ®*Ni was measured by liquid
scintillation counting (LSC) with a TriCarb 4910TR counter. The non-negligible presence of Ni in the
cement, indicates that isotopic exchange can be a relevant process in this system (Wieland et al., 2006),
but this aspect will not be discussed here.

Results and Discussion

Cellulose degradation

Figure 1 shows the TOC leached as a function of time from the cellulose suspended in the different
alkaline solution and, in particular, from fresh and Deg(II) water. All the measurements were carried
out upon filtering by 0.2 um.

Results indicate that in the fresh water (and 1.4 M Na(OH) ) the degree of degradation, estimated by
measuring the TOC, is significantly higher than in other solutions. In particular, cellulose degradation
in fresh water is approximately ten times higher than that observed, under the same time span, in Deg(II)
water.

--4-- Fresh Water ---@--- Deg(ll) water B Na(OH)1.4M
A Na(OH) 0.046 M ¢ Ca(OH)20.016 M
350
30049 0= a
O [
-~ 2503 cee
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’," _‘-_‘___._ ------------------------- @ @ @
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Figure 1: TOC leached in solution from cellulose (1 g-L™!) suspended in different alkaline solutions.
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Figure 2: ATR FTIR spectra of the initial cellulose and cellulose degraded in different solutions.

The initial solid and the degraded solid (upon centrifuging and drying) were analysed by ATR-FTIR.
Figure 2 shows the spectra of the initial cellulose, compared to the spectra of the material degraded in
Na(OH) 1.4 M or Ca(OH)2 0.016 M. It can be observed that the mayor changes in the cellulose are
observed when it is treated in the sodium hydroxide solution.

In part, this effect can be related to the higher pH of the mentioned solutions, but the dominating ion
in solution may also have a role on the degradation (Li et al., 2017) and the different chemical
environment may be the responsible of the formation of different final degradation products.

Additionally, we observed that the suspensions of cellulose in Na-solutions and in fresh water (in
which alkali ions dominate), acquired a yellowish tone, whereas the others remained clear. The
formation of chromophores during cellulose degradation, has been already observed (Ahn et al., 2019),
even the reason why this can occur is not totally clear. The spectra obtained by UV-Vis spectroscopy
of the different supernatant are shown in Figure 3, where it could be confirmed that, in effect, only those
solutions in which the alkali ions are predominant, show a clear UV-Vis adsorption peak. Apart the
different colour acquired during the test, preliminary tests showed that the aqueous solutions are not the
same.

The analysis by HPAEC/PAD of fresh and Deg(Il) waters upon the contact with the cellulose
showed that the main peak identified, by comparison with the reference sample, was that of
isosaccharinate (Figure4). However, in the case of Deg(Il) water one additional (unidentified) peak was
observed, but in the case of fresh water two additional peaks were present. These samples were
compared with other references (lactic, formic, acetic, levulinic, propionic acid) which presence was
not detected.
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Figure 3: UV-Vis spectra of the different solutions in contact with cellulose.
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Figure 4 Chromatogram spectra of isosaccharinic acid (black); supernatant of degraded cellulose in fresh
water (pink); ); supernatant of degraded cellulose in Deg (II) water (blue).

Effect of cellulose degradation products on Ni retention

Batch sorption experiments to determine the effects of these “real” cellulose degradation products
on Ni retention were carried out with fresh and Deg(Il) cement (CEM I), in their respective fresh and
Deg(II) waters and also in fresh and Deg(Il) water in which cellulose was degrading during 722 days.
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The distribution coefficients obtained in without and with the cellulose degradation products (CDP) are
summarised in Table 2.

Table 2: Distribution coefficients (**Ni) obtained for CEM I in the different waters (with and without cellulose
degradation products, CDP) in mL-g”. [P®Ni]=1.1-10° M

Fresh Water | Deg(Il) Water | Fresh Water | Deg(Il) Water
+ CDP + CDP
CEMI 1370+ 167 7646% 1550 556+ 55 7000% 970
(Czech)

The calculated distribution coefficients are higher in Deg(II) water than in fresh water (a factor of
5.6). This agrees with the considerations made by Ochs et al. (2016), which estimated higher K4 values
for Ni in degraded State (II) than for fresh conditions, but the values determined here are slightly of
higher than those proposed in Ochs et al. (2016).

In respect to the variation Kq values in the presence of the cellulose degradation products, in
the case of fresh water a decrease was observed (almost a 60 % of the initial value), which was
not so clear in the case of the Deg(Il) cement, considering the experimental errors (near the 8
%). This agrees with the higher degradation of the cellulose in the presence of alkalis that has
been observed in Figure 1. Other factors may play a role in the difference observed such as
ISA sorption on cement (probably higher in Deg-II water) and eventually, sorption of Ni-ISA
complexes on cement.

Conclusions

The degradation of pure cellulose has been analysed in different alkaline solutions. It has been shown
that the presence of alkalis induces a higher degradation of the material: particularly in a “fresh” cement
water the degradation was 10 times more efficient than in Stage (II) cement water. The main degradation
product that could be identified in both waters was isosaccharinate, but was not the only organic formed.

The distribution coefficients of Ni in CEM (I) were determined in fresh and Stage (II) degraded
cement in the presence of the degradation products of cellulose. The effect of these degradation products
was especially evident in the “fresh” system with a reduction of the distribution of approximately a 60
% of the initial value.

Future studies are necessary to understand whether this effect is produced only by the higher quantity
of organic formed in the “fresh” system or if differences in the cellulose degradation products obtained
under different chemical conditions, may be also relevant. Other factors such as sorption of ISA and
sorption of Ni-ISA complexes may also play a role.
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Abstract

Understanding the interaction of radionuclides and organic molecules with cementitious materials
is a key component of nuclear waste repository safety cases. In this work we examine the adsorption of
adipate, phthalate, isosaccharinate (ISA), and uranium to calcium aluminium silicate hydrates (CASH)
with different aluminium contents as representative cement hydration products. Our results show no
significant sorption of adipate and phthalate to the solid phases. For ISA, there was measurable
sorption to low aluminium content CASH but little to no sorption to the high aluminium content CASH.
The sorption affinity of uranium for all CASH phases was extremely high, with solution concentrations
largely being below the instrument detection limit. The presence of ISA increased the measured
concentration of uranium in solid-free experiments. However, in parallel sorption experiments, its effect
on sorption was only detectable in experiments performed with very low solid:solution ratios.

1 Introduction

Nuclear energy contributed 10.3% to global electricity production in 2019 (IEA, 2019). As the
urgency to combat the climate crisis grows, nuclear energy has been identified by some countries as a
key low carbon technology for achieving ambitious and urgent climate change mitigation. (IAEA, 2020;
IEA, 2019a). Deep geological repositories (DGR) are considered the most practical and effective way
to safely isolate the associated radioactive waste for the long timeframes needed, relying on both
engineered and natural barriers (Birkholzer et al.,, 2012). Cements feature extensively in waste
repository scenarios being used as structural materials for construction of vaults and tunnels as well as
backfill materials and as encapsulants for storage and transport of active wastes (Glasser and Atkins,
1994). Importantly, they can affect the behavior of dissolved species and may act as significant sorbents
for organics and radionuclides (Li and Pang, 2014; Ochs et al., 2015; Wieland et al., 2016; Garcia et
al., 2020).

Calcium silicate hydrate (C-S-H) is the main hydration product in cement, constituting 60-70% of a
fully hydrated paste. When fly ash is added as a supplementary cementitious material to improve the
properties of the cement, the aluminium from this additive can become incorporated into C-S-H
structures producing C-A-S-H (calcium-aluminate-silicate-hydrate) phases with different structures and
higher chain lengths than those of C-S-H (Kalousek, 1957; Faucon et al., 1998; Sun et al., 2006;
Lothenbach et al., 2011; L’Hopital, 2014; Haas and Nonat, 2015). The sorption properties of CASH in
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the context of radionuclides have received only minimal attention (Li and Pang, 2014; Olmeda et al.,
2019).

Given the multitude of operations in nuclear energy production, there are a variety of waste matrices
with complex compositions. In this context, organic materials are of special relevance as they have the
potential to affect radionuclide behavior. The sources of the organics include cellulose materials, spent
ion exchange resins, and PVC tubes (IAEA, 2009; Gaona et al., 2008; Felipe-Sotelo et al., 2012; Boggs
et al., 2013; Ochs et al., 2014; Gonzalez-Siso et al., 2018; Keith-Roach, 2008; Tasi et al., 2018;
Brinkmann et al., 2019;).

The work presented here describes ongoing research into the interaction of three organic molecules
(adipate, phthalate, and ISA) and uranium with calcium aluminium silicate hydrates. Adipate and
phthalate were selected as commonly used additives in plastics manufacturing while isosaccharinic acid
(ISA) is a product of the alkaline hydrolysis of cellulose (Rahman and Brazel, 2004).

2 Material and Methods

2.1 Calcium Aluminium Silicate Hydrates

In this text, solid cementitious phases are referred to as CASH x1-x2 where x1 refers to the
theoretical Ca/Si ratio and x2 refers to the theoretical Al/Si ratio. For CASH phases, the ratios 1.2-0.05
and 1.2-0.02 were chosen based on previous work looking at sorption of radium to CASH (Olmeda et
al., 2019). Synthesis was performed in an anaerobic chamber under a N, atmosphere (CO, < 10 ppm
and O, < 10 ppm) to prevent carbonation based on the procedure reported in Olmeda et al. (2019).
Samples were prepared by adding deoxygenated deionized water (DDW) to weighed amounts of
reagent grade CaO, SiO,, and AI(NOs);-9H,0. The mass of each solid was chosen to achieve both the
desired Ca:Si and Al:Si ratios and a solid:liquid ratio of 10 g-L'. The pH and conductivity of the
solution phase were monitored periodically during equilibration. Synthesis was considered complete
when there was no significant change in these values, typically a period of 28 days.

After the synthesis period, aliquots of the suspension were transferred to 15 mL centrifuge
tubes. The tubes were removed from the glovebox for centrifugation (2600 g, 10 minutes: nominal
particle size cut-off 0.5 um) then returned to the glovebox, and the supernatant passed through a 0.22
pum nylon syringe filter. The filtrate was acidified as necessary, and the solid phase left to dry inside the
glovebox for 72 h before characterization. The concentration of Ca in the filtrate was determined with
ion chromatography (ICS-2000 system, Dionex), Si and Al were measured with ICP-MS (model
7500cx, Agilent Technologies Inc.)

For solid phase characterization, scanning electron microscopy (SEM; FE-SEM - ZEISS
Ultraplus) was used to obtain images of the sample surfaces. Energy Dispersive X-ray Spectroscopy
(EDX; X-Max EDX detector, OXFORD Instruments) was used to obtain semi-quantitative chemical
composition analysis of the solid. The crystalline and semi-crystalline phase composition of solid
samples was determined via XRD (PANalytical X’Pert PRO MPD). The zeta potential of the CASH
1.2-0.05 suspension was determined with a Zetasizer Nano ZS (Malvern Panalytical). The results of the
aqueous, solid, and suspension characterization are summarized in Table 1. The characterization of the
samples was broadly consistent with that observed in a previous study with CASH solids (Olmeda et
al., 2019). Particularly, we note that the CASH 1.2-0.2 samples had a lower pH value (10.2) than that
reported by Olmeda et al. (11.0).
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Table 1: Representative aqueous and solid phase characterization of CASH suspensions used in experiments.
Reported Ca:Si and Si:Al molar ratios are taken from semi-quantitative EDX measurements.

Sample Ca (mol/L) Al (mol/L) Si (mol/L) | pH Ca:Si Si:Al ¢ potential (mV)
CASH 1.2-0.05 | 6.40 x 1073 9.44 x 106 273 x10% | 11.24 1.13 0.04 -2.35+0.73
CASH 1.2-0.2 1.38 x 1072 6.06 x 107 1.77 x 103 | 10.24 0.74 0.41 -

2.2 Organics

Na-(ISA)(s) was obtained following a 2-step reaction based on the methods described in Vercammen
(2000), Evans (2003), and Colas (2014) in which the calcium salt of isosaccharinic acid was prepared
from the alkaline degradation of a- lactose hydrate and then converted to the sodium form with an ion
exchange resin. The major crystalline phase identified in the X-ray powder diffraction diagram of the
dried solid was sodium isosaccharinate monohydrate, NaCsH ;06 H,O (Cambridge Structural Database
reference BERJAK). Semi-quantitative phase analysis by means of the Rietveld method showed 99.7%
sodium isosaccharinate. Stock solutions of ISA were prepared by dissolution of the solid in DDW inside
the glovebox.

Adipate and phthalate were obtained from commercial adipic (Sigma-Aldrich, BioXtra) and phthalic
(Sigma-Aldrich, ACS reagent) acids. Given the low solubilities of adipic and phthalic acid in water, to
achieve the higher concentrations in our experiments, stocks were made by dissolving solids in ethanol
(96%, Pharmpur, Scharlab).

Uranium stock solutions were prepared from a standard solution (PerkinElmer Pure Plus). Dilutions
were performed volumetrically using 2 % ultrapure HNO:s.

2.3 Sorption Experiments

Sorption experiments were performed in an anoxic glove box under a N, atmosphere using the
suspensions from the original solid synthesis. Experiments were carried out in duplicate. Aliquots of
the respective suspensions were added to 15 mL propylene centrifuge tubes and then spiked with the
appropriate stock solution. Binary organic sorption experiments were performed with CASH 1.2-0.05
and CASH 1.2-0.2 at initial adipate, phthalate, or ISA concentrations of 1 x 10*to 1 x 102 M. Solid-
free experiments were performed using the solution from the relevant equilibrating suspension that had
been phase separated via filtration (0.22 pm). To assess the solubility of uranium in our systems, initial
uranium experiments were performed with solid-free CASH 1.2-0.05 and CASH 1.2-0.2 porewaters.
Samples were spiked with initial concentrations of 1 x 10® to 1 x 10 M uranium. Sorption experiments
were performed with initial uranium concentrations of 1 x 10 to 1 x 10® M. Following spiking, the
samples were left to equilibrate on an orbital shaker inside the glovebox.

Experiments were sampled at 14 days after spiking. For organic experiments, to ensure that this
equilibration period was sufficient, a subset of samples was also sampled sacrificially at 1 and 7 days
after spiking. At the sampling timepoint, the tubes were removed from the glovebox for centrifugation
(2600 g, 10 minutes: nominal particle size cut-off 0.5 um). The samples were returned to the glovebox,
and the supernatant passed through a 0.22 um nylon syringe filter. The pH of a portion of filtrate was
measured in representative samples. For CASH 1.2-0.05 experiments, pH values were 11.3 £ 0.2, for

C-3



CASH 1.2-0.2 they were 10.2 = 0.1. For organic experiments, an aliquot of selected samples was
acidified with concentrated HNOs to be analysed for major ions in solution. The remainder of the filtrate
was stored inside the glovebox until it was analysed for organic determination in solution via ion
chromatography. For uranium samples, the filtrate was acidified with ultrapure HNOs and the
concentration determined with ICP-MS.

3 Results and Discussion

3.1 Sorption of adipate, phthalate and ISA to CASH

The sorption of adipate, phthalate, and ISA to CASH 1.2-0.05 and CASH 1.2-0.2 was studied at
initial concentrations of 1 x10*to 1 x102 M. For adipate and phthalate, after 14 d equilibration, there
was no appreciable sorption to either CASH phase with measured concentrations in solid-free
experiments matching those in the presence of the solid (Figure 1 A-D). There currently exists little
published experimental data for the adsorption of phthalate and adipate on cementitious solids however,
our results suggest that sorption will likely be limited under repository conditions.

In the case of ISA, there was a small but significant amount of sorption observed at all initial
concentrations for solid containing CASH 1.2-0.05 experiments compared to the solid-free experiments
(Figure 1E). For the ISA CASH 1.2-0.2 experiments, there was no appreciable sorption at initial organic
concentrations of 1 X102 M and 1 x 10 M and only a very small amount of sorption at 1 x 10 M (<
10%).
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Figure 1. 14 day sorption of: adipate to (A) CASH 1.2-0.05 and (B) CASH 1.2-0.2; phthalate to (C) CASH 1.2-
0.05 and (D) CASH 1.2-0.2; ISA to (E) CASH 1.2-0.05 and (F) CASH 1.2-0.2. Closed symbols are for solid-free
experiments. Data plotted as calculated initial concentration in experiments against measured solution
concentration. Evror bars are the standard deviation of duplicate measurements.

Calculation of the speciation of each organic under the solution conditions of the CASH 1.2-0.05
experiments with initial concentration of 1 x 10~ M is shown in Figure 2. In the cases of adipate and
phthalate, speciation is either negatively charged or neutral. For ISA, approximately 16 % is calculated
to be present as the positively charged Ca(HISA)* species. Given the negative zeta potential measured
for the CASH 1.2-0.05 suspensions (-2.35 + 0.73; Table 1), it appears reasonable that there is
electrostatic attraction between the positively charged organic and the solid phase, facilitating the
formation of surface complexes. This does not necessarily occur in the case of negatively charged or
neutral solution species.
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Figure 2 Speciation of ISA, adipate and phthalate under the solution conditions of the experiments with CASH
1.2-0.05 (see Table 1) at concentration 1-10° M. Calculations were performed using GibbsStudio code coupled
with ThemoChimie vl0a database (Nardi A. & de Vries, 2017; Giffaut et al., 2014).

The sorption of ISA to CASH phases in the current experiment is plotted with selected literature
data for ISA sorption to CSH 1.2, Hardened Cement Paste (HCP) in degradation state I, HCP in
degradation state II, and CEM I (Ordinary Portland Cement) in Figure 3 (Van Loon et al., 1997; Garcia
et al., 2020). The trend in our data for CASH 1.2-0.05 follows that previously observed for a range of
cementitious material, although the extent of sorption is generally lower. For CASH 1.2-0.2, sorption
was only observed at the lowest concentration of ISA investigated (1 x 10 M) and the extent of sorption
at this concentration is shown to be much lower than for the other solids, including the CASH 1.2-0.05.

We modelled the CASH 1.2-0.05 ISA experimental sorption data with a Langmuir isotherm
considering only one adsorption site, with the following form (Eq. 1) (Dagnelie et al., 2014):

KL-C,

C— Eq.1
m  14KL-C, 4

de = q

where q. stands for the amount of adsorbed organic (mol-Kg™!), C. stands for the aqueous equilibrium

concentration of the organic (mol-L™), qm stands for the maximum adsorption capacity of the adsorbent

(mol-Kg™!) and KL stands for the sorption affinity of the organic towards the adsorbent. As seen in

Figure 3, a one-site Langmuir isotherm could explain the adsorption behaviour of ISA on the CASH

phase well, consistent with a previous modelling effort for the sorption of ISA on CSH 1.2 (Garcia et
al., 2020).
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Figure 3 Sorption of ISA to CSH 1.2 (Garcia et al., 2020), CASH 1.2-0.05 and 1.2-0.2 (current work), hardened
cement paste degradation state I (HCP_I) and state Il (HCP _II) (Garcia et al., 2020), and CEM I (Van Loon et
al., 1997). Error bars are the standard deviation of duplicate measurements. For clarity, error bars are not
included for literature data. Solid line is the 1-site Langmuir model for the CASH 1.2-0.05 data.

3.2 Solubility of uranium in CASH porewaters

Uranium was spiked into solid-free CASH 1.2-0.05 and CASH 1.2-0.2 porewaters with initial
concentrations ranging from 1 x10” to 1 x10® M. For CASH 1.2-0.05, at initial concentrations < 5 x
107 M, measured concentrations matched the initial concentration (Figure 4). However, at an initial
uranium concentration of 1 x 10 M, the measured concentration was 4.3 + 1.8 x 10" M, indicating the
precipitation of a solid uranium-containing phase. This measured concentration is above that predicted
for uranium in these experiments based on modelling of our porewaters. Similarly, for CASH 1.2-0.2,
while the measured concentration matched the initial concentration in the 1x 10 M sample, at 1 x 10-
¢ M the measured concentration was significantly lower than the initial value (Figure 4). Based on the
measured solution concentrations, 4 x 10”7 M was taken as the provisional solubility limit for uranium
in sorption experiments.
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Figure 4 Concentration of uranium in CASH 1.2-0.05 porewater (black triangles), CASH 1.2-0.2 porewater (red
squares), and CASH 1.2-0.05 porewater amended with 1 x 10* M ISA (green diamond), 1 x 10 M ISA (blue
cross) and 1 % 107 ISA (purple circle). Inset is bar plot of uranium solution concentration in CASH 1.2-0.05
porewater at initial concentration of 1 x 10°° M uranium in the absence and presence of ISA. Error bars are the
standard deviation of duplicate measurements except for the CASH 1.2-0.05 initial concentration 1 x 10°° M data
point where it is the standard deviation of quadruplicate measurements.

When ISA, at initial concentrations of 1 x 10 and 1 x 10> M was spiked into experiments with CASH
1.2-0.05 porewater and 1 x 10 M uranium, the measured concentration of uranium was higher than in
the absence of ISA. The measured concentration in the presence of 1 x 10 M ISA was 8.5+ 0.3 x107
M and 7.7 £ 0.5 x107 M with 1 x 102 M ISA, compared to 4.3 £ 1.8 x 107 M when ISA was not
present. The addition of 1 x 10* M ISA did not have a significant effect on the measured concentration
of uranium. The modelled speciation of U in these ISA addition experiments is shown in Figure 5. One
noticeable change in the speciation of U is the increasing fraction of U present as UO»(OH)4(HlIsa)™ at
the pH of the experiment (11.2) as the concentration of ISA increases. This suggests that the formation
of this species leads to the increased solubility of uranium in our systems.
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Figure 5 U speciation at [U] = 1-10° M under the solution conditions of the experiments with CASH 1.2-0.05
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using GibbsStudio code coupled with ThemoChimie vI0a database (Nardi A. & de Vries, 2017, Giffaut et al.,

2014). For clarity, species whose contribution never rises above 0.05 are not shown.

3.3 Sorption of uranium to CASH 1.2-0.05 and 1.2-0.2

In sorption experiments with CASH phases at 10 g-L! and initial uranium concentrations ranging
from 1 x 108 to 1 x 10 M, the solution concentration in all samples after 14 days of equilibration was
below the instrument detection limit (4 x 1071 M). Despite the observation that ISA could increase the
measured concentration of uranium in solid-free experiments, its presence, even at 1 X102 M, did not
lead to measurable concentrations of U in the sorption experiments. Taking the 10”7 M initial U sample
(the 10° M sample was excluded because of potential precipitation of U solids) and the instrument
detection limit, at the solid solution ratios in these experiments (10 g-L') we estimated a minimum log
Rd of 4.8 for uranium sorption to CASH 1.2-0-05 and 1.2-0.2.

Following these results, a set of sorption experiments were performed with CASH 1.2-0.05 at a
solid:solution ratio of 0.2 g-L"! and uranium at an initial concentration of 4 x10”7 M. These resulted in
measurable uranium solution concentrations and a calculated log Rd of 5.7, which is broadly
comparable to previously obtained values for U sorption to CSH at a pH value < 12 (Tits et al., 2014).
The addition of 1 x 103 M ISA decreased the log Rd value to 5.3, indicating that its presence can
increase the mobility of U in cementitious systems.

4 Conclusions and Future Work

In this work, we examined the sorption of adipate, phthalate and ISA, as well as uranium, to two calcium
silicate aluminum hydrates. No sorption of adipate or phthalate was observed while adsorption of ISA
was limited. In contrast, uranium sorption to both solid phases was extremely high. Despite evidence
for the formation of a uranium-ISA complex in solution, the addition of ISA did not demonstrate a
measurable effect on the adsorption of uranium to CASH at solid:solution ratios of 10 g-L™! possibly
due to a combination of the high sorption affinity of U for CASH solids and the detection limit of the
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measurement instrument. At a solid:solution ratio of 0.2 g-L! there was a small but significant reduction
in the extent of adsorption caused by the presence of ISA. However, given the extremely low
solid:solution ratios, and the relatively low concentration of ISA used (10 M) it remains unclear how
this would affect the mobility of uranium in an actual repository setting.
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Abstract

Cellulosic materials are widely used in the nuclear industry, and therefore make up a large quantity
of certain waste streams. Both during interim storage and final disposal, cellulose will undergo radiolytic
and/or hydrolytic degradation in cement water at highly alkaline pH. Under disposal conditions, the a
and P isomers of isosaccharinic acid (0- and B-ISA) are important cellulose degradation products.
Especially a-ISA has been shown to form complexes with radionuclides, which may facilitate their
migration from the waste to the biosphere. On the other hand, sorption of a-ISA on cementitious material
present in a disposal facility could counteract the enhancing effect of a-ISA on radionuclide migration.
In this study, the effect of pre-irradiation of cellulosic tissues on the production of soluble degradation
products, and more specifically ISA, under alkaline conditions was assessed during 3 months, as well
as the sorption of a-ISA on Portland cement degraded to state III.

The results show that pre-irradiation of cellulosic tissues enhances the production of ISA during
hydrolytic degradation. The ISA production rates and yield increased with the absorbed dose applied
during pre-irradiation, which can be linked to an increased number of radiolytic chain scissions with
increased absorbed dose. Under all test conditions of the degradation study, a- and B-ISA isomers were
produced equally. The sorption of a-ISA on cement degraded to state III was found to be lower than
previously observed on fresh cement. Moreover, it followed a one-site Langmuir sorption isotherm, with
a mild sorption showing a maximum solid/liquid distribution ratio of 109 + 67 L kg™'.

1 Introduction

Cellulose is an unbranched linear homopolymer of B(1,4)-linked D-glucopyranose monomeric units
and is broadly present in nature. Cellulosic materials are widely used in the nuclear industry, e.g. as
paper, tissues, filters, wood and textiles, and therefore make up a large quantity of certain waste streams.
In Belgium, cellulose-containing waste forms are proposed to be disposed of in either a surface facility
(for low- and intermediate-level short-lived waste) or in a deep geological disposal facility (for
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intermediate-level long-lived waste). Both Belgian disposal concepts foresee the emplacement of the
waste drums in thick-walled concrete containers or monoliths that will be placed inside concrete-lined
galleries. Due to the presence of large amounts of cement and concrete, water infiltrating the disposal
facilities and reaching the waste drums will have a highly alkaline pH, at least as long as the advective
water flow remains limited (Bleyen, 2020; ONDRAF/NIRAS, 2013, 2019).

During interim storage, but also under disposal conditions, cellulose is susceptible to degradation.
Indeed, due to the presence of radionuclides in the waste, radiolytic degradation will occur during
storage and disposal, under either oxic (storage) or anoxic (disposal) conditions. Radiation-induced
degradation of cellulose is known to lead to reactions in the polymer such as chain scission, gas
production, and formation of carbonyl and carboxyl groups (Arthur, 1958; Arthur, 1971; Charlesby,
1955; Ershov, 1998). Nevertheless, detailed information on the effect of the irradiation conditions on
the cellulose structure and properties is scarce.

Furthermore, under the anoxic and alkaline conditions imposed by the excess of cementitious
materials in disposal facilities, hydrolysis of cellulose will occur, resulting in the production of water-
soluble cellulose degradation products that may form strong complexes with radionuclides. This may
result in an increased radionuclide solubility and a reduced radionuclide sorption, which may facilitate
radionuclide migration (Allard and Ekberg, 2006; Gaona et al., 2008; Vercammen et al., 1999). Under
disposal conditions, the o and  isomers of isosaccharinic acid (ISA) are the most important cellulose
degradation products (Bleyen, 2020; Glaus and Van Loon, 2008; Van Loon and Glaus, 1998; Van Loon
et al., 1999), in terms of both degradation yield and solubility enhancement, with the o isomer showing
a stronger complexation capacity towards key radionuclides (Van Loon and Glaus, 1998).

Several properties of cellulose influence its hydrolytic degradation reactions and rates under alkaline
conditions, e.g. morphological structure, crystallinity and degree of polymerisation (Gentile et al., 1987,
Haas et al., 1967; Ioelovich, 2009; Lai and Sarkanen, 1967; Mittal et al., 2011; Van Loon and Glaus,
1998). Changes made to these cellulose properties during radiolysis prior to hydrolytic degradation
could thus have a significant effect on the overall production of radionuclide complexing molecules in
the waste, such as a-ISA.

In addition, it has been demonstrated previously that a-ISA can sorb on cement phases, especially
on the calcium-silicate-hydrate (C-S-H) phases. Such sorption could counteract the enhancing effect of
o-ISA on radionuclide migration. ISA sorption was shown to depend on the degradation state of the
cement phases (Bruno et al., 2018; Garcia et al., 2020; Pointeau et al., 2008; Van Loon et al., 1997).
From a nuclear waste disposal point of view, fresh cement and cement in degradation state II are often
considered as the most relevant (Jacques et al., 2014) and are consequently most commonly used in
sorption experiments. They are indeed assumed to cover most of the critical time period for radionuclide
release. However, cement degradation is not expected to be homogeneous over the full repository and
higher degradation states could occur locally within shorter time frames. As leaching of the cement
crystalline phases during cement degradation and the concomitant decalcification can affect the sorption
properties of the cement (Garcia et al., 2020; Pointeau et al., 2006), sorption of a-ISA should also be
assessed on cement in higher degradation states.

The sorption of o-ISA onto the cement material used as structural reinforcement or as
immobilisation matrix is thus an important process. Together with the cellulose degradation rates and
mechanisms, and the a-ISA complexation properties, it defines the capacity of a-ISA to enhance the
migration of key radionuclides. Increasing the knowledge of cellulose degradation (radiolytic and
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hydrolytic) and assessing the o-ISA sorption over the full lifetime of the cement materials is therefore
of high interest for safety assessment calculations for the disposal facilities of radioactive waste.

In the present study, the effect of pre-irradiation on the short- and long-term production of
dissolved organic compounds, and more specifically ISA, from cellulosic tissues in contact with
artificially prepared cement water at highly alkaline pH was investigated. Furthermore, sorption of a-
ISA was assessed on Portland cement degraded to state III. At that state, the hydrated cement is
expected free of portlandite and the decalcification of the C-S-H phases lowers their Ca/Si ratio. Note
that this study is ongoing and only the first set of results are shown.

2  Materials and methods
2.1 Materials

2.1.1 Cellulosic tissues

The cellulosic tissues (Extra Soft Tork Facial Tissues) used in the degradation study were all part
of the same batch (number 2211191/4), to avoid differences in the composition and cellulose
properties between batches. The composition of the tissues was determined by PTS
(Papiertechnische Stiftung), according to the standard procedures in Table 1.

Table 1: Overview of the composition of the cellulosic tissues and the procedures used. The average content is
derived from two measurements. The indicated uncertainty has been calculated using the Student’s t test for
95% confidence.

Component Average content Procedure

Wt%)
Dry content 95.6+1.9 Using an infrared moisture analysis balance
a-cellulose 88.1 £0.6* Adapted from TAPPI standard T203 cm-99 (TAPPI, 2009)
Hemicellulose 11.4+£0.4* Based on alkaline solubility Ss (DIN54356) (DIN, 1977)
Lignin 0.5+0? TAPPI standard T222 om-21 (TAPPI, 2021)
Inorganic additives 0.54+0% ISO standard 1762 (ISO, 2019)

2 expressed in g per 100 g dry material

2.1.2  CEM I hardened cement paste

The sorption experiments were performed on a CEM I hardened cement paste (HCP) degraded to
state III. The cement paste was prepared from a batch of CEM I 52.5 N. The cement powder was mixed
with water at a water/cement ratio of 0.5 and transferred to a PVC tube. To avoid the formation of air
bubbles, gas was released by vibration before the tube was closed and sealed. Segregation was prevented
by rotating the tube for 12 to 24 h after sealing. The tube was then stored in a hydration chamber (95%
relative humidity, 20-22 °C) for the entire hydration period, which lasted for a minimum of 3 months.
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At the end of the hydration period, the PVC tube was cut with a diamond saw. The CEM I HCP was
crushed and sieved to grain sizes smaller than 74 pm under inert atmosphere (in a glovebox with N>
atmosphere with an O, concentration < 0.0002 vol%). The cement powder was degraded to state III by
dynamic leaching in ultrapure water. In the glovebox, 1.2 g of cement powder was mixed with 220 mL
of degassed ultrapure water in a 250 mL centrifuge bottle (Nalgene, Millipore). The mixture was shaken
for 3 days on an orbital shaker and centrifuged for 2 h at 20 000 x g. After these 3 days, 200 mL of the
supernatant were discarded and replaced by 200 mL of fresh degassed water, inside the glovebox. The
solid was resuspended by thorough hand shaking or if needed by use of a vortex, and the whole
procedure (shaking, centrifugation, and solution renewal) was repeated five consecutive times. After the
last centrifugation step, the supernatant was sampled, filtered at 0.2 um (through a nylon membrane)
and stored under inert atmosphere (N) until further use. It is referred to as DCW (Degraded Cement
Water). The degraded cement was recovered, freeze dried and also stored under inert atmosphere (N>)
until further use. It is referred to as ACP (Aged Cement Powder). The leaching procedure has a global
yield of ~30 wt% and was repeated several times to collect enough ACP. The DCW solution is assumed
to be in equilibrium with ACP and representative of degradation state I1I. Its composition, reported in
Table 2, was determined by ionic chromatography and inductively coupled plasma atomic emission
spectroscopy (ICP-OES), both performed by the Department of Earth and Environmental Science,
Section Geology of KU Leuven (Belgium). The composition of ACP, reported in Table 3, was
determined by quantitative XRD measurements performed on a Bruker D8 Advance diffractometer with
Zn0 as internal standard. The data quantification was done with the Rietveld refinement method. The
specific surface area of ACP was determined by N, adsorption measurements on a Micromeritics Tristar
II 3020 Surface Area Analyser and is reported in Table 3.

Table 2. Composition and pH of the Degraded Cement Water (DCW). The values are the average of four
different DCW batches and the indicated uncertainty corresponds to the standard deviation. n.m= not measured.

pH 11.4-11.6

Ca (mol L) (1.7+03) x 107
Si (mol L) (2.540.3) x 10*
Al (mol L) (4.8+0.4) x 10
Na (mol L) n.m

K (mol L) (4.3 +1.0) x 106

S04 (mol L)

2.5+ 1.0) x 10"




Table 3. XRD Composition and BET surface area of the Aged Cement Powder (ACP).

BET surface area (m? g!) 36.4
Clinker (wt%) 1.8
Ettringite (wt%) 0.0
AFm (wt%) 0.8
Hydrogarnet (wt%) 4.6
Portlandite (wt%) 0.0
Quartz (wt%) 0.2
Amorphous (wt%) 92.5

2.1.3  Synthesis of a-ISA

Ca-(a-ISA), was synthetised according to the protocol reported by Vercammen et al. (1999) and Van
Loon and Glaus (1998), with some minor modifications. Only the major steps are reported here. In the
glovebox with N, a mixture of D-lactose monohydrate (ACS grade, Merck) and Ca(OH), in degassed
ultrapure water was stirred for 48 h and then boiled for 6 h with reflux. The hot solution was filtered
over a 0.8 um nylon filter to filter out the unreacted Ca(OH), and D-lactose. The filtrate was reduced by
boiling to ~20 % of its initial volume and was stored overnight at 4 °C to allow the crystallisation of Ca-
(a-ISA)». The formed precipitate was resuspended in a small volume of ultrapure water and filtered on
a 0.8 um nylon filter. The recovered solid was further washed twice with ethanol absolute (ACS grade,
Merck) and dried overnight at 55 °C. It was then redissolved in ultrapure water by boiling (ca. 1 g per
100 mL of water) and filtered on a 0.8 um nylon filter. The volume of solution was reduced to ~10 %
and stored overnight at 4 °C. The white precipitate was washed consecutively with ultrapure water,
twice with ethanol absolute (ACS grade, Merck) and twice with acetone (HPLC grade, Merck).

The obtained Ca-(a-ISA), was then converted to Na-a-ISA using a Chelex®-100 (BioRad) resin
with ca. 25 g of resin for 1 g of Ca-(a-ISA).. The suspension was filtered with 0.2 pm nylon filters to
remove the resin and the filtrate was evaporated until obtaining a syrup. Finally, the water was removed
by washing with di-ethylether (analytical grade, Merck) and drying at 55 °C. The molal yield of the
whole procedure is 12-13%.

A stock solution, referred to as ‘Na-a-ISA_ 0’ and containing 0.96 mol L' Na-a-ISA, was prepared
in degassed ultrapure water, analysed and stored at -20 °C until further use. The purity of the synthetised
Na-a-ISA was assessed by analysis of the Na-o-ISA 0 solution with Electrospray lonisation Mass
Spectrometry (ESI-MS), ionic chromatography (IC) with a Carbopac PA-100 column (Dionex) and
Pulse Amperometric detection (PAD), and TOC/TIC analyses with a TOC-L (Shimadzu) carbon
analyser and was found to be pure a-ISA.

2.2 Irradiation

Gamma-irradiation was performed at the Geuse II facility of the Belgian Nuclear Research Centre
(SCK CEN, Mol, Belgium) in between spent fuel assemblies of the BR2 reactor (Fernandez et al., 2002).
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For this, 15 to 100 g of tissues were placed inside gas-tight stainless steel cylindrical containers (inner
volume 1.2 L). After filling and closing of the containers, the headspace was replaced by pure argon
(99.9997%, Air Products) or compressed air (20.9 vol% O and 79.1 vol% N», Air Products) by extensive
flushing. Gas pressures at the start of the irradiation were 0.2 — 0.3 MPa.

Mean dose rates and absorbed doses were determined based on the results of four dosimetries
performed throughout the irradiation, i.e. at the start, after ~2.5 months, after 4 months and at the end of
the irradiation (after 5.5 months). This dosimetry was performed with Amber (type 3042) Perspex
(polymethylmethachrylate) dosimeters (Harwell Dosimeters), according to the ISO/ASTM standard on
the practice for dosimetry in radiation processing (ISO/ASTM, 2013).

The total absorbed doses ranged from 10 kGy to 1.4 MGy (Table 4). For those tissues irradiated with
a total absorbed dose of 0.05 MGy and 0.8 MGy, the effect of the dose rate (0.3 vs 0.6 kGy h') and of
the presence of O, during irradiation, was studied as well (Table 4).

Table 4: Gamma irradiation conditions. The uncertainty on the measured weight is 0.08 g (for 95%
confidence). The uncertainties on the dose and dose rate are calculated as combined uncertainties, taking
into account the uncertainty on the measured dose rates during the dosimetries and uncertainty on the
exponential fit of the decay curve.

Test code Weight Mean total absorbed Mean dose rate Atmosphere
tissues (g) dose (kGy) (kGy h') during irradiation
C1 101.2 10£2 0.63+0.14 Ar
C2 100.2 47+ 11 0.63+0.14 Ar
C3 100.3 47+ 11 0.63+0.14 Air®
C4 101.2 48 +£7 0.34+0.05 Ar
(0 100.9 48 +£7 0.34+0.05 Air®
Co 101.2 180 £ 40 0.69 +0.16 Ar
(oY) 100.9 352+ 56 0.67+0.11 Ar
C8 100.9 760 £ 92 0.62 +0.08 Ar
c9 15.5 760 £ 92 0.62 +0.08 Air®
C10 100.0 764 £91 0.31 +£0.04 Ar
C11 15.0 764 £91 0.31+0.04 Air®
C12 40.4 1368 + 160 0.55+0.06 Ar

@ compressed air: 20.9 vol% Oz and 79.1 vol% N2

2.3 Degradation of cellulose tissues under alkaline conditions

To study the release of organics from non-irradiated and irradiated cellulosic tissues, suspensions of
(non-)irradiated cellulose (cut in small pieces of a few cm?) were prepared in artificial young cement
water (ACW; 0.114 M NaOH, 0.18 M KOH saturated with Ca(OH), pH >13 (Glaus and Van Loon,
2008; Van Loon and Glaus, 1998)), at a tissue-to-liquid ratio of 100 g L. Replicates were prepared for
all test conditions, in order to sacrifice one of them at each sampling time. Sampling was performed
after 1-2 hours, after 1 week, after 1 month and after 3 months. For each sampling, the suspensions were
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filtered using a PTFE filter (0.45 um pore size) inside a MILLICUP-FLEX™ filtration system (Merck
Life Science). Afterwards, DOC (dissolved organic carbon) and ISA concentrations were determined,
with a TOC/TIC analyser using the combustion and acidification method, and with IC-PAD,
respectively. The analysis method used in IC-PAD allows discriminating and quantifying the two ISA
isomers (o and 3). pH measurements were performed on each sampled solution using an InLab® Mono
pH electrode (Mettler-Toledo), which was calibrated before each use with buffers at pH 7 and pH 13
(Hanna instruments).

To avoid organic leaching from materials other than the tissues, all suspensions were prepared in
opaque PTFE bottles (180 mL, Vitlab). Furthermore, blanks (ACW without tissues in PTFE bottles)
were prepared as well, confirming no significant leaching of organics up to 3 months. All tests were
conducted under anoxic conditions (inside a glovebox with Ar atmosphere with an O, concentration <
0.0005 vol%) and at room temperature. In addition, all bottles were kept in the dark to avoid photo-
induced reactions. No special precautions were taken to keep the systems sterile, though at each
sampling time, additional samples were taken to verify sterility using flow cytometry. Up to 3 months,
no microbial growth was observed in the test solutions.

2.4 Sorption of a-1SA on degraded Portland cement

The sorption of Na-a-ISA on ACP was investigated in DCW over a range of concentrations from
2 % 105 to 2 x 102 mol L' at a solid-to-liquid ratio of 25.6 + 0.5 g L. All the experimental steps but
the centrifugation were performed under Ar atmosphere (with an O, concentration lower than 0.0002
vol%).

Two sub-dilutions of Na-a-ISA_0 were prepared in 0.003 M NaOH to a concentration of (4.0 + 0.6)
x 102 and (8 £ 1) x 107 mol L' and referred to as Na-o-ISA 1 and Na-o-ISA_2, respectively. To avoid
the presence of potential colloids, DCW was ultrafiltered at 30 kDa (polyether sulfone membranes,
Millipore). In 50 mL centrifuge tubes (Nalgene, Millipore), 0.18 g of ACP was suspended in 7 mL of
ultrafiltered DCW. The suspensions were allowed to equilibrate under agitation for 24 h and aliquots of
Na-a-ISA 1 or Na-a-ISA_2 were added to the suspensions to reach concentrations ranging from 2 x
105 to 2 x 102 mol L', The pH of the suspensions was measured and the average pH was 11.59 + 0.03.
The suspensions were shaken on an orbital shaker for 21 days before centrifugation for 1 h at
20 000 x g. In agreement with the results of Van Loon et al. (1997), a contact time of 21 days was
assumed sufficient to reach an apparent sorption equilibrium. After 21 days, the supernatants were
sampled, the pH measured and the solution analysed by IC-PAD for a-ISA concentrations. The average
equilibrium pH was 11.89 = 0.14. Three blank solutions at a concentration of (4.0 £ 0.6) x 10* Na-o-
ISA in ultrafiltered DCW, were run in parallel to the samples to follow the stability of a-ISA throughout
the full procedure.

The extent of sorption of a-ISA on degraded cement was quantified by the determination of the
solid/liquid distribution coefficient, R4 calculated according to Equation 1.

ISAg — ISA,,
a7 IsA

V. ISA 1
LV IsAs M
m

eq IS4y,



With /S4, (mol L) the initial concentration in the suspension, /54, (mol L') the concentration
measured in the supernatant after centrifugation, /SA4s (mol kg') the concentration of a.-ISA sorbed, V
(L) the total volume of solution and m (kg) the mass of cement. The error on the Ry values was calculated
by propagation of the experimental errors (confidence limit of 95 %) neglecting correlations.

3 Results and discussion
3.1 Degradation of pre-irradiated cellulosic tissues under alkaline conditions

Within 1 to 2 hours after contact with ACW, significant amounts of organic molecules were released
from the (non-)irradiated cellulosic tissues (Figure 1). The concentration of instantaneously released
organics (i.e. organics released within 1 to 2 hours after submersion in ACW) increased with the
absorbed dose applied during pre-irradiation, under both anoxic and oxic conditions, although no
additional increase in DOC concentration can be observed above 0.8 MGy. For tissues pre-irradiated at
these high doses (= 0.8 MQGy), the released DOC concentration was ~20 times higher compared to
suspensions with non-irradiated tissues.

No statistically significant difference is found between the concentrations of DOC instantaneously
released from tissues irradiated at the same absorbed dose though with a varying dose rate, i.e. no
influence of the dose rate on the instantaneous DOC release is observed. Furthermore, although pre-
irradiation at ~50 kGy under oxic conditions resulted in a higher DOC release (~60% increase) compared
to under anoxic conditions, such increase in instantaneous DOC release due to the presence of oxygen
during pre-irradiation was not observed at 0.8 MGy (all DOC values within the 30% uncertainty on the
measured values).
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Figure 1: Instant release of dissolved organic carbon compounds (left), including ISA (vight), in suspensions of
(non-) irradiated cellulose in ACW (sampled after 1-2 h). Concentrations were plotted in function of the
absorbed dose and the atmospheric conditions during irradiation. Different colours of the markers indicate
differences in the dose rate during irradiation. The error bars represent the uncertainty for a 95% confidence
interval.
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Similar to the DOC, also the short-term (i.e. within 1-2 hours) production of ISA is strongly increased
with an increasing absorbed dose (at least up to ~0.8 MGy) during pre-irradiation (Figure 1). The ISA
concentration leaching from tissues irradiated at ~0.8 and 1.4 MGy (anoxic conditions; dose rate ~0.6
kGy h') was ~620 times higher than the ISA concentration leaching from non-irradiated tissues. A
significantly higher ISA concentration can be observed for tissues pre-irradiated at ~50 kGy under oxic
compared to under anoxic conditions. Though again, this difference was no longer observed at higher
doses. Furthermore, no consistent impact of the dose rates on the ISA production was observed.

After 1 to 2 hours, about 0.2% (non-irradiated cellulose) up to 9% (cellulose irradiated with ~1.4
MGy) of the total organic compounds in solution was ISA, with the short-term produced ISA
concentrations ranging from 0.02 to 11 mM respectively (Figure 1). a- and B-ISA each made up about
50% of the total ISA content, independently of the irradiation conditions. This short-term ISA release
was not observed in suspensions of irradiated tissues (C8; Table 4) in demineralised water (data not
shown), demonstrating that the ISA found in the tissue suspensions in ACW was produced by rapid
alkaline hydrolysis rather than radiolysis.

The main factor influencing the instantaneous DOC release and ISA production is thus the absorbed
dose, while dose rate and atmospheric conditions during pre-irradiation do not have a consistent effect.
Gamma irradiation is expected to result in chain scission and thus in the production of smaller cellulose
chains (Ershov, 1998), each with its own reducing end group. The decrease in chain length is
proportional to the increase in absorbed dose (Ershov, 1998). Furthermore, based on the mechanism of
cellulose hydrolysis under alkaline conditions, a higher number of reducing end groups is expected to
result in a higher ISA production rate (Glaus and Van Loon, 2008; Van Loon and Glaus, 1998).
Therefore, the observed dependency of the instantaneous ISA production on the absorbed dose during
pre-irradiation is in line with the expectations based on previous studies.

The ISA concentrations released from non-irradiated and irradiated cellulose tissues (pre-irradiated
under anoxic conditions; dose rate ~0.6 kGy h!) in ACW were monitored further up to 3 months, as
shown in Figure 2. The pH of all suspensions remained above 13 (data not shown).

The results show a clear increase of the ISA concentrations in time for all test cases. In addition, for
each sampling time, the ISA concentrations increased with increasing absorbed dose. Again, this can be
linked to the decrease in chain length with increasing absorbed dose during irradiation (Ershov, 1998).
Similar to the instantaneous release, a- and B-ISA were found in equimolar amounts, independently of
the absorbed dose. For the irradiated tissues (especially those irradiated at high absorbed doses), the ISA
production started to level off after 3 months. This levelling off is not yet observed for non-irradiated
tissues, though also for these tests, this behaviour is expected on the long term, based on literature data
available for pure cellulose and cellulosic paper or tissues (Glaus and Van Loon, 2008; Van Loon and
Glaus, 1998).
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Figure 2: Evolution of ISA concentrations as a function of time, in suspensions of (non-) irradiated cellulose
in ACW. Pre-irradiation was performed under anoxic conditions at different absorbed doses (see legend) and at
a dose rate of ~0.6 kGy h™. Left: all test conditions; Right: only tests with non-irradiated tissues or with tissues

irradiated at low doses are shown. The error bars represent the uncertainty for a 95% confidence interval.

3.2 Sorption of a-ISA on cement

The sorption isotherm of a-ISA on ACP is reported in Figure 3 together with the evolution of the R4
values in function of the a-ISA equilibrium concentrations. The experimental sorption isotherm shows
a stabilisation of the a-ISA uptake at an equilibrium concentration higher than 2 x 10 mol L,
indicating saturation of the sorption sites. The absence of a second inflation point in the sorption
isotherm suggests that the uptake of a-ISA in the presently studied concentration range occurs mainly
on a single sorption site. However, due to the high uncertainty associated with the highest concentration
point, the contribution of a second sorption site cannot be ruled out and extra experimental data are
needed to confirm or disprove this. The calculated Rs values reached a maximum value of 109 +
67 L kg'!, suggesting a mild o-ISA sorption on CEM 1 degraded to state III. The sorption isotherm and
the Ry evolution are well described with a 1-site Langmuir isotherm (Equation 2):

1oq - Stor X Ki X 1SAeq )
ST U1+ K, X ISAqq

with S;,:(mol kg™!) the sorption site capacity and K; (L mol!) the adsorption affinity constant.

The optimisation of the site capacity and the adsorption affinity constant on the Rsexperimental values
using the minimisation of least square errors led to values of (1.2 +0.3) x 102 mol kg and (8.02 + 2.34)
x 10° L mol™!, respectively.

In Figure 3, the experimental data and modelled Langmuir isotherm are compared with the 2-sites
Langmuir isotherm used by Van Loon et al. (1997). The authors investigated the sorption of a-ISA on
fresh CEM I HCP at pH 13.3. This comparison reveals a lower sorption of a-ISA on the degraded
cement (state I1I) than on the fresh CEM I. Sorption of a-ISA on C-S-H phases via cation bridging with
Ca*" was proposed as the dominant sorption mechanism by several authors (Bruno et al., 2018; Garcia
et al., 2020; Pointeau et al., 2008). Pointeau et al. (2008) showed that the sorption of a-ISA was
dependent on the pH and calcium concentration of the cement system with the highest sorption observed
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at pH 12.5. The concentration of calcium in DCW is sensibly the same as in the solutions of Van Loon
et al. (1997), i.e. 2 mmol L. However, according to the model of Pointeau et al. (2008), the lower pH
used in the present study would lead to a lower deprotonation of the C-S-H surface sites, thereby
decreasing the sorption of a-ISA via cation bridging, which could explain the difference in sorption
observed between our study and Van Loon et al. (1997). On the other hand, the lower sorption observed
in our study could also be linked to the partial decalcification of the C-S-H occurring during leaching.
Indeed, Garcia et al. (2020) observed a decrease of Rd values with a decrease of the Ca/Si ratio of the
investigated C-S-H phases. Due to decalcification, the zeta potential of the C-S-H is expected to
decrease, which could limit the sorption of a-ISA as well. Unfortunately, at this stage of the study
neither the zeta potential nor the Ca/Si ratio of the C-S-H present in ACP have been measured.
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Figure 3. Sorption isotherms of o-1SA (left) and solid-liquid distribution ratio (Rq) as a function of a-1SA

concentration (right), on ACP in DCW solution at a solid-liquid ratio of 25.6 + 0.5 g/L and for 21 days of

contact. The red curves correspond to the 1-site Langmuir model optimised on the experimental data points.
The back curves correspond to the 2-sites Langmuir model reported by Van Loon et al. (1997).

4 Conclusion

In this study, the effect of pre-irradiation of cellulosic tissues on the production of soluble degradation
products, and more specifically ISA, under alkaline conditions was investigated, as well as the sorption
of 0-ISA on cementitious materials.

The pre-irradiation of cellulosic tissues was shown to enhance the instantaneous release of organic
carbon and to favour the production of ISA during hydrolytic degradation at highly alkaline pH. The
dose rate applied during irradiation did not affect the short-term degradation rate of the tissues in ACW.
On the other hand, the presence of oxygen during irradiation was observed to have an impact on the
hydrolytic degradation, but only at low absorbed doses. The effect of pre-irradiation on the short-term
hydrolytic degradation can thus mainly be attributed to the absorbed dose applied during irradiation.
Over the course of 3 months, the effect of the absorbed dose during pre-irradiation on the ISA production
rates was maintained, i.e. higher ISA production rates and yields were obtained for tissues pre-irradiated
at higher absorbed doses. This effect of pre-irradiation can be attributed to radiolytic chain scission and
consequently to the generation of more reducing end groups per gram tissue, each participating in the
hydrolytic degradation reactions to produce ISA. Under all test conditions of the degradation study, the
isomeric ratio of ISA was constant, i.e. a. and B-ISA isomers were produced equally. This indicates that
pre-irradiation does not favour production of one of the isomers.
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The sorption of a-ISA was investigated on Portland cement degraded to state III. At that state, the
hydrated cement is free of portlandite and the decalcification of the C-S-H phases lowers their Ca/Si
ratio. a-ISA sorption on the degraded cement was found to follow a one-site Langmuir sorption isotherm
with a mild uptake showing a maximum solid/liquid distribution ratio of 109 = 67 L kg'!. A comparison
of the obtained results with the results published on fresh Portland cement highlighted the lower sorption
of a-ISA on cement degraded to state III. This can be attributed to both the lowering of the pH and the
decalcification of the C-S-H phases at state I1I, which limits the formation of cation bridging and as such
the sorption of a-ISA.

5 Future work

To assess the sorption of a-ISA in a compact system and the resulting a-ISA mobility in degraded
Portland cement, the transport of a-ISA is intended to be investigated in lab-scale diffusion experiments
on degraded cement discs. Furthermore, the effect of pre-irradiation on the hydrolytic degradation of
cellulosic tissues will continue, in order to investigate the degradation rates and yields on the long term.
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Abstract

The retention of radionuclides in different oxidation states (Rn(X)) by a calcium-silicate-hydrate
(C-S-H) phase with a Ca:Si (C:S) ratio of 0.8 in the presence of gluconate (GLU) was investigated. The
elements considered were Th(IV), U(VI), as well as Eu(lll) as chemical analogue for Cm(Ill) and
Am(Ill). In addition to the ternary systems Rn(X)/C-S-H/GLU, also binary systems Rn(X)/C-S-H and
C-S-H/GLU were studied. Complementary analytical techniques were applied to address the different
specific aspects of the ternary systems. Time-resolved laser-induced fluorescence spectroscopy
(TRLFS) was applied in combination with PARAFAC analysis to identify retained species and to
monitor species-selective sorption kinetics. *’Si magic-angle-spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy and X-ray photoelectron spectroscopy (XPS) were applied to determine
the bulk structure and the composition of the C-S-H surface, respectively, in the absence and presence
of GLU. The influence of GLU was investigated for a large concentration range up to 10" M. The
results showed, first, that GLU had little to no effect on Rn(X) retention by C-S-H with C:S of 0.8,
regardless of the oxidation state of the radionuclides, and second, that GLU had an effect on Rn(X)
speciation in the solid phase, as shown for Eu(Ill).

1 Introduction

Calcium-silicate-hydrate (C-S-H) phases are the major components in cement and are key players
in the retention process of metal ions in general (radionuclides in particular). C-S-H phases are formed
in the first weeks of cement hydration and undergo a transition in their composition over time due to
pore water exchange. They are nanocrystalline but amorphous on the micro/macro scale. Basic building
elements are a CaO layer and an interlayer, in which water and exchangeable Ca(Il) ions are located.
The retention of radionuclides depends on the specific oxidation state / speciation. The CaO layer as
well as the interlayer and the surface of C-S-H phases are involved in sorption processes [1]. Edges,
defects and the exchange for Ca(Il) in both layers are contributing to the overall sorption, but with
differences in the kinetics and in the strength of interaction. In fresh cement the C:S ratio is high with
values around 1.6 — 1.8, but with time (years to hundreds of years) pore water is exchanged and the C:S
ratio is lowered down to 0.6 — 0.8 due to loss of Ca(Il). Accompanied with the decrease of the C:S ratio
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is also a drop in the pH value of the pore water from 12.5 down to < 10. The loss of Ca(Il) from the
interlayer is accompanied by structural changes, which lead to less bridging between the SiO; tetrahedra
of the C-S-H phases. The decrease of the Ca(Il) concentration and the structural changes also alter the
sorption of radionuclides. The complexity of the interaction between radionuclides (Rn(X)) and C-S-H
is further increased by the presence of organic molecules. Low and high molecular weight organic
molecules originate from the waste itself (e.g., tissue paper etc.) or are additives of the cement, which
were added to control the physical-chemical properties during the processing. These organic molecules
may alter the retention of Rn(X) either by competition (surface complexation vs. complex formation)
or by blocking surface groups for radionuclide complexation or by formation of mixed complexes [2-
6].

Here, we report results of our joint effort on the investigation of the retention of selected
radionuclides (Rn(X): Eu(Ill), Th(IV), and U(VI)) by C-S-H in the presence of gluconic acid (GLU).
The C:S ratio was adjusted to 0.8, representing a situation of aged cement (pH 9.5). GLU was used as
a proxy for isosaccharinic acid (ISA) and as a model compound for cement additives [7, 8], respectively.
We have investigated the influence of the concentration of GLU in the range of
0M <¢o(GLU) < 1x107' M. In our experiments we investigated actinides (or their analogues) in
different oxidation states to elucidate differences in the retention. Various experimental techniques,
such as time-resolved laser-induced fluorescence spectroscopy (TRLFS), X-ray photoelectron
spectroscopy (XPS), 2°Si magic-angle-spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy, inductively coupled plasma-mass spectrometry (ICP-MS) and liquid scintillation
counting (LSC), were applied to qualitatively and quantitatively monitor the retention of Rn(X) and/or
GLU and to characterize the C-S-H phases before and after Rn(X) and/or GLU retention experiments.

2 Experimental section

2.1 Sample preparation
The syntheses and retention experiments were performed in glove boxes under N or Ar atmosphere.

Th(lV) experiments: The "direct reaction method" [9] was used to prepare amorphous C-S-H phases
(C:S=0.8) using CaO (Thermo Fischer GmbH, Kandel, Germany) and SiO, (Aerosil 300, Evonik
Industries AG, Essen, Germany). Depending on the desired solid to liquid (S/L) ratio, the corresponding
amounts of the reactants were weighed into 10 mL polycarbonate centrifuge tubes (Beckman Coulter,
Brea, USA). The S/L ratio achieved in the samples was determined from the dry weight of the solids
formed. The background solution was MilliQ water (18.2 MQ cm, Millipore, Billerica, USA) degassed
with Ar. The pH values were measured using an inoLab pH/Cond 720 (WTW, Weilheim, Germany),
which was connected to a BlueLine 16 pH electrode (Schott Instruments, Schott AG, Mainz, Germany).
As an electrolyte, 3 M KCIl (Mettler-Toledo AG, Urdorf, Switzerland) was used. Calibration was
performed using reference buffer solutions as three-point calibrations with the pH values 6.87 (SI
Analytics, Weilheim, Germany), 4.01 and 9.18 (Merck, Darmstadt, Germany).

The C-S-H phases formed during a period of two weeks where the centrifuge tubes were rotated in
an end-over-end rotator (Stuart Rotator SB3, Bibby Scientific Limited, Stone, UK). After the C-S-H
synthesis, aliquots of the respective stock solutions of GLU and/or Th(IV) were added. A stock solution
of 3.7 MBg/mL '*C-GLU (Hartmann Analytic, Braunschweig, Germany) was diluted in MilliQ water
to the various concentrations used in the batch sorption experiments of the binary system. In addition,
an inactive GLU stock solution was prepared by weighing the appropriate amount of sodium gluconate
(Sigma Aldrich, St. Louis, USA) and dissolving it in MilliQ water. An aliquot of a »*Th ICP-MS
standard (SPS Science, Baie D'Urfé, Montreal, Quebec, Canada) was diluted in 2% HNOj to achieve
the initial concentration of 1x107® M Th(IV) in the batch experiments. The contact time in the batch
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sorption experiments of the binary system was 72 h. In the case of experiments with the ternary system,
where the order of reactant addition was varied, the contact time was first 72 h with GLU or with
Th(IV), followed by the addition of the remaining component or the simultaneous addition of Th(IV)
and GLU, also for a contact time of 72 h. Samples were precentrifuged at 3,770xg (SIGMA 3K30,
SIGMA Laborzentrifugen GmbH, Osterode, Germany) for 5 min and ultracentrifuged at 108,800xg
(Avanti J-301, Beckman-Coulter, Brea, USA) for 1 h. The pH of each suspension was then determined.

UVI) experiments: A U(VI)-doped C-S-H phase with a C/S ratio of 0.8 was prepared directly by
suspending 411 mg carbonate-free CaO (anhydrous, 99.99%, Sigma-Aldrich, Missouri, USA) and
550 mg fumed silica (Aerosil 300, Evonik Industries AG, Essen, Germany) in 40 mL degassed
deionized water within a 50 mL centrifuge tube (polypropylene, Greiner bio-one, Kremsmiinster,
Austria). Immediately after that, an aliquot of a 2**U(VTI) stock solution (1x107° M UO,Cl, in 0.005 M
HCI) was added to the suspension. The initial U(VI) concentration was 2x1075 M, the S/L ratio was
24 g/L. The sample was equilibrated using an end-over-end rotator (Stuart Rotator SB3) for 67 days,
during which the U(VI)-doped C-S-H phase formed. The final pH value and U(VI) loading were 10.8
and 198 mg/kg, respectively. The C-S-H phase with a C:S ratio of 1.2, used for NMR studies, was
prepared in the same way, but with adjusted amounts of reactants. For further U(VI) and GLU sorption
experiments, U(VI)-free C-S-H phases were also prepared by the same procedure. For phase separation,
the suspensions were centrifuged at 6,800xg for 30 min (mod. Avanti J-20 XP, Beckman Coulter,
Krefeld, Germany), and the solid phases isolated. The powders were left to dry to constant weight under
N, atmosphere at room temperature (RT) and stored inside the glove box. To study the influence of
GLU on U(VI) retention, the U(VI)-doped C-S-H phase was equilibrated in 1x107° M or 1x102M
gluconate solutions (sodium gluconate (Sigma Aldrich, St. Louis, USA)) for 4 months. The S/L ratio
was 10 g/L. The U(VI) concentration in the supernatant solution was determined by ICP-MS (NexION
350X/Elan 9000, PerkinElmer, USA).

Eu(lll) experiments: The C-S-H phases were synthesized by mixing 85.5 mg CaO (nanoparticles
(d<160nm), 98%, Sigma Aldrich, Missouri, USA) and 114.5 mg SiO, (nanoparticles
(d=10-20nm), 99.5%, Sigma Aldrich, Missouri, USA) with 5mL of 1x102M NaCl solution
(99.5%, Carl Roth, Karlsruhe, Germany) in quartz tubes. After constant shaking in an end-over-end
rotator (REAX 20/4, Heidolph instruments, Schwabach, Germany) for 14 days, 1 mL of a mixture of
EuCl;-6H,0 (Sigma-Aldrich, Missouri, USA) and sodium gluconate (Sigma-Aldrich, Missouri, USA,
meets USP testing specifications) was added to the C-S-H samples to yield a Eu(IIl) concentration of
5x10° M and GLU concentrations in the range of 0 M to 5x107° M. The final S/L ratio was 33 g/L.
After the addition of Eu(Ill) and GLU, the samples were equilibrated for up to 72 days in an end-over-
end rotator under Ar atmosphere.

2.2 Methods

Th(lV) experiments: The liquid phase of the batch sorption experiments in the binary system was
analyzed for '*C by liquid scintillation counting (Hidex 300 SL, Hidex, Finland). For this, 1-2 mL of
each sample solution were added to 10 mL LSC cocktail Ultima Gold™ XR (PerkinElmer LAS GmbH,
Germany). The samples were measured until a 2c error of 2% was attained. The resulting limit of
detection (LOD) was 1x107° M for *C. To analyze >*’Th in ternary systems, ICP-MS (7900ce Series
ICP-MS, Model Nr. G8409A, Agilent Technologies, Santa Clara, USA) was used. The samples were
diluted in 2% HNO; before ICP-MS analysis. Aliquots of '**Ir in 2% HNOs; were added as internal
standard (c(Ir) = 100 ppt). The LOD for ICP-MS measurements of 2*?Th was 3x107'" M.

To determine the solids' surface composition of the binary system C-S-H/GLU, XPS measurements
were performed. For this, the C-S-H phases were dried under Ar atmosphere at RT for at least 72 h and
the powders were miled in an agate mortar. A small amount of the powder was pressed into an indium
foil on a copper sample holder. The measurements were performed with a custom-built XPS system

E-3



(SPECS GmbH, Berlin, Germany) under a vacuum of 7x10° mbar and at RT. Non-monochromatic
Mg Ka radiation (1253.6 ¢V) from a high intensity double anode X-ray source (Al/Mg) XR-50 was
used for photoelectron excitation. Photoelectron detection was conducted with a constant analyzer pass
energy of 13 eV using the PHOIBOS 100 hemispherical energy analyzer. The spectra were analyzed
using CasaXPS (version 2.3.15).

UWVI) experiments: For TRLFS measurements of U(VI)-containing C-S-H, the sample was
transferred as a wet paste pellet into a copper sample holder with a sealable quartz glass lid and
measured with a tunable diode pumped solid state (DPSS) laser (Ekspla, NT230, Vilnius, Lithuania) at
10 K. The emitted luminescence light was directed into a spectrograph (Shamrock 3031 Andor Oxford
Instruments, Abingdon, United Kingdom) equipped with a polychromator with 300, 600, and 1200
lines/mm gratings, and the emission was monitored with an intensified CCD camera (Andor iStar,
Oxford Instruments) 10 ps after the exciting laser pulse in a time window of 10 ms. U(VI) associated
with the C-S-H phase was excited at selected wavelengths (330-335 nm, 342 nm, 357 nm).

»Si cross-polarization (CP) and single-pulse (SP) MAS NMR spectra were recorded on a Bruker
AvanceTM 400 MHz WB spectrometer operating at a field strength of 9.4 T, with corresponding *Si
and 'H resonance frequencies of 79.5 and 400.3 MHz, respectively, equipped with a CP/MAS DVT
probe. Samples were packed in 7 mm zirconia rotors and spun at 5 kHz rotational frequency. CP spectra
were acquired with 5 ms contact time, using a 80% ramp, by accumulating 2048 spectra recorded for
25 ms applying a relaxation delay of 3 s. 200 SP spectra were accumulated by respectively applying
5.6 ps (30°) excitation pulse, 25 ms acquisition time, and a relaxation delay of 360 s allowing for
quantitative measurements. Chemical shifts are reported in ppm relative to external tetramethylsilane
(TMS).

X-ray diffractograms of a U(VI)-free and a U(VI)-containing C-S-H sample with C:S of 0.8 were
collected with a MiniFlex 600 diffractometer (Rigaku, Tokyo, Japan) equipped with a Cu Ka X-ray
source (40 keV/15 mA operation for X-ray generation) and the D/teX Ultra 1D silicon strip detector in
the Bragg-Brentano 6-26 geometry at a scanning speed of 2° per min. For this, the samples were
mounted on a low-Si-background sample holder.

Eu(lll) experiments: In the TRLFS experiments a tunable pulsed Nd:YAG/OPO laser system
operated at 20 Hz was used (Quanta Ray, Spectra Physics, GWU-Lasertechnik Vertriebsges. mbH,
Aex =394 nm). The emission was recorded using an intensified CCD camera (iStar DH720-18V-73,
Andor Technology, Oxford Instruments, Abingdon, United Kingdom) combined with a spectrograph
(Shamrock 3031, Andor Technology, Oxford Instruments, Abingdon, United Kingdom) equipped with
a 600 I/mm grating blazed at 1000 nm. The emission measurements for each sample were carried out
for the spectral range covering the Dy 2 F to Dy =’F4 luminescence bands of Eu(IIl) using the box
car technique (initial delay = 10 pus, 50 accumulations per spectrum, 100 steps to record the kinetics,
use of a linear increasing gate step). The luminescence spectra were corrected for the spectral emission
sensitivity of the detector. The time-resolved emission spectra at different GLU concentrations and after
different contact times were deconvoluted to find the species-related emission spectra, luminescence
intensities and decay constants. Deconvolution was executed using PARAFAC in Matlab 2019b (The
MathWorks, Inc.) with a monoexponential constraint in the time dimension. Based on the emission
spectra, the luminescence quantum yields of the different Eu(Ill) species were determined using the
Judd-Ofelt parameters. The concentration of each species was then calculated using the quantum yields
and the luminescence intensities obtained by deconvolution.

The TRLFS measurements were performed for C-S-H samples prepared and sealed in quartz tubes
and stored under Ar atmosphere. In between measurements, the samples were placed in an end-over-
end rotator to achieve a homogenous contact of fluid and solid phase. Before the TRLFS measurements,
the samples were allowed to rest for 60 min to have the solid phase settled. TRLFS data were recorded
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for the solid as well as for the supernatant solution. The limit of detection for Eu(IIl) in the solution
phase was approximately 5x1078 M.

3 Results and discussion

3.1 Th(IV) / GLU / C-S-H

3.1.1 Binary System

Initially, the sorption of '*C-labelled GLU on the C-S-H phase (C:S = 0.8) was investigated in the
binary system. The batch sorption experiments were performed as a function of the S/L ratio
(co(GLU)=1x102M; S/L=0.5-50g/L) and as sorption isotherm of GLU (S/L=35 g/L;
co(GLU) = 1x107° — 1x107! M). As shown in Figure la, the determined GLU concentration is in the
range of the initial concentration. There is a low sorption of GLU on the C-S-H phase of max. 6% up
to S/L =20 g/L. and at S/L. = 50 g/L to approx. 11%.
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Figure 1: a) Batch sorption experiments at constant GLU concentration (co (GLU) = 1x107? M) and varying S/L
ratio (S/L =05-50g/L, C:S=0.8, pH9.8) with a contact time of 72 h. The red line marks the initial
concentration of 1 107> M of GLU. b) The sorption isotherm with initial GLU concentrations from 1x107° M to
Ix107" M at S/L =5 g/L (C:S = 0.8, pH 9.8) after a contact time of 3 days shows very low sorption (S, < 3%)
over the whole range. The gray line shows the limit of detection (LOD).

The sorption isotherm of GLU is shown in Figure 1b. An average Rq value of 2.6 + 1.9 L/kg was
determined for the various samples, which agrees well within the uncertantiy limits of the value reported
by Androniuk et al. (Rq = 4.5 L/kg) [10] and confirms that the sorption of GLU on the C-S-H phase is
very low at a C:S ratio of 0.8. Therefore, no blocking of sorption sites by GLU on C-S-H phases is
assumed.

The XPS measurements of C-S-H samples in the binary system were carried out analogously to the
batch sorption experiments described beforehand for an analysis of the C-S-H phases’ surfaces in
presence and absence of GLU. The overview spectra showed only XPS signals of calcium, oxygen and
silicon, but no C 1s signal. The comparison of the spectra of C-S-H samples with and without contact
to GLU showed identical signals. From the absence of any C 1s signal in these samples, it can be
concluded that a sorption of GLU on the C-S-H phase is unlikely under the experimental conditions.
This XPS result for the solid phases agrees with the results of the batch sorption experiments of the
liquid phase. The intensities of the Ca 2p and Si 2p signals were used to calculate the corresponding
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atomic ratio using equation (1). The experimental sensitivity factor Sc.s: = 0.24 was derived from the
XPS measurement of CaSiOs (Sigma Aldrich, St. Louis, USA).

= * Scaysi (1)

The results in Table 1 show that the C:S ratio at the surface of the C-S-H powders is lower than the
C:S ratio of 0.8 in the bulk. This effect has been observed previously by HauBler et al. [11], where the
Ca content at the surface was somewhat lower than the C:S ratio used in the C-S-H synthesis.

Table 1: C:S target ratios in comparison to the C:S ratios of all samples determined by XPS measurements (the
estimated errors are about +10%) and literature data [11].

Solid phase C:S ratio pH values
CaSiO;reference 1*

C-S-H phases (C:S 0.8) 0.56 10.2
C-S-H phases GLU (C:S0.8) 0.54 10.2

C-S-H phases (C:S 0.75) [11] 0.70

*) This ratio was assumed to calculate the sensitivity factor Scasi.

3.1.2. Ternary System

In experiments of the ternary system, the influence of GLU (co (GLU) = 1x1072 M) on the sorption
of 2*Th(IV) (co(Th) =1x10"8 M) on C-S-H phases (S/L =75 g/L, C:S=10.8) was investigated as a
function of addition order after a contact time of 72 h: (i) (C-S-H+Th) + GLU, (i1) (C-S-H+GLU) + Th,
and (iii) (C-S-H+Th+GLU). GLU and the order of reactant addition had no influence on the sorption of
Th(IV) on the C-S-H phase after a contact time of 72 h. As can be seen in Figure 2, a quantitative
sorption of 2**Th(IV) on the C-S-H phases (Sv > 99%) was observed. The Rq values are in the range of
10° — 10° L/kg and are thus in the same order of magnitude (Rq=2x10° L/kg) as for the sorption of
22Th(IV) on C-S-H phases in the absence of GLU reported in the literature [11].
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Figure 2: Batch sorption experiments to study the order of addition with co(**ThV)) =1x10"%M and
co(GLU) = 1x107? M shows no influence on the sorption of *>Th(IV) on C-S-H (S/L = 5 g/L, C:S = 0.8, pH 9.8).
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3.2UWD/GLU/C-S-H

The X-ray diffractograms of C-S-H with C:S = 0.8 prepared in the absence and presence of U(VI)
(co(U(VI)) =2x107° M, U(VI) loading: 198 mg/kg) are characteristic for C-S-H. U(VI) has no effect
on the C-S-H structure (Figure 3a).
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Figure 3: a) Powder X-ray diffractograms of C-S-H (C:S=0.8) and b) *°Si MAS NMR spectra of C-S-H
(C:S = 1.2) prepared in the absence (bottom) and presence of U(VI) (co (U(VI)) = 2x107° M) (top).

»Si SP MAS NMR spectra in principle allow for discrimination and quantification of Si(OH)4
tedrahedra degree of condensation, denoted as Q" groups (n = 1 through 4), representing Si(OSi),.
Accordingly, the mean chain length of the C-S-H dreierketten units can be determined. Upon increasing
C:S the Q':Q? ratio also increases, according to a decreasing mean chain length. Varying C:S between
0.6 and 1.6 almost inverts the Q':Q? ratio from 0.09 to 7.3, associated with mean chain lengths of about
24 and 2.3, respectively [12]. The spectra depicted in Figure 3b, here exemplarily shown for a C-S-H
phase with C:S = 1.2, reveal two major results. First, the degree of silicate condensation is low; the
integral of the signals associated with Q! and Q? groups, respectively, is almost exactly 2:1. Therefore,
the mean chain length is 3, corresponding to a high degree of isolated dreierketten units (Q'-Q*-Q").
Additionally, some dimeric Q'-Q' and pentameric Q'-Q*-Q*—Q>-Q! chains are present as implied by
the small shoulders in the Q! signal and the minor signal at about ds; =81 ppm due to the bridging Q?
(Q%), respectively. Second, no notable spectral changes upon presence of U(VI) during C-S-H phase
synthesis can be detected. Hence, the short-range order of the C-S-H phase remains unaffected by
U(VI). Comparable results are expected for the C-S-H phase with C:S = 0.8.

By means of TRLFS (Figure 4), three main U(VI) species have been identified for a U(VI)-loaded
C-S-H phase in correspondence with the literature [13, 14]: Two of them have almost identical lifetimes
((143 + 18) us) and are assigned to U(VI) sorption complexes on C-S-H surfaces. The third one has a
clearly longer lifetime ((387 = 40) ps), and is assigned to U(VI) sorbed into the interlayer region of
C-S-H phases. The latter species is sometimes referred to in the literature as incorporated species. These
lifetimes agree very well with previously obtained lifetimes for U(VI) in C-S-H phases [14].
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Figure 4: U(VI) emission spectrum of a U(VI)-loaded C-S-H phase (co(U(VI) =5%x107" M, S/L =1g/L,
C:S = 0.8, pH 10.87) and extracted pure components from decomposition of the measured spectrum.

To study the influence of GLU on U(VI) retention by C-S-H, the U(VI)-loaded C-S-H sample was
contacted with 1x1073 M or 1x102 M GLU solutions. The results showed that less than 0.1% of the
previously retained U(VI) is remobilized in the presence of GLU. This means that GLU has no effect
on U(VI) retention by C-S-H under these conditions. Presently, the ternary system is further studied by
TRLFS and NMR to identify U(VI) species on the solid phase and in the supernatant.
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Figure 5: (a) Luminescence spectra (raw data) of Eu(lll) sorbed to C-S-H phases (S/L = 33.3 g/L) without GLU
and in the presence of 5x107 M and 5%<1073 M GLU after 1 and 72 days of contact time, recorded after 10 us
and (b) deconvoluted luminescence spectra of the three identified Eu(lll) species and their respective
luminescence decay times. All spectra are normalized to the area of the *Dy—’F transition.

The sorption of Eu(IIT) (co (Eu) = 5x107° M) on C-S-H phases (S/L = 33.3 g/L) was investigated at
a concentration range of 0<co(GLU)<5x10>M and up to 72 days contact time. The recorded
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emission spectra of the solid phase at a low (5%107° M) and high (51073 M) GLU concentration after
a contact time of 1 and 72 days are shown in Figure 5a. Only minor changes can be observed with
increasing contact time indicating a fast sorption process. However, more significant differences appear
between samples with different GLU concentrations. To further analyze the influence of GLU, a
deconvolution of the emission data was carried out to obtain the luminescence characteristics of each
Eu(Ill) species. Three different Eu(IIl) species were identified with decay constants of (240+30) us,
(780£80) us and (2000£100) us, respectively (see Figure 5b). The number of water molecules in the
coordination environment of Eu(Ill) may be estimated using the empirical derived equation (2)
proposed by Kimura and Choppin [15]:

1.07
ros=2%7 @)
a0 £ 0.5 Tms] ~ 062

where ny, o is the number of water molecules and 7 is the decay constant in ms. In accordance with
previously reported interpretations for the sorption of Eu(IIl) to C-S-H phases, the Eu(Ill) species with
a decay constant of 240 us could be surrounded by approximately four water molecules, which may
correspond to a sorption to the C-S-H surface [16]. The decay constant of 780 ps correlates to
approximately one water molecule in the near Eu(Ill) coordination environment, suggesting an uptake
either into the CaO layer or the interlayer of the C-S-H phases. The decay constant of 2000 ps could
correspond to a coordination environment with no water molecules and may indicate an incorporation
of Eu(Ill) into the CaO layer [16-18]. All three Eu(Ill) species appear both in samples with and without
GLU, thus no additional Eu-GLU-complexes were observed. Moreover, the Eu(Ill) concentration in the
aqueous phase remained below the limit of detection of approximately 5x10°% M even in the presence
of up to 5x10° M GLU.

Nevertheless, GLU appears to influence the relative concentrations of the different sorption species.
As shown in Figure 6 and Figure 7, without GLU and at a low GLU concentration (up to 5x107° M
GLU) the majority of the Eu(IlI) is sorbed to the C-S-H surface. However, at higher GLU concentrations
an increasing amount of Eu(IIl) appears to be incorporated into the interlayer or the CaO layer of the
C-S-H phases. This might indicate an increasing dissolution and recrystallization rate (or more general
speaking the formation of a solid phase) of the C-S-H phases in the presence of GLU, proposedly due
to the formation of Ca-GLU-complexes, as a faster recrystallization would favor the incorporation of
Eu(Ill) into the structure of the solid phase. Based on our current data interpretation (vide supra),
independent of the GLU concentration a slight increase of Eu(Ill) sorbed into the CaO layer can be
observed with increasing contact time, which is in accordance with the literature and indicates that the
CaO layer is the thermodynamically most favorable sorption site [16, 18]. However, the observed
changes up to a contact time of 72 days were relatively small.

E-9



1004 @ ® adsorbed Eu(lll) (240 ps) 100 4 b m adsorbed Eu(lll) (240 ps)
® incorporated Eu(lll) (780 ps) ® incorporated Eu(lll) (780 ps)
A incorporated Eu(lll) (2000 ps) - - A incorporated Eu(lll) (2000 ps)
a® g L] [ ] - .
= 80 [—— . . - = 80
5 - s
5 60+ 5 60+
o o
S 401 S 40
S 1S
L]
204 °°°° o ¢ . . 20
0% o ° ° R .
0- IAAAAI = T A1 |A T A1 |A 04 |AAAA| = f f lA T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
contact time [days] contact time [days]
1004 € = adsorbed Eu(lll) (240 ps) 100 4 d = adsorbed Eu(lll) (240 ps)
® incorporated Eu(lll) (780 ps) ® incorporated Eu(lll) (780 ps)
4 incorporated Eu(lll) (2000 ps) A incorporated Eu(lll) (2000 ps)
—. 804 LI —. 804
i P ® o ° o ° §
c ° < A . A A
kel kel
—g 60 -g 60 A A A A A
— — A
3 404 3 404 o,
€ £ °. R °
A A A [ ] °
204 L4t s 20 . .
A ] u n ] -
| | - n
0 h T = a -I = T * T T ~ T T - 0 o T a T T T T T T T =
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
contact time [days] contact time [days]

Figure 6: Speciation of Eu(lll) sorbed to C-S-H phases (S/L = 33.3 g/L) in the presence of (a) 0 M GLU, (b)

5x10°M GLU, (c) 5x10*M GLU and (d) 5103 M GLU at different contact times. The total Eu(Ill)
concentration was 5x107° M in all samples.
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Figure 7: Speciation of Eu(lll) sorbed to C-S-H phases (S/L = 33.3 g/L) after a contact time of 72 days in
dependence of the GLU concentration. The total Eu(Ill) concentration was 5x107° M in all samples.
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4 Conclusions

The potential influence of GLU on the sorption of actinides and analogues in different oxidation
states (tri-, tetra- and hexavalent) on a stage III C-S-H phase (C:S = 0.8) has been investigated. For the
binary system of GLU/C-S-H, both GLU sorption and structural alteration of C-S-H surface due to
presence of GLU were found to be very low, which may be different for other C-S-H phases with a
higher Ca(Il) content in the interlayers. In the sorption experiments involving radionuclides, different
mixing orders of reactants and contact times were investigated. The strong Eu(Ill), Th(IV), and U(VI)
retention on C-S-H in the absence of organics was found almost unaffected by GLU. Complementary
to the binary system, also no significant influence on the principal occurrence of sorption species was
found. While the general speciation (surface sorption as well as incorporation of the radionuclides)
remained unaffected by the presence of GLU (even at a very high concentration of GLU, no novel
sorption species were found for Eu(IIl)), the relative amount of each species seemed to be altered. For
Eu(IlI), the presence of GLU in concentrations larger than 1x107* M enhanced the formation of an
incorporation species significantly. It is attractive to assume a kinetic effect of GLU on the
solubilization and precipitation of the solid phase, e.g., due to complexation of Ca(Il) ions. However,
the overall concentration of Ca(lIl) ions in this stage III system is distinctly lower than at earlier stages
of the cement alteration process, therefore, due to a different porewater chemistry the presence of GLU
might have a more pronounced influence there.
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Abstract

The impact of the degraded organic radioactive waste (ion exchangers and sorbents, other organic
waste) fixed in the cement matrix on the behavior of radionuclides in the cement/concrete environment
was studied. Specifically, the distribution ratios, Rs for U and "?Eu on different cementitious
materials (hydrated cement paste CEM I and witness sample of concrete from L/ILW repository
Richard, Czech Republic, containing CEM IIl) in the presence of three organic substances (EDTA,
adipate, and phthalate) were determined. Resulting values of Rswere in the range 10°-10° L-kg” for Eu
and 10°-10° L-kg” for U under experimental conditions.

1 Introduction

The organic materials of interest include model molecules that represent substances previously
identified as degradation products arising from the radiolytic or hydrolytic decomposition of some
organic materials contained in radioactive waste. From this wide spectrum of substances adipate and
phthalate were selected for the study together with EDTA, most likely used as a decontaminating agent,
which was chosen for its poor degradability in the environment.

Study of sorption behaviour of U, Eu, and Pb (partly in BureSova et al. 2023, Drtinova et al. 2023,
see Table 1 and 2), also in the presence of organic substances, was done on several cementitious
matrices: newly prepared hydrated cement paste CEM I (without the addition of plasticizer), test
specimens of structural concrete from the Richard repository (15 years old), and pure CSH phase.

The obtained results will support the safety assessment of the operated Richard L/ILW repository
(located near Litoméfice, Northern Bohemia, Czech Republic), especially regarding the possible
extension of its service life. The data will be also usable for safety assessment and calculations related
to other radioactive waste repositories, including the ILW + HLW part of a planned deep geological
repository in the Czech Republic (concrete containers, structures, and fillings).
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2 Materials and methods

Uranium was acquired 12.1.2021 in the form of uranium-233 (1 kBq-g™!). It is an a-emitter with
Ti2=1.59-10°y. Due to its limited solubility in strongly alkaline media (= 10°mol-L!, e.g.,
Brownsword et al. 1990), its detection is quite complicated. Therefore, methodical study of uranium
activity measurement by liquid scintillation counting, LSC, under the cement water (pH > 12.5)
conditions was carried out by scintillation cocktail Ultima Gold AB with the resulting detection limit
of 3-10' mol-L"!. As a chemical analogue of trivalent actinides, europium-152 is used (stock solution
1.7 MBg/1 mL as of 13.5.2021, T1»,= 13.54 y). Eu activity is determined by gamma spectrometry.

In the group of model molecules, these substances are studied at present: EDTA, in the form
of disodium salt, Chelaton 3 (Lachema), p.a.; phthalic acid, manufactured by Sigma-Aldrich, with
purity > 99.5 %; and adipic acid, manufactured by Sigma-Aldrich, purity > 99.5. The organics working
concentrations (5-10 mol-L'and 5-10 mol-L!) were selected based on (Van Loon & Hummel 1995).

Details on the preparation of cement samples are given in contribution on Task3
(Vasicek et al. 2023). Simple solutions were selected as a liquid medium simulating leachate from
cementitious materials due to its complexity and time variability: a saturated solution of Ca(OH);
(portlandite water) with a concentration approximately 0.02 mol-L™!, and 0.1 mol-L! NaOH solution.
Both liquid systems have a pH of approximately 12.5 and were used for experiments with fresh CEM I
and Richard concrete (hereinafter also referred to as CEM III, because it contains this type of cement).
The ratio of solid and liquid phases L/S in all sorption experiments performed was equal to 100, 250,
500 and 800 L-kg™! (in the case of Eu experiments also L/S 10 L-kg! was investigated). The dry matter
of the cementitious material was also considered. Moisture was determined for all materials by drying
to constant weight for 3 days at 105°C. On average, CEM I cement contains 5.34 % of moisture and
CEM III material 3.26 %.

The procedure of sorption experiments was the same for both studied radionuclides. First, the
hydrated cement paste was ground into smaller pieces, until they passed through a 0.4 mm sieve.
Furthermore, solutions of predetermined concentrations were prepared, containing either only NaOH
or Ca(OH),, or being mixed with one of the selected organic substances. Each of these solutions also
contained enough radionuclide to match the concentration required in the experiment. The liquid phase
in its final composition was prepared prior to its contact with cementitious material weighed
in individual ampoules. The procedure used does not introduce a significant pipetting error into the
system, especially with regard to the activity of the samples.

The amount of cement in the ampoules corresponded to the studied phase ratios with a constant
liquid volume of 6 mL, the ampoules were shaken on a shaker during the experiments
(120 oscillations'min™). Finally, the ampoules were centrifuged (RCF 900 g for HCP) for 10 minutes
on an MPW 350R centrifuge before sampling for activity determination. In the case of uranium, 100,
200 or 500 uL of the solution above the solid phase was carefully taken into a measuring ampoule and
mixed with 5 mL of Ultima Gold AB scintillation cocktail. The measurement was performed on a Hidex
300 SL liquid scintillation spectrometer for 12 hours. In experiments with europium, a 2 mL sample
was taken and subsequently measured on an HPGe detector (type GEM40P4 with Ortec DSPEC jr 2.0;
the analysis of the spectra was done with Maestro software version 7.0.) for 10 minutes.

At the start of the kinetic experiment, ampoules were prepared containing a given liquid phase
and a cementitious material. The samples were then removed after a total of 4 weeks for uranium and
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4 days for europium at predetermined intervals. In the case of equilibrium experiments, uranium
samples were taken after 3 weeks, samples containing europium after 48 hours. The related issue of
uranium and europium wall sorption evaluation has been discussed elsewhere (Buresova et al. 2023,
Drtinova et al. 2023).

Table 1: Completed sorption experiments with uranium as of November2021

Experiment | ¢ (mol L) corg) (mol-LY) | Type of cement | Liquid phase | L/S (L-kg")
100 in
NaOH; 100,
" 500, 800 in
Ca(OH)y;
800 in CSH
Kineti CEM |, solution
inetics CSH
. NaOH 100 in
7-10 Sat. Ca(OH)z NaOH: 800
EDTA 5-10% CSH solution |+ 4 0H),;
800 in CSH
solution
X
CEM ],
CSH
EDTA 5-10°
X
100, 250,
Equilibrium EDTA 5-10° 500, 800,
walls
1.2:10° Phthalate 5-10° CEM 1 NaOH
Adipate 5-10°
EDTA 5-10°3

Each experimental set-up was performed in two parallel determinations. In case of uranium, a high
error rate, around 30 %, occurs, which leads, for the sake of clarity, to the omission of error bars in the
graphs and standard deviations in the tables bellow. On the contrary, but for the same reason, trends
in the form of power interpolation for kinetic experiments and linear or exponential trends in the case
of equilibrium experiments are added in following figures, which better illustrates the expected course
of sorption behavior.

The evaluation of sorption experiments was performed using the distribution ratio Rq, the calculation
of which can be found elsewhere (e.g., Kittnerova et al. 2020).
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An overview of the completed experiments for uranium and europium is given in Table 1 and Table
2. In this contribution, the results for the systems 233U in the presence of CEM I in NaOH solution and
2By with CEM III in Ca(OH), solution are discussed. Other results have been already published
(Buresova et al. 2023).

Table 2: Completed sorption experiments with europium as of November2021

Experiment | ¢y (mol-L™Y) cora) (mol-L1) Type of cement | Liquid phase | L/S (L-kg™")
x CEM 1, CEM III (100), 500
EDTA 5-10%, 5-103 | CEM I, CEM I (100), 500
Kinetics
Adipate 5-10°° CEM I, CEM III 500
Phthalate 5-10° CEM I 500
2.9-10° Sat. Ca(OH),
X CEM I, CEM III
5 3 (10),
EDTA 5-10,5-10° | CEM I, CEM III
ey 100, 250,
Equilibrium 500
. . 5 )
Adipate 5-10 CEM I, CEM III 800, walls
Phthalate 5-10° CEM I

3 Results and discussion

Both radionuclides have a low solubility limit under strongly alkaline conditions. In the case
of uranium, the solubility limit of approximately 5-10"° mol-L™! in the environment of portlandite water
and probably an order of magnitude higher in the system with NaOH makes its determination difficult.
On the other hand, europium does not precipitate due to its high sorption (e.g. up to 99.8 % sorption
on CSH) which prevents normal precipitation (Pointeau et al. 2001). However, its ability to sorb
to many materials, i.e. also to the walls of ampoules, has a negative effect, which greatly complicates
the evaluation of experiments.

3.1 Sorption of ***U on CEM I in NaOH solution

The sorption of uranium (7-10® and 1.2-10° mol-L!) on the cementitious material CEM I in an
alkaline solution of 0.1 mol-L"! NaOH simultaneously with the effect of the organic molecules — EDTA,
adipate or phthalate was studied (Table 1).

Within the kinetics part of the experiment, the aim was to obtain the information about the time
development of the relative concentration of uranium in the liquid phase to find out the time required
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to reach equilibrium. In the following equilibrium experiment the dependence of the distribution ratio
R4 on the phase ratio L/S, composition of the liquid phase and the rate of uranium sorption on the walls
of the ampoules were determined. For a system containing 7-10® mol-L"! of uranium, the average wall
sorption rate was (2.8 £ 1.4) %, for uranium with a concentration of 1.2-10° mol-L"! then (2.2 + 1.0) %
and on average (2.5 + 1.2) %, which can be neglected.

Kinetic experiment

Kinetic experiments were performed for two different liquid phase compositions — in the first case
the liquid phase contained only 0.1 mol-L! NaOH, in the second case also EDTA with a concentration
of 5-10° mol-L! was added to the system. The concentration of uranium in the solution was in both
cases 7-10® mol-L! and the phase ratio 100 L-kg™.

The resulting insignificant influence of the different liquid phases is shown in Figure 1 (it does not
contain values from all samples, as not all samples could be measured due to its very low concentrations
in the liquid phase, close to detection limit).

0.03
® 510°MEDTA

without organics

0.02

c/col]

001

Figure 1: Kinetics of %3U (7-10° mol-L!) sorption on CEM I in NaOH environment with and without EDTA
(5107 mol-L”).

The relative concentration of uranium in the liquid phase decreases with increasing sampling time,
until the sorption equilibrium stabilizes, manifested by an approximately constant trend after 3 weeks.
In most of samples taken, the relative concentration of uranium in the liquid phase containing only
NaOH is approximately twice higher as for the liquid phase containing also EDTA.

The accuracy of the experiment encounters more issues here. Apart from those already mentioned,
it can be stated that the consequence of a very low working uranium concentration is that the equilibrium
is established very quickly — in about one day. According to (Wieland et al. 2010), however, the time
required to establish equilibrium in similar systems is 14 days, according to (Tits et al. 2011) 10 days,
according to (Pointeau et al. 2004) 9 days. The short time suggests that the mechanism is based
on surface sorption rather than incorporation of uranium into the solid-state chemical structure
(Tits et al. 2011).

Equilibrium experiment



Equilibrium experiments with two uranium concentrations (7-10® and 1.2:10° mol-L™") in NaOH
environment and in the presence of organic compounds was performed for 3 weeks. For lower uranium
concentration EDTA only with concentration 5-10-° mol-L™!, for higher uranium concentration EDTA
with concentrations 5-10° mol-L™! and 5-10~* mol-L"!" and other organic compounds, specifically adipate
and phthalate with a concentration of 5-10 mol-L"! were used.

The following figures (Figure 2 and 3) show the results of the equilibrium experiments
as a dependence of the distribution ratio R4 on the phase ratio.
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Figure 2: Dependence of Ry (L-kg™) on the phase ratio L/S of 23U (7-10%and 1.2-10°° mol-L™) sorption on
CEM I in NaOH environment with and without EDTA (5107 mol-L).
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Figure 3: Dependence of Ry (L'kg™') on the phase ratio L/S of U (1.2-10°% mol-L") sorption on CEM I in
NaOH environment with and without organics (5-107° and 5-107 mol-L).
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It is evident from Figure 2 and Table 3 that the distribution ratio R4 in all investigated cases reached,
at the uranium concentration 7-10" mol-L"!, the order of 10* L-kg™'. It cannot be clearly determined in
which liquid phase the sorption of uranium to the cement material occurs to a greater extent. The
comparison of the dependence of the distribution ratio on the phase ratio for different concentrations of
uranium shows that for both compositions of the liquid phase the distribution ratio is higher in the case
of a lower concentration of uranium - i.e. that a lower concentration of uranium leads to a higher rate
of uranium sorption on the cement material.

For the systems containing the higher uranium concentration the distribution ratio was found
of the order of 10° to 10* L-kg! according to the composition of the liquid phase (Figure 3, Table 3).
The fact that in the presence of 5-107 mol-L"! EDTA a completely opposite trend occurs — with
increasing phase ratio Rq decreases, is of particular interest. It can be expected that the trend would be
similar for even higher EDTA concentrations in the liquid phase.

Table 3: Distribution ratios Ry (Lkg™) of ?3U (7-10° and 1.2-10°% mol-L™) sorption on CEM I in NaOH
environment with and without organics (5-10”and 5-107 mol-L")

Without [5-10° mol-L!| Without [5:10°mol-L!{5:10*mol-L!|{5-10° mol-L!{5-10 mol-L"!

organics EDTA organics EDTA EDTA Adipate Phthalate
L/S

(L'kg") 7-10®%mol-L' U 1.2:10°mol-L' U
Rq (L'kg‘l)

100 | 18 100 13 200 14 700 12 700 10 700 9900 13 600
250 | 30000 21 000 19 000 17 400 11200 10 000 23 000
500 | 36 000 48 000 23 000 20 000 6 500 20 700 31 000
800 | 50 000 46 000 31000 33 000 4 400 26 000 34 000

A comparison with our previous results (BureSova et al. 2023) of sorption of **U (7-10* mol-L") on
CEM I in a saturated Ca(OH); solution shows that the trends in both liquid environments are the same,
only with three to ten times lower R4 values in portlandite water. For CSH, higher R4 values are
expectedly achieved, up to 1-10° L-kg™'.

The obtained values (Table 3) of the distribution ratios are consistent with the data reported
in the literature. In the study (Tits et al. 2011), the distribution ratio lay between 10° and 10° L-kg™
for different liquid phase compositions (with the highest values being reached for the alkali-free liquid
phase). In the study (Wieland et al. 2010), the average value Rq= (2.2 +0.5)-10° L-kg! was found.
According to (Pointeau et al. 2004), the values of the distribution ratio from 3-10* to 1.5-10° L-kg™ was
determined according to the degree of degradation of the cement paste — for the least degraded Rq was
the lowest. In our previous study of the behavior of natural uranium in the presence of cementitious
matrices, the obtained Ry values for hydrated cement paste CEM II in NaOH environment and phase
ratios L/S 5, 100 and 400 L-kg! also ranged between 107 and 10* L-kg! (Ve&ernik et al. 2019).
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3.3 Europium

The experiments with uranium were followed by a study (Table 2) of the sorption behavior of '**Eu
with an initial concentration of 2.9-10 mol-L™! on cement material CEM I (BureSova et al. 2023) and
CEM 1II in a saturated Ca(OH) solution with or without the addition of organic substances (adipate,
phthalate acid and EDTA) in different concentrations (5-10° mol-L! and 5.107° mol-L™).

Kinetic experiment

First, it was necessary to verify the time required to attain equilibrium in the system containing
CEM II1. Kinetic experiments lasted up to 2 days (L/S 500 L-kg!) without organic matter and with the
addition of organic matter in a concentration of 5.10° mol-L"! and in the case of EDTA also with
a concentration of 5.10" mol-L".

In all kinetic experiments (Figure 4), an initial rapid decrease in activity in solution to equilibrium
is evident. Equilibrium is reached within 24 hours.

0.3
®5.10* M EDTA
lt 5:10° M EDTA
02 (€
= i @ 5:1075 M adipate
e without organics
0.1

0 10 20 30 40 50
t [h]

Figure 4: Kinetics of "’Eu (2.9-107° mol-L"') sorption on CEM Il in portlandite water with and without
organics (5107 and 5-107 mol-L”).

The behavior of a system with CEM III is nearly identical to that of a system containing CEM I,
only equilibrium in the currently shown system occurs slower. The effect of organics presence
(independently of its concentration in the case of EDTA) on the course of the experiment is not
significant (Buresova et al. 2023).

Equilibrium experiment

Equilibrium experiments were performed with sampling after 2 days and in 9 different
configurations (Table 2).

The results shown in Table 4 and on Figure 5 indicate the effect of the presence of organic matter
on the resulting Ry value. In the presence of studied organic substances, values of R4 are comparable
(adipate) or higher (EDTA) than in their absence. EDTA has a larger effect on R4 values in the system
containing CEM III than in the case of CEM I (Table 5).
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Figure 5: Dependence of Ry (L'kg™) on the phase ratio L/S of ’Eu (2.9-10"° mol-L"') sorption on CEM III with
and without organics (5107 and 5-107 mol-L").

Table 4: Distribution ratios Rq (L'kg™) of 2Eu (2.9-10°° mol-L"") sorption on CEM III with and without
organics (5107 and 5-10”° mol-L")

Without | 5-10° mol-L™! | 5-10° mol-L! | 5-10~° mol-L"!
organics EDTA EDTA Adipate
L/S (L'kgh)
Rq (L'kg™)

100 4 000 19 300 55000 12 300
250 16 400 34 600 118 000 14 200
500 15900 42 600 123 000 21200
800 20200 82 000 130 000 29 000

For all experiments performed, the distribution ratios were in the order of 103-10° L-kg™! which
agrees with the published R4 values for cementitious materials (e.g. Glaus et al. 2020, Wieland et al.
1998) and also for americium (Ochs et al. 2015) for which Eu is an often used analogue.

Sorption on the walls

To supplement the already published issue of sorption of Eu to walls of experimental ampoules
(Buresova et al. 2023), an interesting finding from the study of Eu diffusion through compacted, pre-
crushed CEM I (material identical to the one used in sorption experiments) was gained (Cejkova 2021).
An overall mass balance was performed for the diffusion cell experiments where no organic matter was
added (with '**Eu only) and for the cell where EDTA was added together with Eu (Figure 6).
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Figure 6: Substance balances for the diffusion cell where EDTA was added (left) and for the cell without
organics (right).

A significant part of the radionuclide (around 50 %) was sorbed on the walls of the plexiglass
reservoirs. This confirmed the fact that europium is a highly sorbed element (e.g., Glaus et al. 2020),
which is therefore not suitable for diffusion experiments, because wall sorption significntly affects the
course of the experiment. The presence of EDTA results in a slightly increased sorption on the
reservoirs walls as well as on the individual components of the diffusion cell compared to the system
without organics.

4 Conclusions

The results obtained so far are summarized in Table 5. Due to experimental errors, it can be only
stated that the distribution ratios are of the order 10*-10° L-kg™! for Eu sorption on both CEM I and
CEM III materials (the issue with sorption on the walls is still ongoing), and in case of uranium sorption
on CEM I in NaOH and in portlandite water environment in the range 103-10* L-kg™!, and up to
10° L'kg! for uranium on CSH. Distribution ratios increase with increasing phase ratio with the
exception of the system containing uranium, CEM I and 5-10° mol-L"! EDTA. Further additions to this
direction of research are planned.

5 Future work

In the case of uranium and europium, efforts will be made to supplement missing experiments in the
schedule performed (Table 5). It is also necessary to investigate sorption of Eu on CSH, U on CEM III,
and also use NaOH solution as a liquid phase in some cases.

The sorption behavior of lead (used in its stable form, determined by means of AAS) of the initial
concentration 5-10* mol-L™! in the presence of CEM I or CEM III in a portlandite water environment
has been studied. EDTA and phthalate are gradually added to this initial system. Also lead sorption on
CSH with a Ca/Si ratio of 1 and 1.2 will be studied. Experiments with EDTA at various concentrations
will be completed. Sorption behavior of lead was already published (Drtinova et al. 2023).

For all studied elements it is also planned to perform experiments with irradiated samples
of cementitious materials. Organic-free systems and then probably the same systems in the presence
of EDTA will be studied.
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For the products identified in Task 2, clear results are still not completed and therefore sorption
experiments cannot be planned. However, irradiated CEM [ and CEM 111 samples that already contained
a plasticizer are available. Therefore, sorption and diffusion experiments on these materials with studied
radionuclides are proposed.

Table 5: Distribution ratios Ry (L'kg'l) of radionuclides sorption on different cementitious materials in
different liquid phase with and without organics (5-107 and 5-107 mol-L*)

5-10° 5-10° 5-10° 5-10°
Organics Without | mol'L' | mol'L" | mol'L" | mol-L"!
organics | EDTA EDTA | Adipate |Phthalate
Liquid
RN | CEM au Re (Lkg™)
phase
10 000- | 44 000- | 18 000- 5 500- 21 000-
EM I H
¢ Ca(OH). 27 000 56 000 80 000 60 000 34 000
152Eu
4 000- 19 300- | 55000- | 12 300-
EM III H
¢ Ca(OH). 20 000 82 000 130 000 | 29 000 -
2 700- 2 000-
CaOm: 11500 | 13000 g : :
CEM I
14 700- 12 700- 4 400- 9 900- 13 600-
233 N H
v 20 50 000 48 000 11200 26 000 34 000
11300- | 52 000-
CSH : 100000 | 90 000 : : :
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Abstract

The sorption kinetics of elements in the ternary systems Pu/Am- HCP-adipic acid / diocty!l adipate
were investigated using batch-type experiments, and the distribution coefficients Ky, representing the
experimental systems, were obtained. The experiments performed in this study demonstrate the high
retention capability of hardened cement paste towards the investigated actinides in the presence of
organics under alkaline (pH 12.5 -12.56; Eh -323 - -328 mV) conditions. All sorption experiments
showed significant uptake of > 90% Pu/Am by HCP and some effect of adipic acid and dioctyl
adipate on sorption.

The highest values of Pu Ky 2218-2645 L/Kg and Am (Ill) K; 392-996 L/Kg were obtained at 0.1 M
adipic acid, indicating a weak effect of adipic acid on the sorption of Pu(lll/IV) and Am (Ill). Kd
decreases at 0.2 M adipic acid, indicating the effect of organic ligands concentration on sorption. The
Kqvalues of Pu(lll/IV) and Am (II1) in the system with DOA indicate that DOA inhibits the uptake of
both elements by HCP and the K, values decrease with increasing DOA concentration.

INTRODUCTION

Solidification of low and intermediate level radioactive waste with cementitious materials is one of
the most frequently applied techniques prior to the near-surface or underground disposal (Tits et al,
2006; Harfouche et al, 2006; Gaona et al, 2011; Li and Pang, 2014). Radionuclide interactions with
cement-based barrier materials are of great interest to the assessment of the long-term safety of
radioactive waste repositories.

The retention of radionuclides in the cement matrix is related to the chemical composition of the
sorbent, speciation of sorbate and the interaction mechanism between the sorbent and sorbate (Smith
et al, 2015; Evans, 2008; Plecas et al, 2006; Kienzler et al, 2014). A large pH gradient, the redox
potential, the electrolyte composition, and the ionic strength, specific to a cementitious backfill are the
factors influencing radionuclide retention or transport from the disposal facility (Stockdale and Bryan,
2013).

Several principal mechanisms as precipitation of insoluble phase, co-precipitation with other phases,
and incorporation into lattice, chemisorption/physical adsorption, and complex/colloid formation in
the aqueous phase are decisive factors in the retention of radionuclides in cement (Smith et al, 2015;
Evans, 2008; Isaacs et al, 2020). Because of a chemical composition of a fresh cement paste in
equilibrium with the cement pore water dominated by Na®, K" hydroxides and saturated with
Ca(OH),, the cement generates a hyperalkaline environment (10 < pH <13) for a long period of time
(Jacques et al, 2010).

The cement matrix of radioactive waste packages, depending on the type of waste, may contain
various organic compounds: some of them are polymeric additives as plasticizers, and others are
hydrolysed and radio-oxidized polymers formed during the operation of nuclear fuel cycle facilities.
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It is known that hyperalkaline conditions in cementitious medium can cause aging and degradation of
polymeric additives with the production of new organics with new chemical properties (Tasi et al,
2018).

The capability of a cement engineered barrier to ensure retention of any given radionuclide is directly
connected to the properties of the cement. The backfill mixture must provide a high pH environment
and sufficient surfaces for sorption (Evans et al, 2012). Superplasticizers, (polymeric additives)
improve the plasticity of the cement and act as a water reducer, affecting the solubility and migration
of radionuclides. There are some categories of cement additives such as polycarboxylic, amino-
sulfonic, naphthalene-sulfonic, lignin-sulfonic and melamine-sulfonic which are basic for cement
formulation (Kitamura et al, 2013; Garcia et al, 2018).

The next biggest reservoir of organic contaminants in geological repositories of a radioactive waste,
which is affected the behaviour of radionuclides, are the radio-oxidized polymers generated during the
exploitation of nuclear fuel cycle facilities. These polymers, as gloves, filters, seals, cables, ion-
exchange resins, etc, are stowed in the intermediate-level long-lived repositories in cemented
packages where they start to degrade due to hydrolysis and oxidation (Fromentin and Reiller, 2018).

Other organic contaminants in waste packages are cellulose and cellulosic materials (tissues, cotton,
paper), which degradation under strongly alkaline conditions generated a strong complexing agent -
isosaccharinic acid (Tits et al, 2005), which forms strong complexes with many elements, especially
with actinides (Rai and Kitamura, 2017; Tasi et al, 2018).

Significantly progress has recently been made in getting fundamental knowledge on the influence of
organic ligands, originating from the degradation of organic materials in cementitious environments,
on the chemical behaviour of radionuclides (Fromentin and Reiller, 2018; Tits et al, 2005; Tasi et al,
2018; Garcia et al, 2018; Ma et al, 2019; Vercammen et al, 2001; Wieland et al, 2014). It was found
that high concentrations of isosaccharinic acid (above 10-° M) and gluconic acid (above 10”7 M) in the
cement pore water significantly reduced the uptake of Eu(Ill) , Am(II) and Th(IV) by calcite due to
the formation of metal-ligand complexes in solution (Tits et al, 2005; Evans et al , 2012). Evans with
co-authors (Evans et al, 2012) investigated the complexation of a radionuclide mixture of “Co, *Sr
and Eu by a-isosaccharinic, gluconic and picolinic acids. The competition effects of Co and Sr on Eu
solubility in the presence of iso-saccharinate, gluconate and picolinate have also been investigated. An
increase in the solubility of Eu in the presence of iso-saccharinate and gluconate and an increase in the
solubility of Co in the presence of gluconate was determined. However, in the systems, Eu with iso-
accharinate and Sr as a competing ion, as well as Eu with gluconate and either Co or Sr as a
competing ion, the solubility of Eu was reduced. Kitamura et al (Kitamura et al, 2013) found that a
polycarboxylic acid-type superplasticizer had no significant effect on the solubility of Th and Am in
cement pore water squeezed from ordinary Portland cement paste compared to data from cement-
equilibrated water without superplasticiser.

Adipic acid is the main hydro-soluble degradation product of polyesterurethane, used in gloves for
glove boxes. Adipate ions are able to complex trivalent f-transition elements such as Eu(Ill)- an
analogue of 5f actinides (III) for the complexation by oxygen-containing molecules (Wang et al,
2000; Fromentin and Reiller, 2018).

The formation of the Eu(IIl) complex with adipic acid in 0.5 mol kg, NaClO4 ionic medium was
investigated by (Fromentin and Reiller, 2018). Moreover, the solubility and deprotonation constants
of adipic acid, as well as specific interaction theory (SIT) coefficients of aqueous AdipHzuq and
adipate ions (AdipH™ and Adip*) were estimated using available literature data in NaCl and NaClO4
ionic media. They concluded that an adipic acid would control the Eu(IIl) speciation from slight
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acidic to mildly basic conditions, but would not control in highly basic solutions characteristic for the
cement pore water.

Actinides are important category of elements presented in most radioactive waste streams.
Investigation of their behaviour in cement backfill under representative chemical conditions is
relevant to assessing safe storage in the long term. Organic ligands resulting from the degradation of
organic materials in the storage or present as cement additives can affect the retardation of tri- and
tetravalent actinides by forming metal-ligand complexes in the solution (Tits et al, 2005) .

This work focuses on the sorption kinetics of Pu and Am (III) on HCP in the presence of adipic acid
and dioctyl adipate, with the carboxyl/carboxylate group as a strong complexing moiety. There is a
very little data on the complexation of tri- and tetravalent actinides with a dicarboxylic acid and
dicarboxylates in strongly alkaline (10 < pH < 13.5) cement media. Knowledge of the interaction
between radionuclides and organic ligands released from degraded polymers resulting from cement
aditives is crucial for predicting the subsequent geochemical behaviour of actinides. Thus,
understanding the solubility and complexation of actinide ions with carboxylic/carboxylate ligands
under hyperalkaline conditions is essential.

1.Methods

Preparation of hardened cement paste and sorption kinetics experiments was performed in the air
under ambient conditions.

Commercial Portland cement (CEM I 42.5 R, Heidelberg Cement Group, Sweden) cured 3 months
with a water to cement ratio (S/L) of 0.5 under ambient conditions (20°C and relative humidity above
70%) in clogged plastic vials. Then the prepared hardened cement paste (HCP) was dried, crushed in a
grinding-mill and sieved out through 0.25 mm separator. To achieve the HCP leachate with pH 12.5,
the powdered HCP was poured with the deionized water at solid to liquid ratio (S/L) of 0.25 and
allowed to shake for 7 days in the air (20°C and relative humidity above 70%). Subsequently, the
solution was separated from the solid phase by centrifugation (5000 rpm, 10 min) and the pH of the
equilibrium solution was measured. If the pH has not reached the required value, the fresh deionized
water was poured into the solid phase and the procedure was repeated under above mentioned ambient
conditions until the pH of the equilibrium solution was approximated to ~ 12.50, Eh varied from -323
to -328 (Table 1).

Table 1: pH/Eh of the corresponding equilibrium solutions (S/L 0.25)

Sample Eh pH

D1 (3 days) -325 12,50
D2 (7 days) -323 12,48
D3 (14 days) -327 12,54
D4 (30 days) =327 12,56
D5 (3 days) -327 12,54
D6 (7 days) 2328 12,56
D7 (14 days) -325 12,51
D8 (30 days) -326 12,53

Solid phase was separated by centrifuging the suspension and dried at 105° C. The chemical
composition (Table 2) of the obtained hardened cement paste (HCP) was determined using fluorescent
X-ray spectrometer with wave dispersion Axios mAX (Pananalytical, Netherlands) and Carbon and
Sulphur analyser CS-2000 (Eltra, Germany).
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Table 2: Chemical composition of the raw cement (CEM 142.5 R) and hardened cement paste after 90
days of curing

Hardened cement paste (after
Compound formula Raw cement 90 days of curing)
% %
CO; 13.90 16.01
0 5.93 6.66
Na,O 0.10 0.05
MgO 2.13 1.86
ALO3 3.19 341
SiO; 14.98 13.73
P,0:s 0.07 0.06
SOs 2.98 2.79
Cl 0.02 0.04
K.O 0.97 0.06
CaO 52.51 51.95
TiOz 0.25 0.23
MnO 0.04 0.04
Cr203 0.03 0.02
Fe,O3 2.78 2.94
NiO 0.01 0.01
CuO 0.002 0.003
ZnO 0.02 0.01
Rb,O 0.004 -
SrO 0.07 0.05
Y203 0.004 -
BaO 0.01 0.02

For the sorption experiments, 0.1M and 0.2M adipic acid solutions in deionized water were prepared.
The pH of the 0.1M and 0.2M adipic acid solution was adjusted to a value of 12.50+0.02 with 0.1 M
sodium hydroxide. The tracer solutions of Pu*" (0.5 Bg/mL or 9.1-10"* M) and Am*" (0.5 Bg/mL or
2.9 -10® M) in 2M HNOs were prepared using **°Pu and ** Am stock solutions (Eckert & Ziegler
Isotope Products). The oxidation state of Pu (IV) was maintained by adding 0.1 ml of 0.5 M NaNO, to
the solution.

For sorption kinetics studies, 40 mL of 0.1M/0.2M adipic acid solution (in deionized water) at pH
12.5 were added to 10 g of powdered HCP (S/L ratio 0.25), respectively and the suspension was
allowed to equilibrate for 7 days before spiking with the appropriate amounts of >°Pu (0.3 Bg/sample
or 5.50-10"° M) and ***Am (0.3 Bg/sample or 1.73-10"*M). The centrifuge tubes were shaken end-
over-end for an appropriate period of time (3, 7, 14, 30 days). After equilibration, the phases were
separated by centrifugation and the supernatant was taken for further radiochemical analysis and
preparation of 2*°Pu sources for alpha spectrometry. The samples were measured with the alpha-
spectrometer Octete Plus (Ortec). Counting times ranged from 25 to 75 hours depending on the
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activity of the sample. The alpha counting efficiency was 25% and resolution 25-27 keV, the
detection limit of »*°Pu for a counting time of 86,400 s is 10~ Bq.

Gamma-spectrometric measurements of 2 Am in the solid phase of HCP were carried out using a
HPGe detector with Genie 2000 gamma-spectroscopy analysis software (Canberra Industries, USA).
The detector itself was that of GMX series made by Ortec, USA, with relative efficiency of 30%. The
detection limit for 2**Am is 12 mBgq.

The uptake of plutonium and americium by HCP is quantified in terms of a distribution coefficient K4
[L/Kg], as follows (eq. 1):
[C]O_[C]eq . K (1)

ka = [Cleq m

with /CJy [mol/ L], radionuclide concentration of the suspension; /[CJ., [mol/ L], radionuclide
concentration in the equilibrium solution; V' [L], volume of the solution; m [kg], mass of the solid.

The same set of experiments were carried out in the ternary system of Pu, Am /HCP (CEM I) / dioctyl
adipate (DOA). Pure dioctyl adipate (DOA) was used for the sorption experiment because it is
sparingly soluble in water. There 2.5 mL, 5 mL and 7.5 mL of DOA corresponding to the molar
concentration of 0.006 M, 0.012 M, 0.019 M were added to the HCP suspension, respectively.

The sorption kinetics tests of Pu(IV) and Am(IIl) without organic matter were performed under the
same experimental conditions.

2. Results and Discussion

Evolution of the pH and Eh was controlled at the beginning and at the end of each experiment. The
pH ranged between 12.50 and 12.56 throughout the experiment with the adipic acid and dioctyl
adipate in all batch systems; the Eh of the suspensions ranges from -323 to -328 mV, and remained
relatively stable during the experiment, indicating that the experimental system was maintained under
reduction conditions.

Preliminary results of sorption kinetic studies showed a little effect of adipic acid on Pu (III/IV)
uptake by HCP at pH ~12.5. This is consistent with the sorption kinetics in the blank system without
adipic acid: all these results have shown rapid sorption kinetics during the first 3 days. In the system
without organic ligands, the residual amount of plutonium has not exceeded 1% in the solution after 7
days. In the system with 0.1 M adipic acid, a negligible amount (less than 0.5% within uncertainties)
of Pu(Ill/TV) remained in the solution after 3 days and maintained a steady state until the end of the
experiment. Within 30 days, an insignificant effect of 0.2 M adipic acid for Pu sorption was obtained
within the limits of statistical error (Fig.1). After 30 days of exposure, the amount of residual
Pu(I1I/IV) in the solution remains below 0.5 %. The sorption of Pu(Ill/IV) onto HCP in the absence of
adipic acid showed an inclination to be reversible. The blank test showed that the concentration of
plutonium decreased in the solution during the first seven days and then began to increase until day
30. Regarding the quantitative uptake of Pu by HCP in the presence of adipic acid, which was
observed in our experiments after 30 days, it is assumed that adipic acid may inhibit the desorption of
Pu from the matrix.
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Figure 1 — Sorption of radionuclides on HCP in presence of adipic acid: percentage of
Pu(ll/1V) and Am(Ill) remaining in solution

The sorption kinetics of Am(III) to HCP in the presence of the adipic acid showed that the equilibrium
of the system was not reached within 30 days. Compared to the blank test, the presence of adipic acid
had some effect on the sorption of Am onto hardened cement paste during the first seven days with no
more than 2% Am remaining in the solution. During the next 14-30 days, the amount of Am in the
solution began to increase indicating the likely reversibility of the sorption reaction. The blank test
without adipic acid also showed a quite significant increase of Am in the solution to 8% at day 30.
There was no identifiable trend in the sorption of both Pu and Am onto HCP in the presence of dioctyl
adipate (DOA). The concentration of DOA in the experimental system had relevant effect on the
sorption of Pu and Am (III) to HCP (Fig. 2). Pu(IlIl/IV) sorption was slightly lower when the
concentration of DOA in the system was higher (0.019 M), and the percentage of Pu(II/IV)
remaining in the solution varied between 10-20%. The lowest effect of DOA on Pu sorption was
observed when the concentration of DOA in the system was 0.006 M. In this case, the remaining
amount of Pu in the solution did not exceed 5% during 30 days.
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Figure 2 - Sorption of radionuclides on HCP in presence of dioctyl adipate:
percentage of Pu(III/IV) and Am(III) remaining in solution

The data show that DOA suppressed the sorption of Am(IIl) to HCP under given experimental
conditions. A marked decrease in Am(III) sorption to HCP was found at 0.019 M DOA. The
concentration of Am (III) in solution varied from about 13% after 3 days to about 26% at the end of
experiment (30 days). The concentrations of Am(III) in solution at 0.006 M DOA ranged from 3%
after 3 days to about 10% on day 7 and about 5-7 % after 14-30 days. The percentage of Am (III) in
solution at 0.012 M DOA varied from 5% to 20-25% throughout the experiment.

The distribution coefficients K; of Pu and Am(III) were calculated. It is known that K; values are
strongly influenced by various environmental conditions and it is representative only for equilibrium
conditions of the system (Kaplan et al., 2011). Sorption kinetics results indicated that sorption may
not have reached equilibrium, so K; will be defined as conditional K,. It should be noted that K,
values usually demonstrate nonlinear sorption with an intense process at the beginning (especially due
to organic matter) and slow saturation lasting up to 10 days (Zuo et al., 2010) or even more than 100
days (Begg et al., 2018). Therefore, the resulting conditional K, values approximate those that would
be obtained under equilibrium conditions. The distribution coefficients of Pu and Am(III) in the HCP
in the presence of adipic acid and DOA are presented in Table 3.
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Table 3. Calculated K, values for Pu(Ill/IV) and Am (III) sorption to HCP at pH ~ 12.5 in the
presence of 0.1 M and 0.2 M adipic acid and 0.006 M, 0.012 M and 0.019 M dioctyl adipate (DOA)

Ka[L/Kg] Ka[L/Kg]
. Pu(III/IV) Am(IIT) Pu(III/IV) Am(IIT)
E Adipic acid DOA
blank 0.1M 02M blank 0.1M |[02M | 0.006M | 0.012M | 0.019M | 0.006M | 0.012M | 0.019M

3 396+20 | 2496+50 | 675426 196+14 | 392420 | 393+20 | 96+10 3247 164 29 5 23 45 13+4

7 496+22 | 2645+51 | 996+32 196+14 | 996432 | 392420 | 139+12 | 69 +8 3946 26 £5 24 +5 10 +£3
14 311£18 | 2101446 | 1424+38 | 96+10 134+12 | 8349 39620 | 497 26 £5 34 16 34 +6 27 £5
30 140+12 | 2218+47 | 1662+41 | 76 £9 304+17 | 46 £7 71 +8 36 £6 32 £7 249+16 | 49 7 3247

The highest values of Pu K; 2218-2645 L/Kg and Am (III) K; 392-996 L/Kg were obtained at 0.1 M
adipic acid, indicating a weak effect of adipic acid on the sorption of Pu(Ill/IV) and Am (III). Kd
decreases at 0.2 M adipic acid, indicating the effect of organic ligands concentration on sorption. The
Kz values of Pu(III/IV) and Am (III) in the system with DOA indicate that DOA inhibits the uptake of
both elements by HCP and the K, values decrease with increasing DOA concentration.

There may be several reasons for the variation of Ks. One of the implicit assumptions regarding Kq is
reversibility. It was noted that hydrated cement systems are relatively unique in this sense because the
sorbing solid is undergoing alterations while sorption is taking place. The wide dispersion in K4
values may be due to the inhomogeneity of the system caused by the incompatibility of the organic
phase with water, especially if it involves DOA. On the other hand, this may be due to the short
contact of analytes with cement. For most of the systems the distribution coefficients increased with
time, reaching a fairly constant level after several months (Kaplan et al., 2011).

In the scientific literature, there is a complete lack of data on the complexation of tri- and tetravalent
actinides with adipic acid or dioctyl adipate in a strongly alkaline (pH about 12.5) medium. Without a
consistent and reliable set of thermodynamic data, we could not draw clear conclusions about the
effects of these organics on the solubility and complexation of Pu and Am (III) in cement systems
under hyper alkaline conditions. The interpretation of the behaviour of Pu under the studied strong
alkaline conditions is complicated, because the evolution of oxidation states of Pu was not followed
during the experiments.

3. Conclusions

The experiments performed in this study demonstrate the high retention capability of hardened cement
paste towards the investigated actinides in the presence of organics under alkaline (pH 12,5 -12.56; Eh
-323 - -328 mV) conditions. All batch-type sorption experiments were provided in air under ambient
conditions. The obtained results showed that at pH 12.5, in the presence of organic ligands, the
hardened cement paste significantly adsorbed Pu(III/IV) and Am (III) by more than 90%. The highest
values of Pu K, 2218-2645 L/Kg and Am (III) K; 392-996 L/Kg in the presence of adipic acid were
obtained. The K, values of Pu(Ill/IV) and Am (III) in the system with DOA indicated that DOA
inhibits the uptake of both elements by HCP. In addition, the K; of Pu and Am (III) decreased linearly
with increasing of DOA concentration.

G-8



These observations can be rationalized by taking into account the actinide speciation in cement water,

the formation of surface complexes and the complexing behaviour of the cement additives and their
degradation products.
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Abstract

The degradation of organic products by radiolysis at high pH (> 12.5) is insufficiently known.
Consequently, R&D effort has been focused on the radiolytic degradation of selected organics of
interest. The key topic is the kinetic study of radiolytic degradation rates measurements vs. irradiation
time and the identification of the resulting organic substances with the intention to constitute a source
term for relevant organic molecules. Relevant organic molecule chosen in this study is:
PolyCarboxylate-Ether (PCE) as an active component of recent cement superplasticizers. PCE polymer
will be synthetized following a protocol developed in SUBATECH Lab. Radiolytic degradation rates
depend on H*, O, and any organic/inorganic impurities concentrations in solution. That is the reason
why the systems proposed are PCE in Ultrapure Water (Milli-Q) buffered with KOH or a mixture of
Ca(OH),, KOH, NaOH at pH = 13.5 + 0.1 under aerated conditions but without CO-. y and a radiations
produce different radiolytic degradation rates. SUBATECH irradiation facilities will allow studying the
alpha (16 < E < 68 MeV, 100 < Dose Rate < 3000 Gy.min!, ARRONAX cyclotron) and gamma (E =
0.66 MeV, 1 < Dose Rate < 10 Gy.min!, Cs-137 source) impact on organics degradation under
controlled conditions. The release of dissolved organic products are measured by Ion Chromatography
and the radiolytic Gas production (Ha, CO», CiHy) by pgas-Chromatography. The results show the high
dihydrogen gas production during the few days gamma irradiation of PCE and the second one is the
identification of the degradation products of PCE (formate, acetate, oxalate) and G-yield associated to
these measurements.
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1 Introduction

In geological disposal facilities, low- and intermediate-level radioactive waste are conditioned
in cementitious materials as confinement and stabilisation barrier. Superplasticizers (SPs) are widely
used as organic chemical admixtures in the cement to improve the mechanical strength and workability
of concrete or the dispersion and hydration of cement particles.[1] Among the SPs, ether
polycarboxylate based compound (PCE) is the last generation of polymer used by cement
manufacturers. The chemical structure of PCE investigated in this study is represented in Figure 1.
Addition of PCE improves the dispersion of cement particles by electro-steric repulsions due to the
carboxylate and sulfonate moieties and the long ether hydrophobic sidechains.

H3C H3C H3C
0]
NaO O o O s Z
?— NaO/ \\O
o

Figure 1: Ether Polycarboxylate (PCE) chemical structure.

During storage of nuclear waste, PCE undergoes degradation by the radiation emitted by material
nearby. The resulting radiolytic degradation products can affect the radionuclide sorption and migration
behaviour in the waste package. In order to improve knowledge of degradation of organic wastes in
conditions representative of disposal facilities, degradation of homemade synthetized PCE (Figure 1) is
proposed by alpha and gamma irradiation. Gaseous and soluble organic degradation products will be
characterized and quantified using micro-gas chromatography, ion chromatography, UV-visible
spectrophotometry. It is worth noting that no data in the literature was found about the radiolytic
degradation of PCE superplasticizer polymer.

2 Material and methods

2.1 Synthesis and characterization of homemade PCE

Since the exact composition of commercial PCE superplasticizer (i.e. Glenium 27 from BASF)
is not always known and often masked with other compounds, it was decided to synthesize pure PCE
to be sure only PCE is irradiated leading to a better comprehension of its degradation mechanisms. The
homemade PCE synthesis (Figure 2) is based on a previous work in the laboratory [2] and originally
adapted from Plank ef al.[3]
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Figure 2: Reaction scheme of the PCE synthesis.

The synthesized PCE batches have been characterized by size exclusion chromatography (SEC)
by Dr. Mélanie Legros from the Institut Charles Sadron (ICS, Strasbourg, France) specialized in
polymer science. SEC was performed on a DIONEX Ultimate 3000 chromatograph with four Shodex
OH-pak 30 cm columns (802.5HQ, 804HQ, 806HQ, 807HQ) and two types of detection: a
refractometer (OPTILAB rEX, Wyatt Technology) and a multiangle light scattering MALS detector
(DAWN HELIOS II, Wyatt Technology). Mobile phase is composed of ultrapure water with 0.1M
NaNO;, 200ppm NaN;, pH 9 (adjusted with 0.3M NaOH) at a flow rate of 0.5 mL.min!. SEC
characterization is represented in Table 1. A polymer can be characterized with two notions, the
number-average molecular mass (M) and the mass-average molecular mass (My) to access to the
polydispersity (Mw/M,) of the polymer. If the polydispersity equals to 1, all polymer molecules in the
sample have the same size and mass. For the two PCE synthesis batches used in this study (Table 1),
the polydispersity is quite high, between 5,8 and 7.4. For example in a previous work [2], another PCE
batch made with this synthesis was characterized at ICS giving a M, of 33 700 g.mol! and a My, of 92
500 g.mol™! corresponding to a polydispersity (My/M,) of 2.75.2 Nevertheless, a high polydispersity in
not a problem in this type of study: quantification of gaseous and soluble polymer degradation products.

Table 1: SEC characterization of homemade PCE synthesis. My = mass-average molecular mass and M, =
number-average molecular mass.

Synthesis Mass (g) My (g.mol?) M. (g.molt) Polydispersity (Mw/Mxz)
PCE2 0.9 98 350 16 980 5.8
PCES 3.9 73 560 9940 7.4

In addition to the SEC characterization, the refractive index increment, also written dn/dc, has been
determined for the PCE polymer. Dn/dc represents the difference in refractive index between the sample
and the solvent, and is useful to convert the refractometer output into sample concentration. The same
refractometer and same mobile phase as for SEC analysis was used but a flow rate of 0.3 mL/min. Dn/dc
determination was done on PCES synthesis with 5 different concentrations (0.954, 1.928, 2.862, 3.816,
4.658 mg.mL") and gave a dn/dc of 0.151 £ 0.02 mL.g"'.
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2.2 Irradiation experiments

The radiolytic degradation of the homemade PCE superplasticizer was performed both by alpha
radiolysis using a helion ion beam 3He delivered by the ARRONAX cyclotron (E = 60.7 MeV, dose
rate = 844 and 887 Gy.min™") and by gamma irradiation with a '*’Cs source (E = 0.66 MeV, dose rate =
6 — 8 Gy.min™'). The aim was to study the influence of different medium on the degradation of PCE,
getting closer to conditions representative of disposal facilities and compare alpha and gamma
radiolysis in term of production of gaseous and organic soluble degradation products. Three medium
have been tested, detailed in Table 2, with a PCE concentration of 1 g.L"!. First PCE is simply dissolved
in ultrapure water (pH 8.5) as reference, compared to PCE in alkaline solutions (pH 13.7). PCE in ACW
medium corresponds to Artificial Cement pore Water with different cations (K*, Na*, Ca?")
representative to the chemical conditions in concrete waste packages. PCE in K* medium is a simplified
version of the ACW one were only KT cation is present. All PCE samples are irradiated under synthetic
air atmosphere containing only 80% N, and 20% O,. Very alkaline solutions have the property to
dissolve a lot of carbon dioxide in the form of carbonate ions CO3~. As carbon dioxide can be a
radiolytic degradation product interesting to follow (originating from PCE carboxylate function),
synthetic air is used to avoid the 400 ppm of atmospheric CO, in the experiments. In the same idea, all
solutions used to dissolve PCE polymer (H,0, K™ and ACW) are initially degassed and decarbonated
by heating the solution to 50°C under vacuum during 2 hours, that a minimum amount of CO,, is present
in the solutions.

Table 2: PCE systems studied by alpha and gamma irradiation.

Medium Medium composition Atmosphere
PCE 1 gL' Synthetic Air
PCE 1 g.L''H,0
Ultrapure water ~ pH 8.5 (80% N, 20% 0,)
PCE 1 g.L"! Synthetic Air
PCE 1 gL'K*
[K*]=370mM  pH 13.7 (80% Ny, 20% 0,)
PCE1 gL'
Synthetic Air
PCE 1 gL'TACW [K*]=291mM [Na*]=79 mM

(80% N, 20% O,)
[Ca?*]=0.8 mM pH 13.7

2.3 Analytical procedures

Directly after irradiation, gaseous products were characterized by micro gas-chromatography
(uGC). Molecular hydrogen and carbon dioxide were measured using a 490-GC micro gas-
chromatograph (VARIAN). Two columns were used: a 5 A molecular sieve for H, and a poraplot Q
for CO, detection. Before analyses, the injection system and the column were purged with argon gas.

PCE aqueous degraded solutions were analyzed on two ion chromatography devices.
Carbonates anions concentration was determined using a DIONEX chromatograph with a DIONEX
IonPac AS18 column and 30 mmol.L! NaOH eluent. Small organic ions concentration was determined
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using a METROHM 850 pro IC chromatograph with a Metrosep A Supp 16 column. This last column
was thermostated at 55 °C and 75 mmol.L"! Na,CO3, 0.75 mmol.L"! NaOH eluent was used. As the
mobile phase from the METROHM chromatograph contains carbonates anions, CO3™~ in the samples
had to be analyzed on the DIONEX chromatograph device.

3 Results and Discussion

3.1 Radiolytic gas production

After irradiation, gaseous products are directly analysed by micro-gas-chromatography.
Molecular hydrogen H, is the main gas produced by water irradiation [4], the resulting yields are
expressed in Table 3 along with the formation yield of H, for the alpha and gamma irradiation of PCE
in different studied mediums and with these same medium without PCE.

Table 3: Hydrogen initial yields values for pure water and PCE 1 g.L"! solutions in different mediums under
alpha and gamma irradiation. PCE2 was used for alpha radiolysis and PCES for gamma radiolysis.

Alpha radiolysis Gamma radiolysis
Medium pH
G(H;) (1077 mol.J) G(H3) (10”7 mol.J™)
H, 0 (this work) 6.9 0.69 +0.05 0.25+0.02
H,0 (literature [5)) 5.6 0.64 +0.06 0.26 +£0.03
PCE 1 g.L''H,0 8.5 1.34 £ 0.09 1.12+0.05
K* 13.7 0.75 +0.05 0.42 +0.03
PCE 1 gL'K* 13.7 0.84 +0.08 0.71 +£0.03
ACW 13.7 0.67 +0.04 0.43+0.03
PCE 1 gL'ACW 13.7 0.90 +0.08 0.70 = 0.04

The irradiation of pure water lead to hydrogen formation yields of G(H,)=(0.69+ 0.05)x107’
mol.J™! and G(H,)=(0.25 £ 0.02)x1077 mol.J"! for alpha and gamma radiolysis respectively. These
yields are consistent with the ones given in the literature in the same radiolytic conditions (Table 3).
Moreover, this result shows also a higher formation of H, for alpha radiolysis compared to gamma
radiolysis pointing out a linear energy transfer (LET) effect. Increasing the LET increases the energy
deposition density within the track of the incident particle or the beam in the solution, increases the
concentration of radicals, and therefore the probability of radical-radical recombination reactions,
producing a higher concentration of molecular species in solution. [6, 7] Comparing H, formation with
the presence of PCE superplasticizer in the 3 different studied mediums (Table 3) demonstrate a higher
production of H, with the polymer in solution compared to the blank solutions. Indeed, this
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overproduction of H, can be explained by hydrogen abstraction reactions on the PCE molecule, H*
radicals react with the polymer by taking a hydrogen atom leading to the formation of an organic PCE
radical and H,.

CO, has been measured as well for each irradiated solutions described in Table 3. The carbon
dioxide production reaches, for a gamma irradiated PCE 1 g.L"! solution in water, G(CO,)=(0.44 +
0.04)x10"7mol.J"!. CO, can be formed by indirect radiolysis of PCE carboxylate moieties by reaction
with a hydroxyl radical HO® leading to the formation of a RCOO" radical (Eq. 1). This radical can then
release a CO, molecule by electronic rearrangement (Eq. 2).

HO* + RCOO™ — HO™ 4+ RCOO° Eq. 1
RCOO* — R'+ CO, Eq. 2

On the other side, a PCE water solution has also been irradiated by alpha radiolysis but there
was no significative formation of CO, in the medium, no yield can be given. Less or no carbon dioxide
is formed by alpha radiolysis compared to gamma radiolysis. Two hypotheses may explain this result:
1/ a LET effect exists, hydroxyl radical HO® are more disseminated in gamma irradiated solutions and
therefore have a higher probability to interact with the PCE molecule to form CO, (Eqg. 8 and Eq. 9)
and 2/ gamma radiolysis favours another way of carboxylate moiety radiolysis like the formation of
formate or acetate ions. Formate and acetate formation will be studied in the next part of this paper.

For alkaline medium, in both K* and ACW solutions (with and without PCE) measurements of
CO, were always under the detection limit, no carbon dioxide formation yields can be given. Either no
CO,, is produced during irradiation or the alkaline medium has an influence on the CO, accumulation.
It may be possible all CO, formed under irradiation is rather dissolved in the pH 13.7 aqueous solutions
in the form of CO3~, so that no CO, can be detected by gas chromatography. It could be interesting to
quantify CO%~ ions by ion chromatography to confirm this hypothesis and indirectly quantify the CO,
formed if it is the case, which will be done in the next part. Another possibility of the influence of the
alkaline medium is that at pH 13.7 the hydroxyl radical HO® is mainly in the form of O*~ (HO®/ O°~
pKa = 11.9) probably far less effective to create CO, with PCE (Eq. 8 and Eq. 9).

3.2 Carboxylate anions degradation products

After gas measurements, the alpha and gamma irradiated solutions were analyzed by ion
chromatography to quantify carbonates and small organic anions coming from the radiolytic
degradation of PCE superplasticizer in solution. All systems described in the introduction of the
previous part (Table 3) were analyzed by ion chromatography.

Table 5 represents all the radiolytic yields for carbonate, formate and acetate anions obtained
from the irradiation of the 3 studied media or solutions, ultrapure water, K* medium and ACW medium,
with and without PCE by alpha (o) and gamma (y) radiolysis. If there is no yield given, either the species
is not concentrated enough (very low concentration measured) or its formation does not follow any
tendency with the dose.
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Table 4: Formation yields of carbonate, formate and acetate ions after alpha (o) and gamma (y) radiolysis of
PCE superplasticizer in various solutions and mediums without PCE. PCE2 was used for alpha radiolysis and
PCES for gamma radiolysis.

Gy(CO3%7) Go(HCOO07) Go(CH3C007)
Systems pH
(107 mol.J ) (x107 mol.J ) (1077 mol.J")
a: -0.24 £ 0.001 a: 0.71 +£0.04 a: 0.023 +£0.001
PCE1gL'H,0 8.2
v:-0.42 £0.01 v: 1.32 £ 0.05 W=
o - o - o -
H,0 6.9
Y- Y- Y-
a: 8.85+0.24 a:0.10 £0.01 a: 0.07 +£0.03
PCE 1 gL-''K* 13.7
y: 6.50 +£0.33 y: 1.13£0.07 v: 0.42 £0.03
a:9.70 £0.34 a: 0.039+0.001 o -
K* 13.7
v:8.01 £0.40 Y- i -
13.7 a: 7.50 £ 0.24 a: 0.35+0.01 a: 0.08 +£0.01
PCE 1 gL' ACW
yi- v: 1.19 £ 0.08 v: 0.47 £0.03
13.7 a: 7.57+0.24 a: 0.017 +£0.001 a: 0.026 +0.001
ACW
v:8.13£0.40 Y- i -

In the case of the formation of carbonate ions by the alpha radiolysis of PCE 1 g.L"! in ultrapure
water, its initial formation yield is even negative, Go(CO37)=(-0.24 + 0.001)x10”7 mol.J"' and
Go(C0%7)=(-0.42 £ 0.001)x10”7 mol.J™! for alpha and gamma radiolysis respectively. The carbonate
ions accumulated in the solution are degraded with the dose. The carbonate ions formation for K* and
ACW mediums show very important yields both with and without PCE. The difference of CO%~ that
might come from CO, from the PCE radiolytic degradation is too small compared to the dissolution of
atmospheric CO, and even in favour of the solution without PCE. Indeed, at this pH (pH 13.7), too
much atmospheric CO, is dissolved in the solutions.

The influence of the medium and pH on the formation of formate ions shows a higher
production of HCOO™ in the presence of PCE in ultrapure water than in K* and ACW solutions (pH
13.7) both in alpha and gamma radiolysis. When comparing the concentration of formate directly, there
is about 50 times more formate formed in ultrapure water in presence of PCE than when irradiating
ultrapure water alone, near neutral pH a lot of formate is formed by radiolysis of PCE. The difference
is weaker for K™ and ACW, with around 5 times more formate formed by radiolysis of PCE at pH 13.7
than without the polymer. The pH seems to have an influence on the formation of formate from PCE.
Radicals formed during water radiolysis like H® and HO®, can react with PCE carboxylate moieties to
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form formate. But at pH 13.7, these species are mainly in their basic form, aqueous electron e;q (H* /
€aq PKa =9.77) and the radical 0*~ (HO* / O*~ pKa = 11.9), which might be less reactive towards the
PCE molecule and explain this weaker formation of formate at pH 13.7.

For the formation of acetate in ACW medium at pH 13.7, the difference of acetate production
per joule of energy deposited between solutions with and without PCE is about 3 times higher in
presence of PCE in solution. The other results on acetate show low yields and not many differences
between solutions of PCE in ultrapure water, K* and ACW mediums (pH 13.7), it is hard to conclude
on an influence of the medium or pH for the acetate formation.

Moreover, formate and acetate ions formation by alpha and gamma radiolysis of solutions of
PCE in K* and ACW mediums (pH 13.7) does not show much difference in term of yield according to
the composition of the alkaline solutions (except for alpha production of HCOO™). If the solution only
contains K* ions (K medium) or a mix of K*, Na* and Ca?" it doesn’t seem to affect the formation
of formate and acetate ions by degradation of PCE.

A final observation can be made on these results between alpha and gamma radiolysis (Table 5).
Indeed, formate and acetate ions formation yields after PCE solution irradiation are always in favor of
gamma radiolysis compared to alpha radiolysis. PCE superplasticizer is more degraded in formate and
acetate ions by gamma radiolysis highlighting a LET effect. A simple explanation is that the species
that lead to the degradation of PCE into formate and acetate ions like HO* / 0"~ or H* / 54 (depending
on the pH), are more spread in the solution in gamma radiolysis and therefore have a higher probability
to interact with the PCE molecule to form formate and acetate ions.

4 Conclusion and future works

In this study, ether polycarboxylate superplasticizer, used in concrete for nuclear waste storage,
has been degraded by gamma and alpha radiolysis to investigate the formation of gaseous and soluble
organic degradation products which might affect the safety of the storage facility and the radionuclide
sorption and migration behaviour in the waste package.

First, a homemade ether polycarboxylate (PCE) has been synthesized to study a pure product
and facilitate the understanding of its degradation mechanisms. PCE was characterized by size
exclusion chromatography, giving a polydispersity of the polymer between 5.8 and 7.4. This homemade
PCE has then been dissolved at a concentration of 1 g.L"! in various aqueous solutions: ultra-pure water
(pH 8.5), K™ medium (pH 13.7) and ACW medium (pH 13.7). Different mediums to get closer and
closer to chemical conditions in concrete waste packages.

Alpha and gamma radiolysis of these solutions with a 60.7 MeV helion ion beam and a '*’Cs
source lead to the formation of gaseous and soluble organic degradation products, which were analyzed
by micro-gas chromatography and ion chromatography. The major gas formed was molecular hydrogen
H, and carbon dioxide CO,. The presence of PCE superplasticizer in the 3 different studied mediums
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always demonstrates a higher production of H, with the polymer in solution compared to the blank
solutions without PCE. PCE act as hydrogen atom donor to H* radicals to form more H, in the medium.
This overproduction of H, is however more limited in pH 13.7 solutions due to change in radical
composition at this alkalinity. Results also showed higher overall production of H, gas after alpha
radiolysis than gamma radiolysis highlighting a LET effect occurring in the solution. Carbon dioxide
formation was only observed for the gamma radiolysis of PCE in ultrapure water.

In solution, the major species formed were carbonate, formate and acetate anions and small
amounts of oxalate and sulfate anions. A higher formation of formate and acetate ions has been observed
in the presence of PCE in solution. These species are certainly formed by the degradation of the
carboxylate moieties of the PCE polymer. The difference of production of formate in solution
containing PCE was 10 times higher when irradiated in water than in K* and ACW medium (pH 13.7).
Radicals present in very alkaline solution seem to be less prone to generate formate ions from PCE.

To better understand the degradation mechanisms of PCE leading to the formation of small
organic carboxylates in solution, irradiated PCE solutions could be analysed by HPLC-MS or ESI-MS
to identify PCE degradation products to see what fragments does the polymer lose after irradiation.
Another method to characterize degraded PCE is to analyse the samples by size exclusion
chromatography, if there is a change in the mean mass of the polymer and its polydispersity after
irradiation.
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Abstract

In this work, preliminary results of interactions of ISA, EDTA and Polycarboxylate-based additive
with cement paste (CEM V/A (S-V) 32.5N) in state I are given. More specifically, characterisation of
cementitious samples as well as adsorption isotherms in distilled water for the three organic molecules
and kinetics for ISA are reported.

1 Experimental work

1.1 Materials

Cement pastes were prepared with CEM V/A (S-V) 32.5N supplied by Tudela Veguin, whose
characteristics are given in Table 1.

The organic molecules selected were ISA, EDTA and a polycarboxylate-based additive for concrete
(POLI). They were purchased as indicated below:

ISA: Isosaccharinic acid-1,4-lactone, by Biosynth Carbosynth®. CAS 7397-89-9, CsH10Os
EDTA, Ethylenediaminetetraacetic acid, disodium salt, dihydrate (by Scharlau) — CAS 6381-92-6
C10H14N205.2H,0.

POLI: SikaPlast®-1003 NG. Unknown patented formula

Measurements of these molecules in liquid phase have been carried out by TOC measurements using
a XPERT equipment by Hach.
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Table 1: Characteristics of the cement V/A (S-V) 32.5N supplied by Tudela Veguin used.
*Physical and Mechanical values are the nominal ones for this cement

Characteristics Parameter Various Value Range

Chemical % Fly ash (with respect UNE-EN-197-1 27.2 >18 and <30
to the core)

% Slag (with respect to 27.4 >18 and <30
the core)
% SO; 1.2 <35
% CaCOj; (with respect 2.7 <5

to the core)

% CI 0.01 <0.1
Physical* Le Chatelier expansion 0.1 <10
(mm)
Setting (min) Beginning: 250 >75
End: 315
Mechanical* Compressive strength UNE-EN-196-1 7 days: 27.2 >16
(MPa)

28 days: 46.3 >32.5and <52.5

1.2 Casting of the specimens

Two different types of cement pastes were cast: plain cement paste (C) and cement paste with Fe in
this composition (C1-Fe, C2-Fe). FeCls was dissolved into the water that was added to cast the cement
pastes. Moreover, two batches of these cement pastes where cast (batches C1 and C2), with the main
difference of the atmosphere in which they have been stored. In the case of batch 1 no protective
atmosphere was used and it was tested in state I. In the second case, storage and tests were carried out
under N, atmosphere and were tested in states I and II. The mix details of the different samples are
given in Table 2.



Table 2: Mix details of the casted cement pastes

Mix Casting CEM V/A | Water | Fe (added as Protective Curing
date (S-V) 325N FeCls) atmosphere
C1 Febr. 2020 1 0.6* -— No 12 months in a
C1-Fe | Febr. 2020 1 0.45 0.01 No Ca(OH); saturated
solution.
C2 May 2021 1 045 | - Yes
C2-Fe | June 2021 1 0.45 0.01 Yes 28 days 100% R

*Water adjusted to consistency

The aspect of the specimens (batch 1) and the curing procedure are shown in Figure 1.

Figure 1: Batch 1. Aspect of the specimens and curing procedure

1.3 Tests

The interaction between the cement samples prepared in different states of degradation and the three
selected organic compounds have been planned in two different liquid media (distilled water (dw) and
simulated pore water solution (pw) as follow:

e Adsorption/desorption isotherms

e Kinetics of adsorption

e Natural diffusion test steady state

e Natural diffusion test non steady state

e Electrokinetic tests (multi-regime method)
e Zeta potential measurements

At the moment of the 3™ annual CORI WP Meeting, due to COVID restrictions, a few of these
experiments are finished, whose results are given below. The rest of experiments are still on-going.



2 Results

2.1 Characterization

The characterization’s results of the samples C1 and C1-Fe are given in Table 3

Table 3: Characterization of samples C1 and CIFe after 12 months curing in a Ca(OH): saturated solution

Parameter Various C1 C1-Fe
Mechanical Strenght (Mpa) Flexural 241 2.68
12 months curing Compression 60.5 85.3
Resistivity, 12 months curing
(KQ.cm) KQ.cm 23.81 27.28
BET Surface Area (m%/g) 7,86 6,62
Volume pore diameter (1-300 nm)
(cm’/g) Range 1-300 nm 0,043 0,039
Adsorption Average pore diameter
(nm) (4V/A by BET) 216 23,6
Porosity (% vol) 19,14 5,74
Bulk De1.151ty (g/M1) Range 0.0067-500 um 1,687 1,767
Average pore diameter pm (4V/A 0.016 0.011
by MIP) ’ ’
Total loss weight (%) 21,68 27,09
Free water (%) 9,75 9,95
Total combined water (%) TG (25-1000°C) 10,18 15,83
Portlandite, Ca(OH), % 2,92 1,52
Calcite, CaCOs % 2,36 2,14

The mix C1-Fe presents better mechanical properties than C1, especially for compression resistance, as
expected, due to its lower water:cement ratio. This is in agreement with its lower porosity and higher
resistivity and higher bulk density. Free water is similar in both mixes, having C1 smaller percentage
of combined water, higher amount of Portlandite and similar amount of Calcite.

The cumulative and differential pore volume by N, adsorption (range of pores 1-300 nm) is given in
Figure 2, where it can be seen that there aren’t significant differences between both samples in these
range of pores, having BET areas quite similar. In a higher range of pores, between 0.0067-500 pm,
unlike to the nm range, there are important differences in porosity, being much lower that of C1-Fe, in
agreement with its smaller water:cement ratio (Cf. Figure 3). In both cases, pores are smaller than 0.05
um, having a maximum at 0.016 and 0.0073 um for C1 and C1-Fe respectively.
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Figure 2: Cumulative and differential pore volume by N> adsorption (range of pores 1-300 nm)
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Figure 3: Cumulative and differential pore volume by MIP (range of pores 0.0067-500 um)

Figure 4 shows the aspect of the samples obtained by backscattered electron (BSE) coupled to a
scanning electron microscope at 500 magnifications. Both of the samples present unreacted fly ashes
and slags coexisting with others that are being reacted at the moment of the analysis. The pastes seem
to be quite compact, specially that containing iron, with lower water:cement ratio, in agreement with
the MIP results.

Figure 4: BSE aspect of the specimens C1 and CI-Fe at 500 magnifications
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The X-ray diffraction patterns (XRD) were obtained using a Bruker D8 Advance diffractometer with
CuKa radiation (40 kV,30 mA). The amount of Ettringite (C3A.3CaS04.32H,0), that is primarily the
product of the hydration reaction between tricalcium aluminate (C3A) and the gypsum, and Calcite
(CaCO:s3) do not present significant differences in both samples, as can be seen in Figures 5-a and 5-c
respectively. However, the amount of Portlandite (Ca(OH),) has decreased noticeably and also that of
periclase (MgO) in the sample C1-Fe (see Figures 5-b and 5-d respectively). In the sample C1-Fe, with
FeCl; added during casting, Friedel's salt (3CaO-Al,O3-CaCl; - 10 H,0), Volaschioite (Fe2 H5 O7
S0.5), CIFeO, Clinozoisite (Al2.79 Ca2 Fe0.21 H O13 Si3) and Herzynite (Al1.94 Fe0.76 Mg0.3 O4)
can be cited as some of the iron-bearing phases detected. This comparison between phases is not
quantitative; it is just a comparison of peak ratios.

Counts (a.u.)

Counts (a.u)

89 9 9.1 9.2 9.3 17,7 17,8 17,9 18,0 18,1 182 183
2 Theta (Coupled Two Theta/Theta) WL=1,540060 2 Theta (Coupled Two Theta/Theta) WL=1,540060

.

29‘,0 29.'| Z;l Z;,] 294 2:;,5 2‘9‘6 2.9.7 29.,8 2;‘9 3‘0'0 422 423 424 425 426 427 428 429 430 43,1 432 433 434 435 436 437 438
2 Theta (Coupled Two Theta/Theta) WL=1,540060 2 Theta (Coupled Two Theta/Theta) WL=1,540060

Counts (a.u)

Counts (a.u.)
[ N S S

Figure 5: Details of some of the characteristic peaks for a) Ettringite (C34.3CaS04.32H,0), b) Portlandite
(Ca(OH)3), c¢) Calcite (CaCO3) and d) Periclase (MgO) for CI (black line) and C1-Fe (red line)

It is remarkable that the Calcite found is not attributed to carbonation of the paste, as even though
the samples were neither stored nor manipulated in protective atmosphere, the amount found is
attributable to the calcite included in the cement. This is supported for having approximately the same
amount in both samples. If carbonation had occurred, it should be higher in the sample C1, with higher
gel-porosity.

2.2. Adsorption isotherms on C1

Adsorption isotherms have been carried out at a Solid/Liquid (S/L) ratio of 20g/L for cement paste
C1 during 15 days in equilibrium with distilled water (dw). For the adsorption tests, cement paste
samples were crushed and sieved. Provided ISA and EDTA are known molecules, it is possible to
determine the amount of moles from the total organic carbon (TOC) measurements, that were carried
out using the Xpert-TOC/TN analyser by Hach Lange. This is not possible in the case of
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polycarboxylate-based additive (POLI) solution as its formula is an industrial secret. Thus, for the sake
of comparison, to present all the molecules in the same picture, the isotherms are given in Figure 6 as
amount of carbon adsorbed per kg of solid (mg</kg) vs. concentration of carbon in the equilibrium
solution (mg</L).

y = 106,9x971>
R?=0,9188

1,E+05 POLI y = 2223,7In(x) - 3400,8

- R? = 0,4462 X
v
o>~ 1E+04
£ l *, ............... =
é . .............. A- B
5 1,E+03 . A B o @ ISA
35 1,E+02 s A y = 550,56In(x) + 702,02
m ’ + ....'.. 2 6
- R*=0,9338
EDTA
1,E+01
y =255,01In(x) - 206
R? = 0,8988
1,E+00

1,E-01 1,E+00 1,E+01 1,E+02 1,E+03 1,E+04

[C] equilibrium (mgc/L)

Figure 6: Adsorption isotherms for ISA, EDTA and POLI on cement paste Cl equilibrated with distilled water
after 15 days of contact time.

Figure 6 shows a different pattern for the adsorption of POLI in relation to ISA and EDTA, whose
best fit corresponds to logarithmic expressions with R? of 0.93 for both of them, while fit of adsorption
of POLI to the same equation do not give good results (R? 0.446). Best fit to POLI corresponds to a
potential expression (R? of 0.918).

The pH values of the equilibrium solutions at the end of the sorption tests are given in Figure 7,
where it can be seen that they are in the range 12+0.5 which, as expected, correspond approximatively
to the Portlandite buffer (pH = 12.45 at 25°C). The values of Kd are given in figure 8.
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Figure 7: pH of the solutions at the end of the adsorption tests for ISA, EDTA and POLI on cement paste C1
equilibrated with distilled water
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Figure 8: K, for ISA, EDTA and POLI on cement paste C1 equilibrated with distilled water
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According to the results in Figure 6 and Figure 8, ISA has more adsorption affinity for the cement paste
than EDTA, for comparable concentration in solution. Both species follow a similar trend-slope of Kq4
in function of their concentration in solution. POLI exhibits a different trend, with comparable Kd
values at concentrations in the equilibrium smaller than 100 mg®/L, with higher Kd values above this

concentration.
In order to compare these results with data in literature [1-3], the values for ISA have been presented

together with others in Figure 9, where it can be seen that even though the equilibration media is distilled
water, the adsorption values are smaller but with good correspondence.
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Figure 9: Adsorption isotherms for ISA (this study with data in red) together with data in literature [1-3]

The isotherms have been fitted to 1-site-Langmuir and Freundlich models, as presented in Figure 10

(a-b) and summarized in Table 4.

The Langmuir isotherm is a theoretical model, which is valid for reversible and fast adsorption on a
monolayer on a completely homogeneous surface with a finite number of identical and specific
adsorption sites and with negligible interaction between the molecules. It is given by equation (1) that,
in a linear form, adopts the form of equation (2).

_ qmKiCe
Qe = 14 ki, (1)
Ce 1 1
-l +-—1 (@
de dm € K1.qm ( )

Where q. is the adsorbed mass at the equilibrium, corresponding to the concentration at equilibrium
Ce. The parameter qn is a constant that denotes the maximum adsorption capacity, while the constant
K defines the affinity of the adsorbate for the adsorbent.
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The Freundlich model is an empirical equation that assumes no homogeneity in the energy of the surface
sites and no limit to the maximum adsorption load and shows an exponential distribution of active
centers characteristic of a heterogeneous surface. Mathematical expression for Freundich model is given

by equation (3), which can be linearized to equation (4).
1

qe = K¢+ C," 3)
logg, = %logCe + logKf 4

The parameters K¢ and n characterize the adsorption capacity and intensity, respectively. The parameter
n is positive in all the cases, which indicates repulsive interaction between the adsorbate molecules.

In Figure 10 it can be seen that ISA and EDTA isotherms fit quite well to a Langmuir one and worse
to a Freundlich one while POLI results only fits to a Freundlich isotherm.

= Ad-C1-ISA-dw o Ad-Cl-Edta-dw * Ad-C1-Poli-dw (a
Isoterma Langmuir
0.5
0.45
0.4 y = 0.0883x +0.0091 _
o 03 y = 0,2705x + 0.0333
3 025 ~"R?=0.986
0.2
0.15 y = 0.0084x + 0.0233
01 e e n R2=0.2362
0.05 & _'
0 ‘.! ¢ *
0 1 2 3 4 5
Ce
(b = Ad-C1-ISA-dw e Ad-Cl-Edta-dw + Ad-C1-Poli-dw
Isoterma Freundlich
2.5
) y = 0.715x + 1.4296 ¢
R?=0.9188
(O]
(o
oo
O

y = 0.3689x + 1.0224
At R?=0.8319

log Ce

Figure 10: Fitting of the adsorption isotherms on Cl (dw) to 1-site-Langmuir and Freundlich models
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Table 4: Fitting of the adsorption isotherms on CI (dw) to Langmuir (1 site) and Freundlich models.

Isotherm qm (g/kg) K (L/g) R?
Maximum amount of Affinity of the
adsorption towards the
adsorbent
Langmuir 1S4 11.32 (0.07mol/Kg) 9.70 0.996
_ quKC, EDTA 4.53 6.62 0.986
=1+ K,c, | PoLl e 636 6235
K (g kg (gLV'™) n R’
Capacity of adsorption Intensity of
adsorption
Freundlich 184 2.78 2.71 0.832
1 EDTA 243 1.36 0.847
9 =Kr € T por] 418 1.40 0.919

Table 4: Fitting of the adsorption isotherms on CI1 (dw) to Langmuir (1 site) and Freundlich models.

2.3. Sorption kinetics

ISA in distilled water was analysed for their sorption kinetics on C1 paste. A dissolution of 1g/L of ISA
in distilled water was put in contact with the C1 powder and samples were taken and analysed at 0.5, 1,
2, 3, 5 and 24 hours. The results of adsorption have been fitted to the pseudo-first order (Lagergren)
given by equation (5) and pseudo-second order (Ho—McKay) (equation 6) models (Figure 11 and Table
5).

i—f =K (e —a) )

L=K (@e—0? (6

where K, (min™) is the first order adsorption kinetic constant, K> (mol kg™! min™') is the second order
adsorption kinetic constant and qc is the carbon adsorbed at equilibrium.

a) b) ® KIN-C1-ISA-dw
= KIN-C1-ISA-dw 60000

50000

40000
-12 y = 38.607x + 838.37

2=
30000 R?=0.9944

t/q

log(qe-q)

20000
14 " y = 1E-05x - 1.3574

X - 39
2 = 0.005
RE= 0.0051 10000 -

Oll.

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Time (min) Time (min)

Figure 11: Fitting of the kinetic data of ISA in distilled water on CI kinetics to a) Lagergren and b) Ho models.

From figure 10 and results in table 5 it is clear that adsorption of ISA in distilled water fits to a
pseudo-second order of Ho-McKay, that implies chemisorption or chemical adsorption due to the
formation of chemical bonds between adsorbent and adsorbate in a monolayer on the surface [4].
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Fitting of the pseudo second model provides a theoretical value for ge. In this case, a value of 0.026
mol/kg has been obtained, lower than what obtained by the Langmuir isotherm i.e. 0.07 mol/kg.

Table 5: Fitting of the kinetic data of ISA in distilled water on CI kinetics to Lagergren and Ho models.

Model q. (molkg™) Ki (min™) R?
pseudo-first order (Lagergren)
dq 0257 =236E-05 8805
- Ki1(@e—aq)
qe (molkg™) K; (mol kg min™) R?
pseudo-second order (Ho—McKay)
dq 0.026 1.778 0.9944
2= K2 @ —a)*

Table 5: Fitting of the kinetic data of ISA in distilled water on C1 kinetics to Lagergren and Ho models.

3 Conclusions

The preliminary results obtained in this research indicates that ISA has more adsorption affinity than
EDTA, following a similar trend of Kq4 values as a function of the concentration. POLI exhibits a
different behaviour, with comparable Kq4 values for concentrations in the equilibrium solution smaller
than 0.1 gL and with higher Kq4 values above this concentration. This is corroborated by fitting to
isotherms, with ISA and EDTA following 1-site-Langmuir model while POLI fits better to a Freundlich
isotherm. In the adsorption kinetics on C1 paste, ISA data follows a pseudo-second order, that could
imply a chemisorption on the active centers. As mentioned, these results would be completed by further
data.
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Abstract

Cement is widely used in the context of nuclear waste disposal for construction purposes
and for the immobilization of the waste, especially in the case of low and intermediate level
wastes. As a product manufactured from limestone and clay, the chemical composition of
cement and its "mineralogy" consist mainly of Ca-based phases. The most abundant hydrate,
covering two thirds of the bulk composition, is a gel-like poorly structured calcium silicate
hydrate (C-S-H, in shorthand notation). In order to improve the workability of the fresh cement,
organic chemicals (known as "plasticizer") are generally used. In the context of nuclear waste
disposal, additional organics can be present in the disposed waste, e.g. decontamination
chemicals, degradation products of organic compounds (e.g. cellulose-based materials), etc. In
order to determine the impact of organic compounds on radionuclide retention by cement (e.g.
by the formation of aqueous complexes, which can increase radionuclides solubility), the
present study investigates the Pu uptake by C-S-H phases via sorption experiments in presence
of formate, citrate and gluconate in alkaline conditions. Whilst the low affinity of Pu for
formate and citrate does not affect Pu uptake on C-S-H phases, the Pu retention decreases at
[GLU]it > 10 M, indicating the formation of aqueous Pu-gluconate complexes stable in
hyperalkaline pH conditions.

1. Introduction

The disposal of radioactive waste in deep geological repositories is widely acknowledge as
one of the most favorable disposal options. In the case of low and intermediate level waste (L-
ILW), cement is widely used for construction purposes as well as for the conditioning and
stabilization of radioactive waste. Cement is a heterogeneous matrix solid material containing
different hydrated solid phases.

Calcium-silicate-hydrate (C-S-H) is the main hydrate phase formed during cement

hydration. C-S-H phases have a variable Ca:Si molar ratio, which ranges from 0.7 to 1.5 in
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synthetic samples, being approximately =1.8 in hydrated Portland cements (Lothenbach and
Nonat 2015). C-S-H consists of ill-crystalline, nanometric particles with a defect tobermorite
(Cay(Si6018H2)-Ca-4H,0) structure consisting of calcium oxide main sheet sandwiched
between linear silicate chains in which two silicate tetrahedra are linked to the CaO main layer,
and the third position, the bridging tetrahedron can be empty, in a so-called dreierketten
structure. In between such layers there is an interlayer region where water and different cations
can be present, to compensate the negative surface charge of C-S-H. At high Ca concentrations,
the charge can be overcompensated leading to an apparent positive surface charge (Krattiger,
Lothenbach et al. 2021) (Labbez, Pochard et al. 2011). The presence of calcium near the surface
increases also anion sorption on C-S-H (Barbarulo, Peycelon et al. 2007). In addition, C-S-H
phases have a high specific surface area (190-330 m?/g) (Suda, Saeki et al. 2015).

In order to determine the chemical affinity of organics on C-S-H phases the sorption of
formate, citrate and gluconate has been investigated in binary systems. The organic ligands

investigated in this work are shown in their deprotonated form in Table 1.

Table 1. Chemical formula, structure and acidity constants of selected organic ligands.

Organic Chemical

) Structure pKa
ligand formula
o]
Formate HCOOr PR 3.75
H O~
Oy 0"
(0] 0]
Citrate CoHsOr OB 6.40
. o
OH
OH OH O
Gluconate CeHnO7 HO\WO- 3.86
OH OH

Although not expected in large amounts in the L-ILW, plutonium can contribute to the
long-term risk assessment of such repositories. Furthermore, under the alkaline (pH = 13.3)
and reducing conditions, Pu(IIl) and Pu(IV) are expected to control the aqueous chemistry
of plutonium. In this context, sorption experiments have been carried out to study the

impact of organic ligands on Pu retention by C-S-H phases with Ca:Si=0.8 and 1.4.

2. Methods

2.1. Synthesis C-S-H phases

Sorption experiments with formate, citrate and gluconate were carried out on pre-

synthesized C-S-H phases with Ca:Si ratio ranging from 0.8 and 1.4 and an initial solid to liquid
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ratio of 55 g~dm'3. For each Ca:Si ratio, CaO and SiO2 (Aerosil 200, Evonik, Essen, Germany)
were mixed with high-purity deionized water (resistivity = 18.2MQcm) generated by a Milli-
Q Gradient A10 System (Millipore, Bedford, USA). CaO was produced by heating CaCOs at
1000 °C for 12 hours. Afterward, the C-S-H phases were equilibrated for two months in closed
PE bottles at 20 °C on horizontal shakers (100 rpm).

2.2. Sorption experiments with organic ligands

Sorption experimental conditions were chosen in order to investigate the physical sorption
on C-S-H and to minimize secondary processes such as re-crystallization and precipitation.
Formate, citrate and gluconate sorption on C-S-H phases were investigated within 2:10° M <
[Lltot < 0.2 M. Different volumes of organic ligand solution, Na-formate (Fluka Analytical,
Buchs, Switzerland), Nas-citrate and Na-gluconate (Sigma-Aldrich, St. Louis, Missouri, USA)
and NaOH solutions were added to the pre-synthesized C-S-H, such that in all cases the same
final solution volume of 50 mL was obtained with a total NaOH concentration of 0.2 M,
corresponding to a pH of ~ 13.2. Samples were let equilibrate for further 7 days before
separation and characterization. Solid and liquid phases were separated by vacuum filtration
through 0.45 pm nylon filter in a N filled gloves box. Solid phases were stored in vacuum
freeze-dryer for 7 days and stored afterwards in a desiccator over a saturated CaCl, solution at
a relative humidity of = 35%.

The adsorption of organic molecules on C-S-H is described by a distribution coefficient Rq :

Csorb,eq _ CO - Caq,eq ] K <dm3> (1)

Rd=

C C m kg

aq.eq aq.eq

where Csorb,eq 1 the equilibrium concentration of organics sorbed onto solid phase [mol/kg],
Cag.eq 18 the equilibrium organics aqueous concentration [mol/dm?®]. The difference between the
initial organics concentration (Co) and the equilibrium aqueous concentration (Cageq)
corresponds to the sorbed organics concentration. V is the total solution volume [dm?] and m
is dry solid mass of C-S-H phase [kg].

The liquid phases were analyzed for the pH values and concentrations of calcium, silicon,
sodium and organics. The pH measurements were carried out on a solution aliquot using Knick
pH-meter with a SE 100 pH/Pt 1000 electrode at room temperature. In order to minimize the
alkali error (Traynor, Uvegi et al. 2020), the instrument was calibrated with NaOH solutions
of known concentration.

The total elemental concentrations of Ca, Na, and Si were measured with an Agilent ICP-
OES instrument equipped with an Agilent SPS 4 autosampler. 2 wt.% HNOs was used to dilute
the samples prior to analysis, applying dilution factors of 10, 100 and 1000.

The TOC analyser (Sievers 5310 C) was used to measure the total organic concentration

present in the samples after equilibration. The samples were diluted at least by a factor of 5 (for
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the lowest organic concentrations) with 0.1 M HCI solution, and by a factors of 10, 100 and
1000 with 0.01 M HCI at higher organic concentrations.

2.2.2. Sorption experiments with Pu

The uptake of Pu by C-S-H phases was investigated at constant initial Pu concentration (10
8 M) and varying: i) the solid to liquid ratio S:L (1-50 g/L), ii) organics concentration (10™-10-
1.5 M) and 1iii1) Ca:Si ratio of the C-S-H phases. Hydroquinone (C¢H4(OH)>, denoted as HQ)
and Sn(IT)Cl (both at a concentration of 2 10> M) were used as redox buffer. Aliquots of redox
buffers and 2 M NaOH solution were inserted to the samples in order to reach the target redox
(HQ, petpH = 9: Sn(Il), pe+pH = 1) and alkaline (pH = 13.2) conditions. Samples were
equilibrated for 2 days before the addition of Pu. A volume of 50 pL from a diluted Pu(VI)
stock solution was added to samples to reach the targeted initial Pu concentration. Samples
were equilibrated for three days before the addition of formate, citrate or gluconate to the

suspensions. Samples were shaken at =~ 100 rpm over a period of 90 days.

pH and E; measurements were performed before the addition of the organic ligands, and at
each sampling performed after 7, 14, 60 and 90 days of contact time. E; values were converted
to pe according with Ey = —RTIn(10) F ! log ac” = RTIn(10) F! pe, where R is the ideal gas
constant (8.31446 J mol™! K™), F is the Faraday constant (96,485.33 Cmol™!), and a. ™ is the
activity of the electron. Samples were centrifuged at 6000 g for 5 min in order to separate any
possible suspended particle; aliquots of 420 pL withdrawn from the supernatant solution were
transferred to a 10 kDa filter (pore diameter size =~ 2 - 3 nm, Nanosep ®, Pall Life Sciences)
and centrifuged at 6000 g for 10 min. An aliquot of the filtrate was then acidified with 2%
HNOj3 and measured by SF-ICP-MS in order to get the Pu aqueous concentration.

3. Result and discussion

3.1. Investigation on C-S-H phases and on binary systems with organics

Figure 1 shows the total Ca concentrations for C-S-H phases with Ca:Si ratio of 0.8, 1.0, 1.2
and 1.4 as a function of citrate (a) and gluconate (b) concentrations after 7 days of contact time.
In general, Ca concentration increases with the increase of organic concentration indicating a
potential for the formation of aqueous Ca-organic complexes and/or a possible partial

destabilization of C-S-H. Moreover, for longer equilibration times (t > 7days) and higher citrate



concentrations, Cas(cit)2-xH2O(s) precipitation is foreseen. The increase of Ca concentration is

more pronounced for citrate than for gluconate.
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Figure 1. Aqueous Ca concentration as a function of citrate concentration (a) and gluconate concentration (b)
for C-S-H phases with Ca:Si ratio ranging from 0.8 to 1.4, after 7 days of contacting time.

In Table 2 the average distribution coefficients, Rq, for formate, citrate and gluconate on C-
S-H are reported. Sorption of formate remains relatively constant within the complete range of
Ca:Si ratios investigated. In contrast to this, the uptake of citrate and gluconate increases with
the Ca:Si ratio of the C-S-H, which is related to the presence of increasing amounts of calcium
at the C-S-H surface at high Ca concentrations (Krattiger, Lothenbach et al. 2021) (Labbez,
Pochard et al. 2011). The presence of Ca at the surface of C-S-H increases the sorption of
inorganic and organic anions (Androniuk, Landesman et al. 2017) (Nalet and Nonat 2016). The
high affinity of citrate and gluconate to C-S-H is also related to the functional groups. The
citrate structure is characterized by three carboxylic groups (two terminal and one located in
the middle of the main chain, see Table 1), which result in high charge density distributed over
the entire molecule. It is also known that citrate tends to form strong bidentate complexes with
Ca?" ions (Geffroy, Foissy et al. 1999). Gluconate has one carboxylic group and five alcohol
groups. The proximity of one alcohol group to the carboxylic group, enhances the acidity of

the -OH group such that gluconate can also form bidentate complexes with calcium.
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Table 2. Distribution coefficient, Ry, of formate, citrate and gluconate on C-S-H phases with Ca:Si =0.8-1.4,
after 7 days of equilibration time.

Formate Citrate Gluconate
Solid phase Ca:Si
[dm’/kg] [dm’/kg] [dm’/kg]
C-S-H 0.8 0.8 3,6+0.9 0.41+0.01 0.30+0.01
C-S-H 1.0 1.0 2.9+0.6 2.45+0.01 1.59+0.01
C-S-H 1.2 12 1.4+0.9 10.0+1.9 3.79+0.01
C-S-H 1.4 1.4 4.7+1.2 9.1£0.4 10.1£0.1

3.2. Sorption experiments with Pu

Figure 2 shows the Ry values determined for the uptake of Pu by C-S-H phases with Ca:Si
= 0.8 and S:L = 1 g dm™ in the absence and presence of gluconate (left) and citrate (right).
Citrate (as well as formate, data not shown) has a negligible impact on the retention of Pu by
C-S-H phases, and most of the R4 values determined for both systems fall within the detection
limit of the SF-ICP-MS technique. This observation is attributed to (i) the precipitation of
Cas(cit)2-xH20(s) and consequent decrease of [Citrate].q remaining in solution (see Figure 3),
and (i1) the expectedly weak interaction of An(IV) with citrate in the hyperalkaline conditions
investigated in this work, as previously described for the Th(IV) case by Felmy and co-workers
(Felmy, Cho et al. 2006). Data collected in the sorption experiments with the C-S-H 0.8-Pu
gluconate system show a clear decrease of the distribution coefficient with the increase of
gluconate concentration. This observation is attributed to the formation of stable ternary and
quaternary Ca(Il)-Pu(IV/IIl)-OH-gluconate complexes. Note that analogous complexes have
been reported in the literature for Pu analogues, i.e. Th(IV) (Tits, Wieland et al. 2005) and
Nd(IIT)/Cm(III) (Rojo, Gaona et al. 2021).

HQ and Sn(II)-buffered systems show systematic and reproducible differences at log
[Gluconate] =—1.5. This finding hints towards (i) a different chemical behavior induced by the
redox buffer, expectedly involving the predominance of Pu(IV) and Pu(III) for HQ and Sn(II)
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systems, respectively, and (ii) the possibility of a co-adsorption process of Pu(Ill).q with GLU

triggered by the high surface coverage of the ligand on the solid phase.
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Figure 2. Distribution coefficient log

(Ra) for C-S-H 0.8-Pu-Gluconate (left) and C-S-H 0.8-Pu-citrate (right) as a function of the total
ligand concentration. Reported data refer to the cement phases synthesized with the S:L ratio of 1
g-dm™ in presence of the two different redox buffered (HQ (m) and Sn(ll ) (A)). Solid black lines (log
Ry, max) correspond to the highest Rq coefficient that can be calculated based on the detection limit of

SF-ICP-MS and considered dilutions.
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Figure 3. Solubility and fraction diagrams for the Ca-citrate system at pH=13.3 and -5 < log ([Ca’"] /M) <—
1. Thermodynamic calculation conducted by using SPANA software (Puigdomeénech, Colas et al. 2014) and the
formation complexes constants reported in ThermoChimie (Giffaut, Grivé et al. 2014). Black and green dashed
lines correspond to the total calcium concentration of C-S-H phases with S:L= 1 g dm™ and a Ca:Si ratio of 0.8

and 1.4 respectively. Black and green dotted lines correspond to the total calcium concentration of C-S-H
phases with S:L= 25 g dm™ and a Ca:Si ratio of 0.8 and 1.4 respectively.



4. Conclusion

The impact of formate, citrate and gluconate on the uptake of Pu by C-S-H phases with 0.8

<(Ca:Si < 1.4 was investigated with a comprehensive characterization of the binary and ternary
systems cement-L and cement-RN-L.
Results obtained for the binary systems show that the uptake of formate by C-S-H is
independent of the Ca:Si ratio. A strong uptake is observed for citrate and gluconate, with Rq
values mostly in the range of 0.1 — 10 dm’>kg'. The trend to increasing Rq values with
increasing Ca/Si ratio in C-S-H phases is attributed to the presence of increasing amounts of
calcium at the C-S-H surface at high Ca concentrations, accordingly triggering the stronger
interaction with the negatively charged organic ligands.

The uptake of Pu by C-S-H phases remains virtually unaffected in the presence of formate
and citrate within the investigated boundary conditions (pH = 13.2 and 10* M <[L] < 0.1 M).
On the contrary, gluconate decreases the uptake of Pu by C-S-H with Ca/Si = 0.8 and 1.4 by
up to 4 orders of magnitude. This observation is in line with previous results reported for
Th(IV) and Eu(IIl), thus supporting the formation of stable ternary or quaternary complexes
(Ca-)Pu-OH-GLU in the aqueous phase. The differences observed for the uptake in systems
containing HQ or Sn(Il) as redox-buffers underpin that the reduction of Pu(IV) to Pu(Ill) is
also feasible in hyperalkaline systems, and highlights the need of undertaking experiments with
plutonium beyond the use of redox-stable analogues such as Th(IV) or Eu(III).
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Abstract

In the frame of CORI WP of EURAD Programme, RATEN ICN is involved in Task 3 & 4 and we
proposed to investigate the effect of organics generated by spent ion exchange resins degradation on
Ni (as divalent radionuclide) mobility in cementitious environments. Ni sorption kinetic and isotherms
and the effect of organics on Ni sorption will be investigated by batch sorption/desorption tests.

This paper summarises the experiments performed to assess the solubility limit of nickel in cement
pore waters, under the relevant conditions anticipated in the near field of a cementitious repository
and the preliminary results of the batch tests conducted to evaluate “Ni uptake on CEM I hardened
cement paste.

Preliminary results indicate relatively fast ®Ni sorption kinetic and strong uptake on CEM I
hardened cement paste under conditions corresponding to the initial state of HCP degradation. The
distribution ratio describing uptake of “Ni on CEM I HCP was found to be consistent with data
obtained under similar experimental conditions and reported in the literature (Rd = 0.14 m’ kg™’).

The experimental activities are on-going and sorption/desorption isotherms will be derived for
CEM I and CEM V HCPs and the corresponding distribution ratios will be assessed. The influence of
the solid/liquid ratio in batch type experiments will be evaluated and also the influence of organic
molecules on the uptake of “Ni on cement-based material in different degradation states will be
investigated.

1. Introduction

The multi-barrier concept of the near surface disposal facilities and also for the area of geological
repositories dedicated for ILW disposal is designed so as to prevent and limit the radionuclide
migration and it relies mainly on cement based materials, due to their good mechanical and physical
properties. Cementitious materials may also contribute to the containment of radioactivity and limit
water ingress into the repository after its closure. Due to their favourable chemical properties, these
materials have the potential to retain by sorption, incorporation or precipitation a variety of
radionuclides.


mailto:camelia.ichim@nuclear.ro

For ternary system radionuclide-organics-cement, nickel was selected as divalent radionuclide
potentially released in repository by the wastes. Nickel radioactive isotopes are sorbed on
cementitious materials by isotopic exchange rather than conventional sorption processes. Ni is
produced by neutron activation of stable %°Ni isotope that is found in structural materials and
irradiated metallic components in a nuclear reactor. In performance assessments, nickel radioisotopes
present in LILW to be disposed in a near surface repository are considered to be safety-relevant.

2. Materials and methods

2.1 Hardened Cement Paste Analysis

The Hardened Cement Paste used in these solubility and sorption experiments is based on CEM I
52.5 (OPC, LAFARGE, Val d'Azergues factory), prepared at a water/cement ratio of 0.38 and kept in
saturated portlandite water until required for use, in order to avoid carbonation. The powdered HCP
material involved in the present study was obtained from this bulk sample by crushing and grinding
followed by sieving to collect fraction with particle size less than 63 pm and to obtain and prepare the
powdered samples for the degraded states (state II and III) of the cement paste. All operations were
performed in a glove box with controlled nitrogen atmosphere.

The HCP samples were characterised by SEM-EDS to gather information on the chemical
composition of the material, TGA/DTA to investigate sample weight change and the different
compositional trends. To determine the natural nickel content in the samples used for the experiments
acid dissolution of CEM I HCP samples was achieved in a closed microwave system and the resulted
solutions were analysed by ICP-OES.

The information obtained by SEM-EDS technique on the hardened cement paste composition
show that Ca and Si are found to be the major elements in the analysed material (Table 1). The
spectrum obtained by SEM/EDS is presented in Figure 1.

Table 1: Major elements in HCP, by EDS

CaO 4353 +1.3
Si0; 16.48 £ 0.8
AlL,O3 6.41+04
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Figure 1: SEM/EDS spectrum for HCP samples analysed

The dehydration kinetic of cement paste at different heating rates was assessed by
thermogravimetry. The TGA results presented in Figure 2 show two peaks of mass loss. One peak is
around 93°C and it is associated mainly with the loss of pore water, interstitial water or absorbed
water and/or calcium sulfoaluminate (3CaO°Al:O; <3CaSO; <32H, O) or ettringite thermal
dehydration. The second peak is at approx. 448°C that represents the characteristic temperature for
portlandite (CH) dehydration. The TGA results also show that the carbonation of the samples did not
occur.
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mg uVv
- 0.00

14.0 \ \
-24.15uV,
12008 754 \jﬁgf\\

nd 10

: - -50.00
ewght Loss -0.452mg
: -3.608% * :
10.0 Start QSQZC
End e
Weight Loss -0.557mg
-4.446%
8.0
- -100.00
-0.00 200.00 400.00 600.00 800.00 1000.00
Temp [C]

Figure 2: TGA/DTA curves obtained for HCP samples analysed

2.2 ACW preparation and composition

The composition of the solution in equilibrium with HCP was prepared according to the procedure
of Wieland et all (2006). Briefly, the composition of a porewater in equilibrium with HCP with
respect to the main cement-derived cations at pH 13.3 is sumarised in Table 2. The ACW stock
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solution was obtained by weighthing and dissolving adequate amounts of KOH and NaOH in 2 L of
ultrapure water, followed by addition of calcite and portlandite. The solution obtained was shaken for
at least 2 week in closed glass bottles and at the end of this period the solution was filtered throught
0,22 um Nylon filters, in nitrogen atmosphere inside a glove box. Finally, to complete the ACW stock
solution adequate amounts of Na;SO4 and Al»(SO4); have been added and the solution was kept until
recquired for use in wet chemistry experiments.

Table 2: Composition of ACW stock solution in equilibrium with HCP

0.18 M 0.114 M 1.6 E-03 M SE-05M 2E-03M SE-05M

2.3 %Ni solubility experiment

In the frame of migration studies radionuclide properties in solution are derived by their speciation
and solubility. The solubility of nickel in alkaline conditions characteristic for cement-based materials
has been reported in a series of studies. From most of these studies it can be concluded that at a pH
higher than 12 the concentration of the dissolved nickel is usually less than 10 M. Thus a solubility
experiment was conducted to assess Ni solubility limit in ACW in equilibrium with CEM I hardened
cement paste (state I). Taking into account the findings of Wieland et all. (2006) upon contacting the
HCP with ACW the nickel bound to cement based material could be released into solution. The
solubility test was conducted using %*Ni labelled solutions mixed with ACW having the composition
of the main cations presented in Table 2, at a pH of 13.3. The solubility test was conducted in nitrogen
atmosphere inside a glove box, at room temperature, in centrifuge tubes preveously pre-washed. The
total nickel concentration in the experiment ranged between 10®* M and 10 M. For this concentration
range five nickel concentrations have been selected and obtained by preparing stock solution of 10
M NiCl, and a stock of ®Ni tracer solution. Appropriate volumes from these stock solutions have
been added in ACW. The centrifuge tubes have been intermittently shaken for 7 and 45 days. Since in
solubility type experiments, not only Ni-63 concentration is relevant, at the end of each testing period
the tubes were centrifuged and aliquots were withdrawn from each solution acidified and analised for
total nickel concentration by ICP-OES (iCAP 6000 series).

2.4 BNi sorption experiment

9Ni uptake by HCP based on CEM I (state I) has been assessed by batch sorption experiments.
The batch test has been conducted for a solid to liquid ratio (S/L) of 2.5x102kg L™! (1 g of 63 pm
crushed and sieved HCP in 40 mL ACW), at room temperature, inside a glove box, under nitrogen
atmosphere. Sorption experiments were carried out in duplicate in 50 mL polypropylene centrifuge
tubes. Before use the centrifuge tubes were prewashed and blank batches were prepared in order to
assess nickel concentration in cement pastes. Also *Ni sorption on centrifuge tubes has been checked.
Weighted amounts of dry crushed HCP were equilibrated with ACW prior addition of labelled **Ni
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solutions. For uptake experiments a stock solution using carrier-containing ®*Ni radiotracer (NiCl, in
0.1 M HCI) has been prepared from a source with the total activity of 3.841 x 10° Bq. The total nickel
concentration added in the system have been selected and calculated so that the %Ni plus carrier
concentrations are well below the solubility limit. Nickel concentrations in the system ranged from
10° M to 10® M. For sorption kinetic test five concentrations in contacting solutions have been
selected in this concentration range.

During the equilibration periods the test tubes have been placed on an orbital shaker at 100 rpm.
After equilibration the test tubes have been centrifuged, the supernatant solutions were sampled and
the residual activity of ®*Ni in the solutions has been measured by LSC counting, using Ultima Gold
scintillation cocktail and Canberra Packard Tri-Carb 5110 TR liquid scintillation analyser. The
samples counting was performed until the uncertainty of %o < 0.5 was achieved.

3. Results

The results of the solubility test carried out to determine nickel solubility limit in ACW are
reported in Figure 3, in form of concentration of dissolved Ni in ACW function of the total Ni
concentration in the system for 7 and 45 days of equilibration periods.
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3,05E-07

# 7 days

| M 45 days
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- N N
v o wul
1% (%)) w
m m m
(=] o (=]
~ ~ ~
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. ¢ ¢
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Figure 3: Nickel concentration in solution as a function of the total Ni(Il) inventory after 7 and 45 days
equilibration times

The observed nickel concentrations at the end of the testing periods, total and in solution, agree
well up to a total nickel concentration of about 3 x 10® M. Throughout the testing periods it was
observed that the measured nickel concentration in solution is lower than the initial nickel
concentration introduced in the system, although no visible formation of a precipitate occurred, that
can give rise to lower concentrations after the centrifugation and filtration steps.

The mean nickel concentration was considered at that stage a reasonable indication of nickel
solubility and for the preliminary sorption tests this value has been selected as solubility limit under
the conditions considered and the nickel concentrations in the sorption experiment have been selected
an order of magnitude lower than this mean value.

In order to conclude that the concentrations obtained in the solubility test represent true nickel
solubility supplementary solubility test will be performed.
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The results obtained from the kinetic and ®*Ni sorption test on CEM I hardened cement paste have
been expressed in terms of percentage uptake, according to the expression given in Eq. 1:

_ Caq(t)—Co

A
ti Co

x100 Eq. 1
where: Ag represent the amount of nickel sorbed at time ti(%), Caq(ti) is the nickel activity in the
aqueous phase at time t; (Bq/mL), and Cy is the initial nickel activity in contacting solutions (Bq/mL).

The preliminary results obtained for *Ni uptake are presented in Figure 4. These results indicate
that for initial nickel concentrations in the range of 10°M - 10*M, nickel is strongly retained on CEM
I HCP.
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Figure 4: The evolution of %Ni percentage uptake on CEM I HCP

For each sampling period, the uptake of ®*Ni on CEM 1 HCP has been described in terms of the
distribution ratio, Rd, computed according to Eq. 2 and the resulted values are presented in Table 3.

0
cs,eq _ Ct _Cl,eq [ V

Cl .eq cl ,eq

J [m’kg!] Eq.2

c

The definition of the distribution ration according to Eq. 2 does not suppose a specific sorption
process and accounts for the relationship between the Ni retained by the HCP and the concentration of
dissolved nickel at each contacting times. The difference between the Ni concentration in the initial
solutions contacted with CHP samples (¢’) and the concentration determined in the supernatant
solutions (cieq) represents the amount of nickel retained on the HCP.

Tabel 3. 3 Ni uptake by CEM I HCP

C1 C2 C3 C4 Cs
R d [m?® kg!]

0.08 0.11 0.13 0.14 0.27

Mean 0.14



The distribution ratio values calculated correspond to the mean values deduced from the kinetic
test illustrated in Figure 5, by computing the experimental data after 34 days of equilibration. As it
was expected the distribution ratio increased during the kinetic test (Figure 5). Supplementary
investigations have to be carried out to validate these preliminary results and to gain knowledge on
the retention mechanism of ®*Ni in cement-based materials.
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Figure 5: ®Ni uptake kinetic on CEM I HCP (evolution of distribution ratio)

4. Future work

The data presented in this paper represent preliminary experimental data set of the on-going wet
chemistry experiments carried out to assess the behaviour of nickel cement-based systems and to
understand the uptake mechanism in cementitious matrix.

The following experimental tests are proposed for the next period:

*  Solubility tests in presence of organics
*  Complete and analyses of the sorption data
» complete the experimental dataset with sorption studies in the presence of FORMIC ACID
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Abstract

Superplasticizers (SPs) in cement could have impact for the long-term safety of radioactive waste
disposal. These organic substances may be leached into groundwater from cementitious material and
possibly affect radionuclide migration behaviour. Commercial cement superplasticizer based on
polymelamine sulphonate (PMS) Peramin SMFI10 (Peramin AB, Sweden) was chosen for the
research. Detailed chemical composition of the product SMF10 was done by Wavelength dispersive
X-Ray Fluorescence (WD-XRF) spectroscopic method, other physical-chemical properties of the
superplasticizer PMS were evaluated by thermo-gravimetric analysis. PMS leaching process in
different cement matrixes was investigated as well. In order to evaluate rate of the alkaline
degradation of PMS superplasticizer in various aqueous solutions Raman and UV/VIS spectroscopy
was applied for analysis. No changes were observed in the hydrolytic solutions with any of the above
mentioned methods of analyses.

1.Introduction

Superplasticizers (SPs) are effective organic additives for reducing water content, giving
homogeneity and non-segregation of mortar and grout, lowering porosity, increasing mechanical
strength and workability, improving resistance to aggressive environments and achieving sufficient
fluidity and good plasticity of cement [1-3]. Without these superplasticizers the concrete would
contain ~9-11% of water, compared to 7-9% with superplasticizers. According to the market
analysts, the sulfonated melamine formaldehyde (PMS) condensates segment held a 31% share of
the overall market, which is highest among other types of concrete SPs [4].

SPs possibly decompose into relatively small molecular weight polymers over the long term, and
these organic substances may be leached into groundwater from cementitious materials, and
possibly affect radionuclide migration behaviour.

Aim of the present research: i) to investigate chemical and physical characteristics of commercial
cement superplasticizer based on polymelamine sulphonate; ii) to evaluate rate of alkaline
degradation of PMS superplasticizer in different aqueous solutions.
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2. Chemical and physical characteristics of commercial cement superplasticizer based
on polymelamine sulphonate.
2.1 Product Peramin ® SMF10 characteristics

Commercial product under the name Peramin ® SMF10 (Peramin AB, Upplands Viasby, Sweden) is
based on polymelamine sulphonate (PMS).

I N .
cF "“‘<1:.!‘
|
H-FHC—NH— Ny N —NH—CH;-OH
c
|
l|~lH
CH:
- SO;Na’ | n

The product is off-white powder or dust with 450-650 kg/rn3 density, pH of 5% aqueous solution is
around 8.8, and dosage is 0.2-2.0% by weight.

2.1. Characterization of Cementous material by scanning electron microscopy (SEM).

The surface morphology was carried out in a dual beam system FE-SEM-FIB Helios Nanolab 650
(FEI Company), using 2 - 5kV accelerating voltage. Different magnification levels were chosen for
this analysis, and the magnification of 650 was shown as the most representative. Thin-plates
(150mmx100mm*~3mm) were hardened for 90 days. Figure 1. demonstrates clearly how
superplasticizer could improve physical, and accordingly mechanical properties of concrete.
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Figure 1: SEM images before leaching, magnification 650 times.
a): samples of cement CI (without superplasticizer)
b): samples of cement C1+2% PMS were prepared with a low amount of tap water (1.2:1, Vol cement: Vol
HO)
2

2.2 Detailed chemical composition Peramin ® SMF10

Detailed chemical analysis of the product was performed by Wavelength Dispersive X-Ray

mAX
Fluorescence (WD-XRF) spectroscopic method, using Axios  (Malvern PANalytical) spectrometer
equipped with SST-mAX X-ray tube (Rh anode, 4 kW ); and results of quantitative analysis were
obtained using software Omnian (PANalytical). Major constituent was found polymer of PMS
(C3N3(NH)3(CH2)3SO3Na +H20) in quantity over 99.8%.
Chemical composition (%) of product Peramin ® SMF10 according to the Product Data Sheet:
dry content 93.2 % (93.5+ 2), Na O+0.658 K O 12.0 (< 13), Cl (as ions) 0.004 (<0.05).

Table 1: Detailed chemical composition of commercial product Peramin SMF10

No. | Compound Percentage
1. PMS 99.824

2. Na,O 0.021

3. AL O, 0.017

4. SiO, 0.021
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5. PO, 0.054
6. |KO 0.006
7. CaO 0.017
8. |Fe0, 0.005
9. Zn0O 0.033
10. Cl 0.004
Iy
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Figure 2: Raman spectrum of polymelamine sulphonate (PMS) powder (commercial product Peramin SMFR

10)

2.3 Thermo-gravimetric analysis of Peramin ® SMF10

Thermogravimetric analysis was performed in the range of 30 - 800°C. Atmosphere - air. Thermal
stability of the sample PMS polymer is stable up to 270 °C. The residual ash of the sample
may consist of finely divided SiO, or metal carbonates / oxides (according to composition
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table from Elemental analysis).
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Figure 3: Thermo-gravimetric analysis of Peramin SMF10 (based on PMS)

Three mass losses are observed.

Curves:

— blue (TG) — percentage weight loss (TG);

— dashed black — derivative weight loss (DTG) (% / min);

—red — differential scanning calorimetry (DSC) (heat flow (mW)).

Three mass losses are observed. Thermal processes (red curve - heat flow):
1) 36 — 136°C endothermic evaporation of adsorbed H O (approx. 7% mass loss);

2) 284 — 349 °C exothermic decomposition of polymer / polymer matrix, possibly with formation of
monomers and further oxidation of monomers (48% mass loss after evaporation of adsorbed H,O);

3) 473 — 546 °C exothermic complete oxidation of de-polymerization products (final mass 15% of
initial sample).

3. Analysis of PMS hydrolytic solutions

Spectroscopic (Raman and UV/Vis) analyses have been undertaken in order to investigate a rate of
alkaline degradation of PMS superplasticizer in different aqueous solutions (at room temperature
(20£2°C), atmospheric conditions, under natural light, pH=9.9 -12.9, in deionized, tap and synthetic
saline water (0.5% NaCl)). Sampling time periods were 0, 3, 7, 15, 21, 28 and 45 days and then the
frequency lowered at 6, 8, 10, 12 weeks...up to 7 months. Deionized water has been obtained by
Direct — Q 3UV Water purification system (Type 1), conditions 20.0+1.0°C, 18.2 MQ.cm, pH values
have been achieved with 0.5M KOH.

Lambda 25 UV/Vis (Perkin Elmer) spectrometer has been used for spectrophotometric analysis (in a
range 200 — 1100 nm) of PMS hydrolytic samples. The identical curves were obtained for just
prepared PMS solution and for samples after 7 months of hydrolysis (Figure 4).

Raman spectra of different PMS hydrolytic solutions during the time were recorded, using Echelle

type spectrometer RamanFlex 400 (Perkin Elmer Inc.) equipped with thermoelectrically cooled (-50
°C) CCD camera and fibber-optic cable for excitation and collection of the Raman spectra. The 785
nm beam of the diode laser was used as the excitation source. The laser power at the samples was
restricted at 100mW. The integration time was 300s. The upper curves indicate solutions after7
months, the lower ones —just made samples (Figure 5). The identical curves were obtained for just
prepared PMS solution and for samples after 7 months of hydrolysis.

No changes were observed in the hydrolytic solutions with any of the above mentioned spectroscopic
methods of analysis.
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Figure 4: UV/ VIS spectra of different polymelamine sulphonate (PMS) hydrolytic solutions (sampling time: 7
months)

PMS powder

10% PMS, pH 12.9, in deionized water
4% PMS + 0.5 M NaCl, pH 12.4, in bi-distilatted water
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Raman intensity

4% PMS, pH 12.9, in deionized water

4% PMS, pH 12.4, in deionized water
4% PMS, pH 9.9, in deionized water

T NN T
300 600 900 1200 1500
Wavenumber, cm”

Figure 5. Raman spectra of different polymelamine sulphonate (PMS) hydrolytic solutions (sampling time:
lday and 7 months)
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Abstract

Sorption reduction effects due to the presence of complexing substances may have a strong impact on
the migration of radionuclides through materials used in nuclear waste repositories.

Subatech contribution to CORI Task 4 aims at understanding the effect of isosaccharinic acid (ISA) on
the mobility of uranium(VI) in a CEM V hardened cement paste (HCP) for State Il and Il cement
degradation states. This paper deals with results obtained from wet chemistry experiments (isotherms
and kinetics) performed onto U(VI)/HCP binary and U(VI)/ISA/HCP ternary systems for state I1.

For U(VI)/HCP system, results confirm high Ra(U(VI)) values (300-70 m’ kg”') and the progressive
saturation of a sorption site. Moreover, desorption experiments support the existence of a reversible
surface sorption process for U(VI) for month-long experiments.

For U(VI)ISA/HCP system, an impact of ISA concentration on U(VI) uptake is reported for the first
time on a CEM V HCP at state II. For ISA above a threshold concentration of 2.107* mol L, U(VI)
uptake is reduced by a factor of 6 and Ry(U(VI) values as low as Im’ kg’ are obtained. Further
investigations need to be carried out for a complete understanding of the sorption reduction process
but it seems that Calcium ions have an influence on the extent of the phenomenon.

1 Introduction

Cement-based materials are widely used as waste matrices, backfill materials and structural
components in current and planned repositories for low, intermediate and high level radioactive waste.
Depending on their origins, waste matrices incorporate diverse types of materials such as organic
components (cellulose materials, exchange resins, plastic waste, ...) which may affect radionuclides
(RN) behaviour due to their complexing properties. In cementitious environments, the alkali
degradation of cellulose produces different by-products as isosaccharinic acid (ISA) which, not only,
can sorb directly on cement materials but also exhibits strong complexing properties towards
radionuclides.

Although radionuclides sorption on hardened cement paste (HCP) is well described in literature, data
on ternary (RN-Organic-Cement) systems are very scarce. As an example, the literature dealing with
uranium(VI) sorption on HCP and C-S-H phases is extensive and the interactions of RN/materials are
very well described [1, 2, 3, 4, 5, 6 for the most recent ones]. But to our knowledge, only one recent
review (Ochs et al [7]) reports results on the effect of ISA on U(VI) sorption on HCP (from Pointeau et
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al work, not available in the open literature). This study reports (for a CEM I HCP at state I and III) the
existence of a threshold concentration of ISA above which a reduction effect on U(VI) sorption is
observed.

In this context, Subatech contribution to CORI Task 4 aims at understanding the effect of isosaccharinic
acid on the mobility of uranium(VI) in a CEM V hardened cement paste (HCP) for the two following
degradation states (Table 1).

Table 1: Characteristic of the two degradation states used in this study

Solid Porewater composition

State 11 Presence of Portlandite | No alkaline ions,

Ca concentration = 22 mmol.L!,

pH = 12.5 (saturated lime water = S2 solution)
State III | No Porlandite, Corresponding to decalcified C-S-H phases
Ettingite still present (Ca/Si=1)

The global experimental methodology is based on transport experiments (diffusion) combined with wet
chemistry experiments (batch) either on binary systems such as U(VI)/HCP and ISA/HCP considered
as reference systems or on ternary systems U(VI)/ISA/HCP for both degradation states.

This paper reports results on batch experiments for U(VI)/HCP binary system and U(VI)/ISA/HCP
ternary system (state II) only.

2 Materials and Methods

Preparation steps, batch experiments and sampling were performed in a glove box (under Argon) in
order to prevent any atmospheric carbonation contaminations.

2.1 CEM V Hardened Cement Paste

HCP was provided by CEA/L3MR in December 2014. It was prepared from a CEM V/A (Rombas,
Calcia, France), with a water-to-cement ratio (w/c) of 0.4, casted as cylinders (50 mm in height; 50 mm
in diameter), cured in a wet chamber (RH > 98%, T= 22°C during 200 days) and finally stored in
containers covered with an artificial cement pore water solution ([K] = 291 mmol L, [Na] =
79 mmol-L!, [Ca] = 2.1 mmol-L"!, [ SO4*] = 0.96 mmol-L", [Cl] = 0.57 mmol-L"!, pH = 13.5) up to
their use (March 2021). For the experiment reported here, one HCP cylinder was grinded (ball grinder)
and entirely sieved (< 200 pm).

2.2 Ca(ISA): salt synthesis

Ca(ISA); synthesis has been performed following the CEA (L3MR, Dr R.Dagnélie/Dr N. Macg,
personal communication) protocol modified from Whistler and BeMiller [8].

D-Lactose was used as a precursor. The CaO/D-lactose-water mixture, ratio 2:1, was refluxed for
48 hours, then hot-filtered through a Nylon® membrane filter (0.8 pm). The filtrate was recovered and
reduced, by heating, between 1/10™ and 1/20™ of the volume, then put in the fridge for crystallization
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within 48 hours. The solid was then filtered, rinsed, and dried with a minimum of UP water, then with
absolute ethanol, and acetone. The whole purification stage was repeated twice in order to obtain the
purified final product which was characterised (as dry powder) by X Ray Diffraction using a Siemens
D8 diffractometer running with a Cu anticathode (A = 1.5406 A).

XRD pattern of the synthetized product is presented in Figure 1. Ca(ISA), peak positions have been
compared to Pointeau et al for identification [9]. This product appears to be pure with just a small
amount of unreacted Portlandite which is not an issue for State II experiments.
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Figure 1: Diffractogram of the synthetized Ca(ISA); salt.(red lines correspond to Portlandite pattern from
Cristallography Open Database #1008781)

As a complement, elemental analysis (C, H contents) will be performed in the near future for
completing the characterisation of the product.

2.3 Wet chemistry experiments

Sorption/desorption isotherms and time-series (kinetics) have been acquired for U(VI)/HCP binary
system and U(VI)/ISA/HCP ternary system (for this report, isotherm only).

Prior to any wet chemistry experiments, an equilibration stage was performed. Appropriate amounts of
HCP powder were mixed in 35 mL PPCO Nalgene® tubes with 20 mL of S2 solution and agitated during
a week. These suspensions were centrifuged (2650g, 15 min) and supernatants were disgarded. This
stage was repeated twice. Appropriate amounts of U(VI) (binary) system or U(VI) and ISA (ternary
system) were then added to S2 solution (total volume 20 mL) in order to obtain the following
experimental conditions.

U(VD/HCP system

Sorption isotherm: [U]p from 1078 to 10* mol L', Solid/Liquid ratio = 1g L"!, duration = 28 days.

Kinetics experiments: sampling time = 3, 7, 14 and 28 days, [U]o =3.107, 3.10°, 1.10* mol L,
Solid/Liquid ratio = 1g L',
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U(VD)/ISA/HCP system

Sorption_isotherm: [ISA]p from 10* to 2.102 mol L', [U]p =1.107 and 1.10* mol LI,
Solid/Liquid ratio = 1g L', duration = 33 days.

Sampling of solutions were performed by weighting. At the end of experiments, suspensions were
centrifugated (2650g, 15 min), then supernatants were filtered (Millipore® SFCA, 0.22um) and sampled
for analysis. After removing supernatants, 20 mL of fresh S2 solution (without U(VI) were added to
each tube (desorption stage), agitated during 28 days and, at the end, sampled as previously described.

Different analytical techniques have been used: Quadrupolar ICP-MS (ThermoElectron X serie 2)
for Uranium (Limit of Quantification (LQ) = 10 ng L"!, Bi as internal standard), TOC meter (Analytik
Jena NC2100S) for ISA (Non Purgeable Organic Carbon method, LQ = 1 mgC L), Ion
Chromatography (Metrohm 850 Professional IC) for Ca (eluant mixture of PDCA 1.3 mM/HNO; 8 mM
; LQ = 0.25 mg L) and pH values were measured with a microelectrode calibrated at pH 7.00 and
12.45 (IUPAC Standard, Hach).

3 Results/Discussion
At this point of progress in the study, uptake results are expressed and quantified by a solid-liquid
distribution ratio (R4 in m® kg!), defined by:

[X]solid — ( [X]O

Ry = 1V
a )—

B [X]solution [X]solution

where [X]soia [mol kg'!] is the concentration of the sorbed species per mass of HCP, [X]solution [mol
L] is the concentration of the species X in solution at equilibrium, [X]o [mol L] is the initial
concentration of the species X introduced in the suspension, V [L] is the volume of solution and m [kg]
is the dry mass of HCP.

If the sorption process is found to be reversible, R; becomes K (solid-liquid distribution coefficient).
The higher the R; (K value, the higher the uptake.

U(VI)/HCP system

Uptake results are presented in Figure 2. RAU(VI)) values range from 300 to 70 m® kg! for U(VI)
concentrations in solution (at equilibrium) from 4.10'! to 2.10° mol L!. These high R, values are
consistent (even if higher) with what is known about U(VI) uptake on HCP in literature data [1, 4 and
references therein]. R, values are constant up to [Uleqg = 4.10® mol L' ([Uinic = 3.10¢ mol L") which
corresponds to the linear part of the isotherm ([U(VI)]sotia= f([U(VI)]solution). Beyond this point, R, values
decrease indicating the progressive saturation of a sorption site.

Moreover, desorption experiment shows that sorption and desorption isotherms exhibit similar Ry
values which indicates that U(VI) uptake seems to be reversible. This is confirmed by kinetics
experiments dealing with the evolution of R, U(VI) vs time (Figure 3). Taking into account
uncertainties, U(VI) uptake shows a reversible behaviour up to, at least 28 days of sorption. This
suggests that, for these (rather) short-term experiments, U(VI) uptake is dominated by a surface sorption
process.



U(V]) uptake by cementitious materials has been already explained in terms of inner-sphere
complexation on the surfaces of the cement particles [1, 10]. In addition, C-S-H phases are described
as the uptake-controlling phases for U(VI) immobilization.

In particular, Tits ef al have demonstrated from TRLFS studies that U(VI) complexes can be either
sorbed as inner-sphere complexes on C-S-H surface silanol sites or incorporated into C-S-H interlayers
[3]. Moreover, Macé et al have shown from EXAFS data that U(VI) is taken up as UO2(OH)s* type
species by C-S-H surface [2]. Androniuk et al have also shown, by performing Molecular dynamics
(MD) simulations, that U(VI) can sorb on several sites onto C-S-H surface (as mono- or bidentate
species) and that a competition with calcium for these sorption sites should be expected [11].
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Figure 2: U(VI) sorption and desorption isotherms on HCP State Il (Uranium initial
concentration ranging from 10 to 10 mol L)
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Figure 3: Evolution of the Ra values as a function of time and U(VI) initial concentration
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More recent MD simulations have shown that, in presence of calcium (in alkaline solutions), a strong
interaction between U(VI) hydroxyl species and Ca?" exists suggesting the formation of a stable Ca-
uranyl complex at aqueous C-S-H interfaces [12]. The stabilisation by Ca?* ions, in alkaline solutions,
have been observed for other actinides and is thus expected for U(VI) complexes. Nevertheless, this has
not been identified yet [13, 14].

Finally, a surface sorption mechanism, based on U(VI) complexes sorption on C-S-H surface, is
supported by the results from reversibility experiments (desorption isotherm and kinetics). This process
seems to be the dominant uptake process during the first weeks of sorption (up to, at least, 1 month).
Nevertheless, these results stay still consistent with the existence of an incorporation process of U(VI)

species that may develop over the long term.

U(VD/ISA/HCP system

Uptake isotherms of uranium in presence of ISA are reported Figure 4.
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Figure 4: U(VI) sorption isotherms in presence of ISA (JU(VID)]o = 107 and 10 mol.L™" ; sorption
time: 33 days)

RAU(VI)) values range are from 1000 to 3 m’ kg and from 50 to 0.9 m* kg for initial U(VT)
concentrations of 10”7 and 10~ mol L' respectively. ISA concentrations at equilibrium in solution range
from 6.107° to 2.10> mol L. It is then noticeable that R(U(VI) values are globally lower than in an

ISA-free system.
For both U(VI) initial concentrations, the presence of ISA has a strong impact on uranium behaviour.

In fact, for ISA concentrations above 2 10 mol.L"!, R/ V1) values decrease almost linearly by a factor
of 333 or 55 depending on initial U(VI) concentrations (10”7 and 10 mol L™! respectively).

This behaviour is similar to what has been observed by Pointeau et a/ (reported in [7]) for a CEM I HCP
(State I and III). The threshold concentration of ISA reported in our study is lower than the value
reported by Ochs et al for state I (= 10~ mol L") but in the same order of magnitude.
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In the presence of ISA, PhreeqC calculations indicate that uranium speciation would be dominated (>
97%) by uranium-ISA complex UO(OH)4(HISA)*. Thus, Ochs et al interpret the sorption reduction
(at state 1) by the predominance of this complex which may exhibit a lower affinity than U(VI) hydroxyl
complexes, for cement particles surface due to its higher negative charge [7].

Moreover, using the same CEM V HCP as in the present study, Garcia et al report that ISA uptake is
higher at State Il compared to State [ [15]. Similar trends have been reported for the uptake of gluconate
complexes on C-S-H phases [16, 11] and have been explained by the formation of calcium bridging
surface complexes [12]. The presence of these complexes, by weakening Ca binding to the surface,
could ease the Ca®* substitution by Ca-uranyl complexes.

Assuming that ISA and gluconate behaviours are close, the stabilisation of Ca-uranyl complexes on
cement surface could explain why the sorption reduction in presence of ISA appears to be lower for
state 11 than for state 1.

4 Conclusion/Future work

Subatech contribution deals with the effect of ISA on U(VI) uptake on a CEM V HCP for State 11
and III conditions. This study relates progress obtained for State II only.

For U(VI)/HCP binary system, desorption experiments strongly support a sorption surface
mechanism as the dominant uptake process at least for the first week of the solid-liquid interaction.

For U(VI)/ISA/HCP ternary system, experiments show the existence of a threshold concentration of
ISA at 2.10* mol L' above which U(VI) uptake strongly decreases. This gives R, values as low as 0.9
m?® kg which are low values for actinide elements. Nevertheless, it seems that the sorption reduction is
limited by the presence of Ca*" ions which play a major role in uptake mechanisms.

Desorption experiments on U(VI)/ISA/HCP ternary system and sorption/desorption experiments on
ISA/HCP binary system are in progress in order to complete the set of data for State II conditions.

Future works will be focused on State III conditions, taking into account the decalcification of C-S-
H phases and its impact on either U(VI) and ISA uptakes.

In parallel, diffusion experiments on binary and ternary systems have been launched (both states) in
order to acquire data on the limiting process of U(VI) transport (uptake or diffusion) in presence of ISA.
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Abstract

The interaction of EDTA with calcium silicate hydrate (C-S-H) and its impact on the sorption of
U(VI) by C-S-H in the presence of varying EDTA concentrations has been investigated under ambient
conditions and N atmosphere. The characterization of the solid phase was carried out by FTIR, XRD
and TGA measurements and the uranium concentration in solution was analyzed by alpha-
spectroscopy. In solutions of increased EDTA concentration ([EDTA] > 0.1 M) calcium is complexed
and extensively extracted from C-S-H, which results in the dissolution of the Ca(OH), phase and
deterioration of C-S-H. Hence, solutions of lower EDTA concentrations (0.0000 < [EDTA] < 0.0100
M) and U(VI) have been used to investigate the sorption of U(VI) by C-S-H and the desorption of
U(VI) from C-S-H, which was coprecipitated with U(VI) (C-S-H/U). Under N, atmosphere, the
presence of EDTA in solution results in lower sorption efficiency (e.g. lower K4 values) due to
stabilization of U(VI) in solution in the form of EDTA complexes. However, lower desorption
efficiency (e.g. higher K4 values) are observed when EDTA solutions are contacted with the C-S-H/U
phase, because of the formation of ternary C-S-H/U(VI)/EDTA surfaces complexes, which stabilize
U(VI) onto the C-S-H phase. On the other hand, under ambient atmosphere the U(VI) carbonate
complexes govern the U(VI) chemistry in solution, resulting generally in lower K4 values.

1. Introduction

Generally, low- and intermediate-level radioactive waste is solidified in cementitious matrices prior
underground geological disposal [Grambow, 2016]. Calcium silicate hydrate (C-S-H) phases are the
main component of cementitious matrices and consist of Ca—O sheets linked on each side to silicate
chains [Richardson, 2008]. Cementitious matrices immobilize radionuclides through their sorption
and incorporation into the C-S-H phases. The effective incorporation of radionuclides (including
lanthanides and actinides) is related to high recrystallization rate of C-S-H and occurs by substitution
of Ca ions in the interlayers and the Ca—O layer present in the C-S-H phases [Tits, et al., 2015].

Uranium, as a primary nuclear fuel, is an important component of nuclear waste and under highly
alkaline conditions, which are characteristic for cementitious matrices is expected to exist
predominantly in the hexavalent oxidation state (U(VI)) and in the form of the hydrolyzed uranyl
species, UO2(OH),®™?- and [Hongbin and Yuxiang, 2005]. The chemistry of uranium in cementitious
environment is of particular interest not only because of the abundant presence of uranium in nuclear
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and radioactive wastes, but also because U(VI) could act as an analogue for other hexavalent actinides
such as Pu(VI) [Pashalidis et al., 1993]. There are several studies on the U(VI) interaction with C-S-H
and include classical sorption experiments and spectroscopic studies to better understand and describe
the U(VI)-C-S-H system [Tits et al., 2015; Zhang and Wang, 2017; Atkins and Glasser, 1992; Hongbin
and Yuxiang, 2005; Wang et al., 2020; Ochs et al., 2018; Macé et al., 2013; Tits et al., 2011]. There
are also investigations on ternary U(VI)-C-S-H organic ligand systems [Androniuk et al., 2017,
Pointeau et al, 2008] indicating the significant impact of the organic ligand on the chemical behavior of
U(VD in such systems. However, there is still need for further studies on the effect of EDTA on the
sorption of U(VI) on C-S-H.

EDTA (ethylene diamine tetraacetic acid) is a chelating agent that has been widely used as a
decontamination agent in nuclear facilities and therefore is found at relatively increased levels in
nuclear/radioactive wastes. As a hexadentate ligand, EDTA forms very stable complexes with calcium
and polyvalent metal ions (e.g., actinides and lanthanides) and therefore strongly affects their stability
in the aqueous phase and their leaching from cementitious and geological matrices. Generally,
investigations regarding the U(VI) sorption by cementitious matrices and the impact of organic
complexing molecules are fundamental in order to evaluate the long-term performance assessment
and assess the safety of nuclear waste disposal facilities. This is because cement is a main part of the
engineered barrier, which contains and isolates the radionuclides from the biosphere and organic
molecules are abundant in the nuclear waste and in the environment [du Bois de Maquillé, 2013].

This study deals with the impact of EDTA on the interaction of U(VI) with the cementitious matrix
and C-S-H was selected as the cementitious phase to study the U(VI) (de)sorption in the presence of
EDTA at varying concentrations. The impact of EDTA on the C-S-H stability was investigated by
determining the calcium concentration in solution and performing XRD, TGA, and FTIR measure-
ments of the related solid phases. Moreover, sorption and desorption studies were performed in
aqueous EDTA solution containing uranium ([U(VI)] = 5x107° M) in contact with C-S-H and aqueous
EDTA solutions in contact with EDTA C-S-H/U(V]), respectively, at various EDTA concentrations
(0, 0.0001, 0.001 and 0.01 M). In addition, to study the effect of carbonate, the experiments were
performed under N»- and ambient atmosphere.

2 Materials and Methods

2.1 Materials and Characterization Methods

In all experiments, analytical grade reagents and de-ionized water were used. The 2*?U-tracer solution,
which was added for the uranium quantification, was obtained from NPL (National Physical
Laboratory, Teddington, UK). EDTA solutions of different concentration (0.0001, 0.001, 0.01 and 0.1
M) have been prepared by dissolution of disodium EDTA dihydrate (CioH1aN20g 2Na-2H>0, Aldrich)
in de-ionized water.

Solid calcium-silicate-hydrate (C-S-H) has been synthesized according to Maddalena et al.
[Maddalena et al., 2019] at a C:S ratio of 1.27 and the solid product has been characterized by FTIR
spectroscopy (FTIR, FTIR-ATP 8900, IR Prestige-2, Shimadzu, Europa GmbH, Duisburg, Germany)
and X-Ray diffraction Shimadzu XRD-6000 Series). The preparation of C-S-H was carried out by
mixing 12.02 g Ludox (50%, Aldrich) with 8.52 g CaO (Aldrich) in 35 mL de-ionized water under N.
The product was cast in cubes and left for one month under water-vapour saturated N,-atmo-sphere.
Finally, the C-S-H cubes have kept overnight in dried-aceton to remove excess water and then dried
under vacuum at 70 °C for 24 h.
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2.2 The Impact of EDTA on the C-S-H stability and EDTA sorption by C-S-H

The effect and sorption of EDTA on the C-S-H solid was investigated by contacting a certain amount
of the solid (0.2 g) with 20 mL aqueous solution of EDTA (0, 0.0001, 0.001, 0.01 and 0.1 M). After
30 days contact time, the calcium concentration in solution was determined by flame-photometry and
after solid-liquid phase separation the solids have been analyzed by X-ray diffraction,
thermogravimetric analysis and FTIR as described elsewhere [Maragkou and Pashalidis, 2021a,
Maragkou and Pashalidis, 2021b].

2.3. Sorption and Desorption Experiments

Sorption and desorption experiments were performed in batch-type experiments using 0.2 g C-S-H in
20 mL aqueous solution of EDTA (0, 0.0001, 0.001 and 0.01 M) and pH 11, as described elsewhere
[Maragkou and Pashalidis, 202 1a, Maragkou and Pashalidis, 2021b]. For the sorption experiments the
U(VI) concentration in solution was 5x107°> M and for the desorption experiments the C-S-H used was
co-precipitated with uranium at a U(VI)/Ca(II) ratio of 1/10000, using the same amounts of U(VI) and
C-S-H solid as in the sorption experiments. The experiments were performed under N, atmosphere
and ambient conditions to explore the effect of carbonate on the sorption efficiency of U(VI). After 30
days contact time, aliquots of the solution have been obtained, filtrated using membrane filters (pore
size: 450 nm) and the uranium concentration in solution was determined by alpha-spectroscopy as
described elsewhere [Kiliari and Pashalidis, 2010]. Prior electrodeposition the sample-electrolyte
mixture was traced with the U-232 isotope to account for any uranium losses during electrodeposition
and alpha-particle counting. It has to be noted that, assuming UO»(OH); as solubility-limiting solid
phase and only hydrolysis reactions one would expect solid phase precipitation particularly under
N2-atmosphere and in the absence of EDTA, because the U(VI) concentration used is about two
orders of magnitude higher than the calculated solubility. However, we haven’t observed any
precipitation also in reference systems (without CSH) and this is most probably attributed to the
higher solubility of freshly precipitated UO»(OH), and partial contamination of the solutions with
atmospheric CO2 during sample preparation.

The (de)sorption efficiency was quantified in terms of the partition coefficient, Kq. The partition
coefficient, K4 (L/kg), is here defined as the ratio of the quantity of the radionuclide adsorbed per
mass of dry C-S-H (Caqgs) to the amount of the radionuclide remaining in solution (Csg).

K = Cags / Caq (L/kg) (1)

3 Results and Discussion

3.1 The Impact of EDTA on the C-S-H stability and EDTA sorption by C-S-H

Figure 1 presents the powder X-ray diffractograms of C-S-H in contact with aqueous solutions of
varying EDTA concentration. The diffractogram corresponding to the C-S-H sample in contact with
de-ionized water (0.00 M EDTA) is a characteristic for C-S-H and has a disordered layered structure
similar to tobermorite [Grangeon et al., 2013]. The diffractograms of C-S-H in contact with EDTA
solutions up to 0.01 M do not change significantly indicating that the C-S-H phase remains to a large
extent stable in the respective solutions. However, the diffractogram of the sample in contact with 0.1
M EDTA changes significantly indicating the deterioration of the C-S-H phase. This is attributed to the
calcium ion complexation by EDTA [Crea et al., 2003] and following dissolution of the Ca(OH), phase.
The dissolution of the Ca(OH), phase is extensive, and the remaining solid phase consists mainly of
amorphous silica as indicated by the dominating broad peak at 20 = 30° in the diffractogram
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corresponding to 0.1 M EDTA. Hence, (de)sorption experiments have been performed with EDTA
solutions with concentrations < 0.01 M [Maragkou and Pashalidis, 2021a].

Figure 2 shows the IR spectrum of C-S-H solids in contact with aqueous solutions of varying
EDTA concentration. The broad peak at 3450 cm™! is associated with the O—H streching vibration, the
band at 1636 cm™! in the spectra of both samples corresponds to the bending vibration of the coordinated
water, the strong peak at 1430 cm™! is associated with the bending mode of the Ca-OH vibration and
the peak at 964 cm™! could be attributed to the antisymmetric stretching vibration of Si—O-Si and the
stretching vibration of O—Si—O [Guan et al., 2013].
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Figure 1: p-X-ray diffractograms of C-S-H in contact with aqueous solutions of varying EDTA concentration.

The FTIR spectra in Figure 2 indicate that the strong peak at 1430 cm™! associated with bending
mode of the Ca-OH vibration [Guan et al., 2013] almost disappears in the spectra of C-S-H in contact
with 0.1 M EDTA because of the extensive dissolution of the Ca(OH), phase. Moreover, the intensity
of the band at 1636 cm™! associated with bending mode of water molecules declines with increasing
EDTA concentration indicating lower water content of C-S-H in contact with EDTA solutions. This
can be attributed that the sorption/incorporation of EDTA molecules into the C-S-H phase, which
retards the effectiveness of the C-S-H hydration [Nalet and Nonat, 2016].
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Figure 2: FTIR(KBr) spectra of C-S-H solids in contact with aqueous solutions of varying EDTA
concentration.

Thermogravimetric investigations have shown that the C-S-H in contact with 0.001 M EDTA
solutions presents the lowest water content followed by C-S-H in contact with 0.01 M EDTA solution.
On the other hand, C-S-H samples in contact with 0.0001 M EDTA and aqueous solution don't differ
significantly with one another [Maragkou and Pashalidis, 2021a]. Furthermore, calcium concentration
measurements in solution have shown that the lowest calcium ion concentration is observed in 0.001 M
EDTA solutions [Maragkou and Pashalidis, 2021a] indicating that EDTA forms surface complexes
with the adsorbed counter calcium ions, which compensate the negative surface charge of the C-S-H
surface [Nalet and Nonat, 2016; Song et al., 2020].

3.2. Sorption and Desorption Experiments

Figure 3 shows the K4 values determined after contacting for 30 days under N, atmosphere at pH
11 C-S-H with aqueous solutions of varying EDTA concentration and constant uranium concentration
([U(VI)] = 5x107° M), which are denoted as sorption, and C-S-H/U(VI) at a U(VI)/Ca(Il) ratio of
1/10000 with aqueous solutions of varying EDTA concentration, which are denoted as desorption.
From the data shown in Figure 3 it is obvious that the K4 values obtained from the sorption experiment
are generally lower than the corresponding K4 values associated with desorption experiments. It also
evident the highest difference is observed for the 0.001 EDTA system. The lower K4 values for the
sorption system are ascribed to the stabilization of U(VI) in solution due to the formation of U(VI)-
EDTA complexes [Bhat and Krishnamurthy, 1964], whereas the higher K4 values for the desorption
system are attributed to the formation of ternary C-S-H/U(VI)/EDTA complexes [Maragkou and
Pashalidis, 2021a, Maragkou and Pashalidis, 2021b]. This behavior seems to be similar for both metal
ions (e.g. Ca?* and UO,*") and is pronounced in the 0.001 M EDTA system.
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Figure 3: Kyvalues determined for the U(VI) sorption by C-S-H and desorption by C-S-H/U(VI) after
contacting the solid phase with aqueous solutions of varying EDTA concentration and constant uranium
concentration ([UVI)],= 5%107° M) for 30 days under N> atmosphere and pH 11.

Figure 4 shows the K4 values determined after contacting for 30 days under ambient atmosphere at
pH 11 C-S-H with aqueous solutions of varying EDTA concentration and constant uranium
concentration ([U(VI)] = 5x107° M), which are denoted as sorption, and C-S-H/U(VI) at a U(VI)/Ca(1I)
ratio of 1/10000 with aqueous solutions of varying EDTA concentration, which are denoted as
desorption. From the data shown in Figure 4 it is obvious that the Ky values obtained from the sorption
and desorption experiment are generally lower than the corresponding Kq values associated with the
experiments under N, atmosphere. It also evident there is no general trend related to the EDTA
concentration [Maragkou and Pashalidis, 2021a, Maragkou and Pashalidis, 2021b]. This behavior has
been attributed to the formation of very stable carbonate complexes of U(VI) [Pashalidis et al., 1997,
Pashalidis et al., 1993], which in the presence of calcium ions results in the formation of ternary
Ca(I)/U(VI)-carbonato complexes (Ca,UO2(CO3);“?7) [Shang and Reiller, 2020; Shang et al., 2020].
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4 Conclusions and Future Work

The interaction of EDTA with C-S-H at increased concentrations ((EDTA] > 0.01 M results in
degradation of the solid phase, because of the extensive dissolution of Ca(OH),. On the other hand, at
lower EDTA concentrations (([EDTA] < 0.01 M), the organic ligand is sorbed by the solid phase in the
form of Ca(Il)-EDTA surface complexes. The incorporation of EDTA in the C-S-H matrix is
corroborated by FTIR spectroscopic and XRD measurements.

Under N atmosphere, the presence of EDTA in solution results in lower sorption efficiency (e.g.
lower Ky values) due to stabilization of U(VI) in solution in the form of EDTA complexes and in lower
desorption efficiency (e.g. higher K4 values) when EDTA solutions are contacted with the C-S-H/U
phase, because of ternary C-S-H/U(VI)/EDTA surfaces complexes, which stabilize U(VI) onto the C-
S-H phase. Under ambient atmosphere the U(VI) carbonate complexes govern the U(VI) chemistry in
solution, resulting generally in lower K4 values.

Further studies involving solid NMR and sophisticated spectroscopic methods (e.g., Raman, XPS,
EXAFS), as well as thermodynamic calculations could give detailed information on the sorption process
at the molecular level and improve our knowledge regarding the effect of EDTA on the U(VI)
interaction with C-S-H.
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Abstract

One of the objectives of CIEMAT in CORI was to analyse the possible roles of superplasticizers on
the mobility of different radionuclides (RN) in cement. In this context, it is important to analyse the
extent of the adsorption of these organic additives because adsorption: 1) can modify the surface
properties of the solids and their overall interactions with RN, 2) can limit the organic concentration
in the pore water and the formation of aqueous complexes, which can render RN more mobile.

To carry out this study two different commercial superplasticizers were selected: a melamine based
(SIKAMENT™ 200 R, Sika, Spain) and a polycarboxylate ester (PCE, Master Glenium SKY 886,
BASF), which were previously characterised. Their adsorption was analysed in different minerals (CSH
phases, ettringite, portlandite) and cement (CEM V, fresh ang degraded to State Il) in their equilibrium
waters, using batch sorption experiments and electrophoretic measurements. The concentration of the
organic in the aqueous phases was determined measuring the total organic carbon, TOC and/or by UV-
Vis spectroscopy.

Introduction

The presence of organics in radioactive waste repositories is of concern as organics may form very
stable complexes with radionuclides (RN) in the aqueous phase and limit their retention on the
surrounding solids. In low-level waste repositories (as for example the Spanish EI Cabril), cementitious
materials are used for stabilization and contention of the waste. One of the characteristics of these
materials is that they generate an hyperalkaline chemical environment which is generally favourable to
RN retention. However, large quantities of organic materials are present in these repository (papers,
tissues, plastics, rubber, etc.) which can degrade under alkaline hydrolysis and/or radiolysis. The
degradation products of these materials may form complexes with RN and affect their transport in the
system. Furthermore, different (organic) additives are added to cement, which role on RN migration is
not yet fully understood. In particular, the addition of plasticizers/superplasticizers to cement is a quite
common procedure, to improve the workability of cement reducing the water/ cement ratio (w/c).

In this work, we analysed the adsorption of two different superplasticizers (SPs), on different cement
materials. The study of the interactions of SP with the different cementitious materials provide
fundamental information on the possible role on RN migration in the system. Organic adsorption in the
solid phases can be in fact very relevant in limiting the organic concentration in solution and/or
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modifying the surface properties. Furthermore, very few studies available to assess the potential role of
these additives on RN migration (Garcia et al., 2018).

Materials and methods
Superplasticizers

Two different commercial products were used for the experiments: the first one is based on modified
melamine (SIKAMENT™ 200 R, Sika, Spain); the second product is the Master Glenium SKY 886
(BASF), Master Glenium SKY (MG) is an innovative superplasticizer based on latest generation of
polycarboxylate ether (PCE) polymers. SIKA is a dark brown product, with a density of approximately
1.15kg'L"! and a pH of approximately 8. The recommended dose for cement preparation y between 1%
and 1.5% in cement weight. MG is a milky product with a pH of 5.6 and a density of 1.02 kg-L'. This
is used as unique additive in a percentage of approximately 0.5 — 2.0 % on cement weight depending
on the type of concrete. In the experiments, we tried to maintain the concentration of both
superplasticizers in concentrations nearest as possible to the real ones (1-10% of solid weight). The
SIKA had a dry residue of 36346 g-L-1 with a TOC of approximately 153.8 g-L-1 (42 %). TheMG,
contained a dry residue of approximately 228+1 g-L-1 and a TOC of 117 g-L-1 (51%)).

Solids & contact solutions

The analysed solids were: (1) CSH phases at different Ca/Si ratios, in equilibrium with their
synthesis water; (2) Portlandite in 20 mM Ca(OH),, pH=12.4; (3) Ettringite in synthetic equilibrium
water (pH=10.5) and (4) CEM V (fresh and degraded) in synthetic waters (pH 13.2 and 12.3). All these
materials were previously characterised by X-ray diffraction and FT-IR spectroscopy. All the data
related to solid and water characterisation are detailed elsewhere (Missana et al., 2022).

{-potential measurements

The electrokinetic potential (or -potential) is the value most readily accessible from experiments to
determine the sign and magnitude of the surface charge of a solid under different experimental
conditions. To evaluate the effects of the presence of the SPs on the surface charge of the solids, their
C-potential was measured by laser Doppler electrophoresis using a Malvern Zeta-Master equipment
with a He-Ne laser (633 nm).

Sorption tests

Sorption tests were carried out using a batch sorption method. The superplasticizers were added at
the desired concentration in the solid suspended in its equilibrium water at the solid to liquid ratio of 10
g-'L!; the contact time was 7 days. The solid phase was separated from the liquid by centrifuging
(9500-g) for 30 min. The concentration of the superplasticizer in the liquid phase was estimated by TOC
measurements and/or UV-Vis spectroscopy. The distribution ratios, Rq, were determined by means of
the usual formula:

R, = Cini—Cfin V.

Crin m’
being Cini and Crin the initial and final SPs concentrations and m/) the solid to liquid ratio. Calibration
curves were carried out, before the determination of SPs concentration by UV-Vis.
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In all the cases, the reference for Ciy in each system was taken by diluting the SP in the appropriate
equilibrium water.

Results and Discussion

Figure 1 shows the {-potential of the solids analysed as a function of the SPs concentration (g-L™).
Figure 1a and 1b, shows the results obtained on two different CSH (0.8 and 1.4) with MG and SIKA,
respectively. As can be seen in the Figure, the initial potential of the two different CSH is negative (-
15 mV) in the case of the CSH (0.8) and positive (+8 mV) for CSH (1.4). Independently of the initial
charge, the presence of MG brings the potential to slightly negative values (-5 mV to -10 mV), whereas
the presence of SIKA to a more negative value (around -25 mV).

A similar behaviour is observed also in the case of portlandite (Figure 1¢) and ettringite (Figure 1d)
with initial C-potentials of (+18 mV) and (-11 mV) respectively, that in the presence of MG and SIKA
tends to similar values (-5 mV and -25 mV) to those observed in the case of the CSH gels, even upon
the addition of small SP concentrations. The same is observed in the case of the cement (CEM V),
which initial charge change from negative to positive, depending on the degradation state (fresh ~-25

mV and degraded ~+25 mV). So, the final charge of the system is always dominated by the presence of
the SPs.
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Figure 1: {-potential measurements as a function of the SP concentration in different solids.
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Figure 2: Left: UV-Vis spectra of the SIKA superplasticizer in different waters; Right: Calibration curves
for SIKA and MG.

To determine the actual extent of the adsorption of the SPs in the different solids analysed, batch
sorption experiments were carried out. In these tests, we preferred the use of techniques that can identify
the presence of the organic in a “selective” way. In fact, even if the SPs (and their diluted samples) were
perfectly characterised in terms of TOC content, working at low concentrations, sometimes TOC
measurements gave uncertain results. We attributed them to possible incidental contamination of
unknown organics from (some) plastic vessels, probably due to the high pH of the tests. For this reason,
in principle, we relied more on the results obtained by UV-Vis spectroscopy.

The calibration curves used to determine the concentration of the two different SPs by UV-Vis were
obtained for each system in its equilibrium water: both SPs present a clear adsorption peak around 278-
280 nm. However, as can be seen in Figure 2 (left) in which the spectra of SIKA obtained in different
aqueous solutions are shown, some differences were observed depending on the initial water (deionized
water, DW, or other equilibrium waters). Minor effects were observed in the case of MG.

An example of the obtained calibration curves is shown in Figure 2 (right), where it can be clearly
observed that the effective extinction coefficient (¢g), related to the slope of the calibration curves, is
much higher for SIKA than MG. This characteristic limited the use of UV-Vis to relatively high
concentrations of MG but was adequate for the targeted concentration of SIKA.

A summary of the R4 values obtained for MG and SIK A in the different materials, under the specified
experimental conditions is given in Table 1. In the CSH phases, both the adsorption of MG and SIKA
depends on the Ca/Si ratio. In general, more adsorption is observed for CSH (1.4) than in CSH (0.8)
with a factor of 1.7 in the case of MG, and a factor 4.4 in the case of SIKA. This can be related to a
lesser interaction of the SPs, which initially possess negative charge, with the negatively charged solids.

The Rqvalues measured at very high concentrations (10 % of solid weight) for MG are smaller than
those measured for the lower SP concentration (1 % of solid weight), possibly indicating that saturation
of adsorption sites may occur under these conditions.



Table 1: R, values determined for MG and SIKA in different solids

MG (1 g'L") — 10 % solid weight

Solid Rq (mL-g?) Technique
CSH (0.8) 48.316 UV-Vis
CSH (0.8) 49.6%5 TOC

MG (0.11 g-L'") — 1 % solid weight

CSH (0.8) 253433 TOC

CSH (1.2) 343438 TOC

CSH (1.4) 429454 TOC

Portlandite n.d TOC

Ettringite n.d TOC

CEMV fresh <10 TOC

CEM V deg I1 <10 TOC

SIKA (0.3 g-L") — 3 % solid weight
CSH (0.8) 122410 UV-Vis
CSH (1.2) 285428 UV-Vis
CSH (1.4) 535459 UV-Vis
Portlandite 8619 UV-Vis
Ettringite 6617 UV-Vis
CEM V (fresh) 30+2 UV-Vis
CEM V (deg II) 5146 UV-Vis
SIKA (0.18 g-L™") — 2 % solid weight
CSH (0.8) 143+£19 TOC
CSH (1.2) 237426 TOC

n.d.=not determined

Conclusions
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Adsorption of the SPs is higher in the CSH gels than in other studied material, in agreement with the
higher surface area of the gels in respect to the cement or other cement minerals as portlandite or
ettringite. No striking differences are observed between the two SP concerning their adsorption in the
different solids with the unique exception of CEM V (both fresh and degraded) where MG adsorption
is negligible.

The sorption behaviour of two different SPs on cementitious materials has been investigated. The
addition of MG and SIKA to the different solids, independently on their initial surface charge, brings
the zetapotential to values near -5 mV and -25 mV, respectively. This may mean that the surface charge




acquired by the solid may be not directly associated to the adsorption of the SP, but to the physical
coverage of the surface and the shielding of the original charge.

Nevertheless, batch sorption experiments showed that the SPs can be retained at the surface of the
cementitious materials. The highest adsorption is observed for both SPs in the CSH phases, especially
in the CSH (1.4), which presented the highest Ca/Si ratio and initial positive surface charge.

Considering the relatively small concentration of the SPs that must be added to the cement, and the
non-negligible adsorption of these organics in the main cement mineral phases, a reduced concentration
in the porewater can be expected, which would limit the possible aqueous complexation of
radionuclides.
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Abstract

Radiolytic and hydrolytic degradation of commercial polycarboxylate superplasticizers intended for
use as an additive to concrete for radioactive waste disposal purposes were investigated. Samples of as
received and lyophilized superplasticizer were subjected to gamma irradiation in a nuclear reactor up
to an accumulated dose of 3.2 MGy. In addition, hydrolysis experiments in 0.1 mol L' NaOH were
performed to investigate the degradation of the superplasticizer under alkaline conditions. Original
and degraded samples were then characterized using FTIR, NMR and SEC. Results show that the
predominant reaction during radiolytic degradation under experimental conditions is crosslinking of
the superplasticizer backbone, which leads to gelation of liquid samples at doses of 0.6 — 0.8 MGy.
After prolonged irradiation up to 3.2 MGy, a fraction of the superplasticizer sample reverted to a liquid
as polyethylene glycol chains cleave off the polymer backbone. A similar process occurs during 3 days
hydrolysis in 0.1 mol L NaOH, where the cleavage of ester bonds was identified from the FTIR spectra.
In addition, SEC analysis confirmed the presence of lower molecular weight compounds, again most
probably polyethylene glycol cleaved off the backbone of the superplasticizer.

1 Introduction

Polycarboxylate superplasticizers (PCEs) are used as admixtures to concrete to increase concrete
fluidity without adding excess water, resulting in increased workability and higher concrete strength
and durability. Typical PCEs are comb-shaped polymers with several nonionic pendant chains of
polyethylene glycols (PEG) attached to an anionic backbone (Figure 1) (Chen et al., 2018; Ilg and Plank,
2019; Li et al., 2019; Plank et al., 2008; Xiang et al., 2020).
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Figure 1: Structure of typical PCEs.

When PCEs are used as admixtures in concrete to stabilize and immobilize radioactive waste, they
are subjected to possible radiolytic and hydrolytic degradation. Degradation products, especially low
molecular products, can influence the mobility of radionuclides contained in concrete and affect the
radionuclide retention performance of the radwaste repository. In addition, the formation of gaseous
degradation products can compromise its integrity. This study aims to characterize degradation products
of commercial PCEs subjected to gamma irradiation in nuclear reactors and hydrolysis in alkaline
conditions to elucidate how this might affect the long-term disposal of radionuclides.

2 Materials and methods

2.1 Studied PCEs

A commercial PCE Cementol Hiperplast 210 (CH210) from TKK company was used for radiolytic
and hydrolytic studies. It is intended to be used in the Slovenian radwaste disposal programme.
Unfortunately, little information about its actual chemical structure is available, except that it is
polycarboxylate-based. CH210 is supplied as brown-yellowish liquid with a density of (1.06 = 0.02)
kg/L and a pH of 5 + 1 at 20°C.

2.2 Gamma irradiation

Gamma irradiation was conducted in the TRIGA Mark II nuclear reactor when it was not in
operation. The source of gamma rays were uranium fuel elements used during reactor operation.
Aliquots of CH210 were transferred to 20 mL glass vials capped with a septum under ambient
atmosphere and irradiated in a triangular irradiation channel at room temperature. The samples were
inserted in the channel 30 min after shutdown, where they remained until the next scheduled operation
of the reactor, where they were then removed and replaced 30 min after the reactor was shut down.
During the shutdown, the dose rate decreased exponentially by approximately 15 kGy/h 20 min.
Samples were irradiated up to 3.2 MGy, and aliquots were taken at different dose intervals for analyses.
The final received dose was 1.1 MGy.

2.3 Alkaline hydrolysis

20 mL of 0.1 M NaOH was added to 1 mL of CH210 non-irradiated and irradiated (1.1 MGy) and
left to hydrolyze for three days under a nitrogen atmosphere. Afterwards, the samples were lyophilized
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and characterized using FTIR, NMR and SEC. Summary of irradiation and hydrolysis conditions are
summarized in Table 1.

Table 1: Irradiation and hydrolysis conditions used in degradation studies of sample CH210

Treatment Gamma Irradiation Hydrolysis Hydrolysis
irradiation atmosphere contact time atmosphere
No treatment / / / /
Irradiation 1.1 MGy Ambient air / /
Hydrolysis / / 3 days N>
Irradiation + hydrolysis 1.1 MGy Ambient air 3 days N>

2.3 Characterization of PCEs

Lyophilized powdered samples were analyzed using FTIR spectrometer (Perkin-Elmer Spectrum
400 FT-IR spectrometer).

"H nuclear magnetic resonance (NMR) spectroscopy was used to identify the general structure of
the PCEs and possible differences between irradiated, not irradiated and hydrolysed samples using a
Bruker Avance 400 with a BBO probe.

SEC-MALS measurements were conducted with liquid chromatograph with UV, RI (Perkin Elmer,
Hewlett Packard), and ELS 2100 detectors (Polymer Laboratories) to determine the molecular weight
averages (Mn, My) of separated compounds and to identify difference between irradiated, not irradiated
and hydrolysed samples.

3 Results and discussion

3.1 Radiolytic degradation

Visual changes of the liquid CH210 samples have been observed during irradiation. Gelation of the
sample has occurred between 0.6-0.8 MGy of irradiation dose. In addition, overpressure in irradiation
vials has been observed before samples turned into the gel. However, analysis of these gases was not
possible in this experimental setup. At irradiation dose of 3.2 MGy, part of sample turned back from a
gel into a liquid.

Analysis of its FTIR spectrum revealed the presence of O-H functional groups, ether functional
groups, carboxylate functional groups, as well as C-H stretching from sp3 hybridized carbons (Figure
2). However, there is no significant difference between the irradiated sample (1.1 MGy dose) and the
non-irradiated sample.

P-3



[m——
EhrthsEprEEERTRE IS ISE
-

BEEEEE

00 W0 300 TO0 300 IS0 S0 10 NDO0 MO0 MO0 200 200 00 MO0 00 200 2M0 Mo @

Figure 2: FTIR spectra comparing original and irradiated CH210 PCEs sample.

Table 2: FTIR vibrational band assignments from Figure 2

Wavenumber (cm™) Band assignment
3100 —2700 O-H

1726 C=0

1422 C-O-H
1247 C-O

NMR results confirm the presence of polycarboxylate superplasticizer, but more information about
the structure is difficult to obtain. Again, there are no significant differences between the irradiated and
non-irradiated samples in the NMR spectra (Fig 3).
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Figure 3: NMR results comparing original and irradiated CH210 PCEs sample. Red — original, blue —
irradiated CH210 PCEs sample.

Table 3: NMR band assignments from Figure 3

o (ppm) Band assignment
0.7-1.3 R-CH;
14-1.7 R;CH
2.1-2.6 R-CO:-R
3-3.8 R-O-R

Size exclusion chromatography analysis revealed that no significant amount of low molecular
weight compounds was formed during irradiation (Fig. 4). Irradiation-induced changes revealed an
increase in molecular weight (Table 4), which is consistent with visual observation of gelation of the
irradiated sample. In addition, only 47 % of the sample remained soluble, and the results for the
irradiated sample correspond only to the soluble part. It can be assumed that the molecular weight of
the insoluble part is even larger.
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Figure 4: SEC chromatograms for original and irradiated CH210 PCEs sample.

Table 4: Molecular weight of not irradiated and irradiated sample CH210

Sample M,y M, My/M,
CH210 63000 30500 2.069
CH210 irradiated 125400 22600 5.561

A similar analysis of the fraction of sample, which turned back into the liquid form after irradiation
(3.2 MGy) and results show that only PEG sidechains are present in this sample as there remains only
peak between 12-13 min of elution time, indicating that PEG sidechains were cleaved off the backbone.

3.2 Hydrolytic degradation

As expected, hydrolysis induced cleavage of ester bonds and cleavage of PEG sidechains from the
backbone of the PCEs. Results showed that the PEG side chains equivalent to approximately 20
repeating units were separated from the PCE backbone. These appear as visible peaks at 12-13 min
elution time (Fig. 6). In addition, the C=0 stretch (1700 cm™) disappears from the FTIR spectra (Fig.

5).
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Figure 5: FTIR spectra of original and irradiated CH210 PCEs sample after hydrolysis in 0.1 M NaOH.

Table 5: FTIR vibrational band assignments from Figure 5

Wavenumber (cm™)

Band assignment

3100 -2700 O-H
1583 COOr
1432 C-O-H
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Figure 6: SEC chromatogram of original and irradiated CH210 PCEs sample after hydrolysis. Red — original,
blue — original hydrolyzed in 0.1 M NaOH, green — insoluble fraction of irradiated to 1.1. MGy and hydrolyzed
in 0.1 M NaOH, black — soluble and insoluble fraction of irradiated to 1.1. MGy and hydrolyzed in 0.1 M
NaOH.

3 Conclusions

Results indicate that backbone crosslinking is the main process during irradiation of investigated
commercial PCEs, with gelation occurring at 0.6 — 0.8 MGy of gamma irradiation dose. The result is a
notable increase in the molecular weight of the sample. However, irradiation conditions are not fully
representative of the actual conditions in cement as the concentration of SP would be much lower. In
addition, cement particles would probably reduce the possibility that large amounts of PCEs could come
into contact for crosslinking. At irradiation doses of 3.2 MGy, cleavage of PEG sidechains occurs, a
process that is also dominant during 0.1 mol L' NaOH hydrolysis. PEG seems to be the major
degradation product of irradiation and hydrolysis of PCEs sample investigated. In order to improve our
understanding of PCEs behaviour during radiolysis, it would be needed to design experiment, which
would better mimic actual conditions during radwaste storage. This would probably prevent
crosslinking of PCEs and may rather promote formation of different radiolytic products as found during
this study. Nevertheless, formation of PEG seems to be dominant process in alkaline conditions in

cementitious environment.
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Abstract

Solubility and sorption experiments with proxy ligands representative for the degradation of a
polyacrylonitrile-based filter aid (UP2) were performed to assess the impact of these degradation
products on the retention of Ni(ll), Nd(I1l)/Eu(lll) and Pu(lll/IV) in cementitious systems relevant for
the disposal of low and intermediate level radioactive waste (LILW). The impact of glutarate (GTA), a-
hydroxy-isobutarate (HIBA) and 3-hydroxy-butyrate (HBA) on the solubility of Ca(ll), Nd(lll) and
Pu(1V) is negligible at [L]o: < 0.1 M, whereas a slight increase in the [Ni]., is observed at [L]ii >
107 M. The latter observation is likely related to the formation of weak Ni(Il)-OH-L complexes.
Consistently with solubility experiments, the uptake of Ni(1l), Eu(lll) and Pu(I1l/IV) by hardened cement
paste (HCP) in degradation stage Il is only weakly affected by the presence of GTA, HIBA and HBA.
These results will be further complemented with on-going experiments using complex UP2 degradation
leachates simulating close-to-real systems under repository conditions.

1 Introduction

The filter aid UP2 (consisting mainly of polyacrylonitrile, PAN) is widely used in nuclear power
plants as support material for ion exchange resins and for particle removal. Significant amounts of used
UP2 are accordingly disposed of in underground repositories for low and intermediate level nuclear
waste (LILW), e.g. in SFR (Sweden). The degradation of PAN in the hyperalkaline conditions defined
by cementitious systems may result in organic degradation products affecting the retention of
radionuclides, and thus is of particular interest in the context of nuclear waste disposal (Duro et al.,
2012; Keith-Roach et al., 2021). Previous studies have hinted that degradation leachates of UP2 may
decrease the uptake of radionuclides by cement, although the main degradation products as well as their
overall impact on sorption remain ill-defined (Litmanovich and Platé, 2000; Duro et al., 2012). This
work aims at investigating the impact of the degradation products of UP2 on the solubility and sorption
of selected radionuclides in cementitious systems under alkaline, reducing conditions. The ligands
glutarate (GTA, CsH;04), a-hydroxy-isobutarate (HIBA, C4H;03) and 3-hydroxy-butyrate (HBA,
C4H703), identified within Task 2 of this project (Tasi et al., 2021a), have been systematically used as
UP2 fragments which likely form during degradation. GTA represents the bulk chain of the generated
polymer fragments, whereas HIBA and HBA emulate the effect of the end groups.
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2 Experimental

All experiments were conducted in gloveboxes under Ar atmosphere with T = (22 + 2) °C. Solubility
experiments were performed from undersaturation conditions, i.e. equilibrating the well-defined solid
phases Ca(OH)x(cr), B-Ni(OH)z(cr), Nd(OH)s(s) and PuO»(ncr, hyd) with cement pore water both in the
absence and in the presence of the proxy ligands GTA, HIBA and HBA. Ca(OH)x(cr) and Ni(OH)»(cr)
are commercially available, Nd(OH)s(s) was prepared by hydration of Nd»Os(cr), whereas the PuOx(ncr,
hyd) used in this work was synthesized in a previous study, with an isotopic composition of 99.4 wt.%
242py, 0.58 wt.% 2*°Pu, 0.005 wt.% ***Pu and 0.005 wt.% 2*'Pu. Experiments were conducted in pore
water solutions corresponding to cement CEM I in the degradation stage II (i.e. pH = 12.5 and [Ca] =
0.02 M) containing 10 M < [L] < 0.1 M. In experiments involving Pu, reducing conditions are
maintained by hydroquinone or Sn(II). Redox conditions were not controlled for the rest of
radionuclides / elements.

Sorption experiments were performed with a hardened cement paste (HCP) CEM I 42,5 N
BV/SR/LA type provided as a monolith by the Swedish Nuclear Fuel and Waste Management Company
(SKB). The HCP monolith was milled and sieved to a particle size of <100 um as described in Tasi et
al. (2021b), then stored under Ar atmosphere until use in the sorption experiments. A detailed
characterization of this material was provided in Tasi et al. (2021b). The sorption study was conducted
using the isotopes *Ni, 'Eu and >*?Pu, which were quantified after sorption and phase separation by
means of liquid scintillation counting (LSC), gamma spectrometry and inductively coupled plasma
mass spectrometry (ICP-MS), respectively.

3 Results and discussion

3.1 Solubility experiments

The solubility of Ca(1I), Nd(III) or Pu(IV) in cement pore water solutions with 10°® M < [L]it < 0.1
M (L = GTA, HIBA, HBA) is not affected by these proxy ligands, as shown in Figure 1 for the Pu-
HBA system with Sn(Il) as reducing chemical. The three investigated proxy ligands promote a slight
increase in the solubility of Ni(I) at [L]« > 1072 M (data not shown), suggesting the possible formation
of stable ternary complexes Ni-OH-L in the hyperalkaline conditions investigated in this work. These
observations can be rationalized as follows: Nd(III) and Pu(IV) are characterized by very strong
hydrolysis (dominated by Pu(OH)s(aq) and Nd(OH);(aq) under the conditions of this study), which
outcompete any possible complexation with the investigated proxy ligands. In the case of Nd(III),
different observations may apply at lower pH values in the degradation stage III of cement, for which a
weaker hydrolysis is expected. On the other side, Ca*" has a significantly larger ionic radius than Ni**
(rca = 1.00 A, rvi* = 0.69 A, in both cases for coordination numbers of 6) (Shannon, 1976), which
results in much weaker ionic interactions between Ca®" and the proxy ligands as compared with Ni**,
The stronger interaction with Ln(IIl) and An(III/IV) reported for other polyhydroxocarboxylic acids
like iso-saccharinic or gluconic acids is related to the presence of multiple alcohol functional groups in
those ligands, which allow the formation of chelate complexes outcompeting hydrolysis even in
hyperalkaline conditions (Gaona et al., 2008; Hummel et al., 2005; Tits et al., 2005; Vercammen et al.,
2001, among others).
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Figure 1: Solubility of PuO(ncr, hyd) in equilibrium with cement pore water at pH = 12.5 with [HGA] o = 1073
and 0.1 M. Redox conditions buffered by Sn(ll) (pe + pH = 2). Cross symbols show the concentration of Pu
determined in the absence of proxy ligands. Black solid and dashed lines in the figure represent the calculated
solubility of PuOx(ncr, hyd) and corresponding uncertainty at pH = 12.5 in ligand-free systems (Grenthe et al.,
2020, Neck et al., 2007).

3.2 Sorption experiments

The uptake of Ni(II), Eu(IlI) and Pu(I1I/IV) by HCP is only weakly affected by GTA, HIBA or HBA.
A minor decrease in the log R4 values (with Rg = [RN]soiia / [RN]ag, in L-kg™") is observed for Ni(IT) and
Pu(IV) only at [L]wt > 107 M, as shown in Figure 2 for the Ni(I[)-HBA system. The slight decrease in
the uptake of Ni(Il) in the presence of proxy ligands is consistent with the weak complexation observed
for these system in the solubility experiments (see discussion in Section 3.1). These results support that
the degradation products of UP2 are expected to have a weak effect on the retention / mobilization
processes of key radionuclides in the context of cement-based repositories for LILW.
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Figure 2: Uptake of Ni(ll) by HCP expressed as log R values (with Ry in m’kg™') as a function of log [HBA].
Cross symbols show the log Rq values determined in the absence of HBA.

4 Summary and conclusions

The impact of the degradation products of the UP2 filter-aid on the uptake of Ni(Il), Eu(Ill) and
Pu(IV) by HCP CEM I in the degradation stage II was investigated by a combined solubility and
sorption study. On the basis of "H NMR results conducted within Task 2 of this project, the ligands
GTA, HIBA and HBA were proposed as proxy degradation products of UP2 degradation products and
were used throughout these experiments.

The solubility of Ca(II), Nd(III) and Pu(IV) remains unaffected at [L]iw < 0.1 M, with L = GTA,
HIBA or HBA. The solubility of Ni(II) increases slightly at [L]« > 1072 M, although [Ni].q remains
within the uncertainty of the solubility equilibrium in the absence of L, ie. B-Ni(OH)x(cr) =
Ni(OH)2(aq). This observation suggests the possible formation of weak Ni-OH-L complexes under the
investigated hyperalkaline conditions, which however require further experimental confirmation. In line
with solubility data, the uptake of the investigated radionuclides remains mostly unaffected in the
presence of GTA, HIBA and HBA. At the highest concentrations of GTA, HIBA and HBA considered
in this work ([L]wt = 0.1 M), a decrease of < 1 log Rg¢-units is observed for Ni(Il) and Pu(IV) indicating
slightly weaker sorption at high ligand concentrations.

The results obtained with the identified proxy ligands indicate a weak impact on the solubility and
sorption of key radionuclides and metal ions in cementitious systems relevant in the context of
repositories for LILW. On-going studies within Task 4 are dedicated to assess the impact of UP2



complex degradation leachates simulating close-to-real systems under repository conditions on the
solubility and sorption of Ni(Il), Eu(Ill) and Pu(IV).
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Abstract

o-isosaccharinate (ISA) is an important degradation product of cellulose under alkaline, anaerobic
conditions. From the existing scientific literature, it is inferred that this hydroxycarboxylate is stable in
homogeneous alkaline solutions under anaerobic conditions. In the present study, the stability of o-1SA
is investigated under reducing conditions in heterogeneous systems consisting of an alkaline solution
in the presence of portlandite and with or without zero-valent iron powder as potential catalysts for
degradation reactions. a-ISA solutions were heated in autoclaves or gas-tight reactors at 90°C for
periods of up to 120 days in the presence of portlandite and with or without iron powder. The
concentrations of o-ISA and organic degradation products in both liquid and gas phases were
measured at regular time intervals. The results confirm that a-ISA is stable also in these heterogeneous
systems. The observed decrease of the a-ISA concentration in the presence of zero-valent iron is likely
due to a sorption and/or co-precipitation process involving iron corrosion products growing on the
surface of the zero-valent iron particles.

1 Introduction

In many countries, low- and intermediate-level radioactive waste (L/ILW) is planned to be stored in
deep geological repositories (DGR). Prior to storage, this type of waste is typically solidified in a cement
matrix and, after disposal, caverns and access tunnels will be backfilled with cementitious materials,
thus establishing highly alkaline conditions in the near-field of the repository. L/ILW may contain
significant amounts of organic materials (e.g., cellulose-based materials used for laboratory purposes,
for cleaning and for protective clothing in operational areas of nuclear facilities) that can degrade over
time possibly resulting in the formation of organic ligands forming strong complexes with radionuclides
(e.g., Wieland, 2014) or gaseous degradation products including CO, and CH4 (Wiborgh et al., 1986).
The complexing properties of cellulose degradation products and the resulting impact on radionuclide
mobility are well documented in the literature (e.g., Gaona et al., 2008; Van Loon et al., 1999b; Wieland,
2014). Further decomposition to CO, can enhance the degradation of the cementitious engineered
barrier through carbonation processes. The lower pH resulting from these CO,-induced degradation
processes causes increased microbial activity and accelerates corrosion reactions eventually leading to
gas pressure build-up in the repository. Under the highly alkaline, anaerobic conditions typical for
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DGRs for L/ILW situated in clay-type host rocks, cellulose degradation is expected to mainly occur
through abiotic processes, as such an environment is unfavourable for microbial activity (i.e. pH > 11
and limited availability of free water) (Small, 2019; Small et al., 2008). Abiotic cellulose degradation
processes under anaerobic, high pH conditions result in the formation of mainly a-isosaccharinic acid
(a-ISA) and B-isosaccharinic acid (B-ISA) as well as a series of low molecular weight (LMW)
carboxylic acids (CAs) in smaller amounts (e.g., Glaus et al., 1999). Thermodynamic calculations
predict that, under repository conditions, these organic compounds are unstable and decompose to
produce CO»(aq), HCO5", COs> and CHs (Wieland and Hummel, 2015). In real systems under repository
conditions, however, the organic compounds may be metastable as their abiotic degradation occurs so
slowly that it cannot be quantified under laboratory conditions at ambient temperatures. Nonetheless,
this does not mean that further degradation and formation of gaseous products cannot take place during
the safety relevant period of a DGR operation; i.e., hundreds of thousands of years. Furthermore, the
presence of solids such as zero-valent iron (Fe(0)) or magnetite is known to catalyse decomposition
reactions of LMW organic compounds (e.g., McCollom and Seewald, 2003a, b). Finally, Glaus and
Van Loon (2009) found indications that a-ISA might be unstable in the presence of solid portlandite.
The authors suggested that the reasons for the observed decomposition may be the presence of traces
of oxygen, but an experimental proof for this suggestion could not be given.

In the present study, the a-ISA stability has been investigated under alkaline, reducing conditions in
the presence of portlandite, with or without Fe(0) powder as a possible catalyst, and at a temperature of
90°C to accelerate potential degradation reactions. During cellulose degradation, two diastereomers (o~
ISA and B-ISA) form in equal quantities (Glaus et al., 1999; Van Loon et al., 1999a). a-ISA was chosen
because this diastereomer has stronger radionuclide complexing capabilities compared to B-ISA (Van
Loon et al., 1999b). The study focusses on the identification and quantification of possible aqueous and
gaseous degradation products of a-ISA. Therefore, the experiments were carried out in gas-tight
containers; either in simple autoclaves where only the liquid phase can be analysed at the end of the
experiment, or in custom-made gas-tight pressure reactors, which allow samplings from both the liquid
and the gas phases without opening the reactor.

2. Materials and methods

Materials

All solutions used throughout this study were prepared in glove boxes under a controlled N
atmosphere (O2 and CO; < 0.1 ppm), using analytical grade chemicals ("Emsure®", Merck, Germany)
and ultrapure (deionised, de-carbonated) water (Milli-Q® water; 18.2 MQ cm resistivity) generated by
a Milli-Q gradient A10 purification system (Millipore, USA). The MilliQ water was degassed by boiling
for one hour prior to its storage in the glove box for further use. CaO was obtained by heating CaCOs(s)
at a temperature of 900°C for ~12 hours. The Fe(0) powder was purchased from Merck, Darmstadt,
Germany. According to the manufacturer, its purity is > 99% and its maximal particle diameter is 60
um. The specific surface area of the Fe(0) powder was determined with the help of a seven-point
Brunauer-Emmett-Teller (BET) N adsorption isotherm to yield a value of 0.075 m? g\,

a-ISA stability experiments were performed in the presence of an artificial cement pore water
(ACW) simulating the chemical conditions prevailing during the first phase of the cement degradation.
The ACW contains 0.18 M KOH, 0.114 M NaOH and 1.6-10 M Ca(OH); (saturated w.r.t. portlandite).
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a-ISA was added to all experiments in the form of a-D-isosaccharino-1,4-lactone (a-ISA lactone).
Under high pH conditions, the a-ISA lactone ring reacts with OH to form the open chain a-ISA. Note
that the amount of OH" consumed during this reaction (1 mole OH- for each mole of a-ISA lactone) had
no influence on the pH of 13.3 in ACW. a-ISA lactone was synthesised applying the procedure of
Whistler and BeMiller (1963), which was slightly modified by Vercammen et al. (2000). Speciation
calculations carried out with Medusa (Puigdomenech, 2014) using the thermodynamic data for the Ca
— ISA system reviewed in Hummel et al. (2005) reveal that the dominant aqueous a-ISA species in
ACW at pH 13.3. is the negatively charged a-ISA- ligand.

Analytical methods

Total and individual dissolved carbon compounds formed during the anoxic and alkaline degradation
of cellulose were identified and quantified by a total organic carbon (TOC) analyser and by high
performance ion exchange chromatography coupled with mass spectrometry (HPIEC-MS),
respectively. These analyses cannot be performed on highly alkaline solutions. Therefore, the solution
samples were neutralised prior to analysis using H-cartridges (OnGuard cartridge, Dionex, USA)
allowing treatment of up to 12 mL of ACW with a pH of 13.3 in one run.

A HPIEC measurement procedure was put in place to enable optimal identification and
quantification of a-ISA and a series of LMW CAs including formic acid (FA), acetic acid (AA),
glycolic acid (GA), propionic acid (PA), lactic acid (LA), valeric acid (VA), malonic acid (MA), oxalic
acid (OA) and butyric acid (BA). For this purpose an ICS-5000 ion chromatography (IC) system
(Dionex/Thermo Fisher, USA) coupled to a MSQ™ Plus mass spectrometer (MS) (Thermo Fisher,
Sunnyvale, CA, USA), operating in the negative electrospray ionisation (ESI) mode, was used. Optimal
cone voltage for scanning both a-ISA and the CAs was found to be in the range between 30 — 50 V. A
tiny co-elution between ISA and LA was observed in the spectra of the MS in the selected ion
monitoring (SIM) mode. For a reliable quantification of both compounds but also for a more stable
signal of a-ISA, the high concentrations of a-ISA were measured with conductivity detection, which
was switched off after 7.4 min elution time. The MS source directly took over afterwards for scanning
LA at its specific mass fragments, as well as the subsequently eluted CAs. Tests with ACW solutions
containing a mixture of known concentrations of ISA and the CAs listed above, in the proportions
expected in a cellulose degradation experiment (ISA/CA = ~30/1), showed that the HPIEC
measurements resulted in concentrations in agreement with the injected concentrations with
uncertainties in the range between 1% and 8%. Thus, recovery obtained by the HPIEC-MS analysis was
complete for all individual compounds indicating that none of the organic compounds was lost during
the analysis, in particular during pre-treatment with the H-cartridge.

Total dissolved organic carbon in solution (non-purgeable organic carbon, NPOC) was measured
with a Shimadzu TOC-L analyser (Kyoto, Japan). Tests with ACW solutions containing mixtures of
known concentrations of ISA and the CAs listed above revealed uncertainties on the NPOC
measurements varying between ~5% (at the lowest TOC concentration of 11 ppm) and < 1% (at the
highest TOC concentration of 65 ppm). NPOC analysis of pure ACW solutions revealed a non-
negligible contamination with non-purgeable organic carbon of 2.5 + 0.3 ppm. HPIEC-MS analysis of
the blanks revealed the presence of ~0.38 ppm FA and ~1.04 ppm AA together with very small amounts
of OA, LA and PA. Approximately 30% of the contamination could not be identified and probably
consisted of organic compounds other than CAs. All NPOC measurements of the samples from the
degradation experiments in ACW were therefore corrected for this NPOC background.

R-3



For the analysis of the gasecous compounds that could potentially be formed during a-ISA
degradation under reducing conditions in the presence of Fe(0), a gas chromatograph coupled to a mass
spectrometer (GC-MS) was used, consisting of a TRACE™ GC Ultra gas chromatograph (GC) coupled
to an ISQ MS (Thermo Fisher Scientific Inc., Waltham, MA, USA) with electron ionisation (EI). The
analytical procedures applied were developed in the framework of a previous project and described
elsewhere (Cvetkovic et al., 2018). The GC-MS analyses included the following gaseous compounds:
hydrogen (H:), methane (CH,4), ethane (C,Hs), ethene (C,H4), propane (CsHs), propene (CsHg) and
butane (C4H)0). Uncertainties on the reported gaseous hydrocarbon concentrations were estimated to be
<20 % (Cvetkovi¢ et al., 2018).

The limits of detection (LOD) and the limits of quantification (LOQ) of the different analytical
methods were calculated from the measurement of five blank replicates following the procedure
described by Keith et al. (1983) and Barwick and Prichard (2011). The uncertainties on the reported
aqueous CA concentrations and gaseous hydrocarbon concentrations were conservatively estimated to
be 10% and 20%, respectively based upon the experience gained during the test experiments with
HPIEC-MS and NPOC measurements described above, and the typical uncertainties obtained with the
GC-MS equipment reported by Cvetkovic et al. (2018).

Set-up of the stability experiments

A first type of a-ISA stability tests was performed in autoclaves (volume = 50 mL) equipped with
teflon inlets at a temperature of 90°C in ACW in the presence of portlandite, with or without Fe(0). In
a glove box, the required amounts of portlandite and Fe(0) powder were weighted and transferred into
the autoclaves. A volume of 40 mL of ACW was added as well as an aliquot of a 0.02 M a-ISA solution
(e.g. 0.0324 g of a-ISA lactone dissolved in 10 mL. ACW). The autoclaves were tightly closed,
transferred to an oven located in the inert atmosphere glovebox and maintained at a temperature of 90°C
for up to 120 days. At the end of the stability test, the autoclaves were cooled down to room temperature
and opened outside the glove box to sample the solutions. In parallel, blank experiments were set-up to
quantify the organic contaminants present in solution under the various experimental conditions
considered. The concentrations of the CAs in the a-ISA solutions were corrected by the concentrations
determined in their respective blank experiments.

During the stability tests the internal pressure in the autoclaves rose due to the increase of the
temperature from 25°C to 90°C (water vapour), and due to H> production caused by the anoxic corrosion
of the Fe(0) powder. The H, partial pressure in the autoclaves was estimated by assuming that the mass
of iron powder corroded during the degradation experiment depends on the corrosion rate, Rc (m -a™1),
the surface area of the iron particles, A (m?), and the duration of the experiment, t (a). Assuming further
that surface area of the Fe(0) particles is large enough to avoid the corrosion reaction causing a
significant surface area reduction during the experiment, the moles of Fe(0) (nre) that are corroded as a
function of time can be calculated as follows:

_Rt-Ap
ng, _M— [moles] (D
Fe

with Mg = the molar mass of Fe = 0.055845 kg mol! and p = density of Fe = 7855 kg m°.

The anoxic corrosion of Fe(0) proceeds in several steps (e.g., Jelinek and Neufeld, 1982; Linnenbom,
1958; Reardon, 2005; Senior et al., 2017): in an initial, fast step, metallic Fe is oxidised to iron(II)
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hydroxides (eq. 2) which in a second, slower step known as the Shikorr reaction, are transformed to
magnetite (eqs. 3 (slow reaction) and 4 (fast reaction)):

Fe(0)+2H,0 < H,(g) + Fe(OH), (s) (2)
2Fe(OH), (s)+2H,0 < H, (g) + 2Fe(OH), (s) 3)
2Fe(OH), (s) + Fe(OH), (s) <> 2H,0 + Fe,0, (s) )

The Shikorr reaction is only relevant at temperatures above 80°C (Linnenbom, 1958; Reardon, 2005;
Smart et al., 2017) but can be catalysed by the presence of Fe(0) (Reardon, 2005). Under the
experimental conditions described above, it is, thus, very likely, that the dominant Fe corrosion product
formed, will be magnetite.

Combination of reactions (2), (3) and (4) gives the overall reaction for anoxic corrosion of iron:
3Fe(0)+4H,0 < 4H,(g) + Fe,0,(s) , &)

Eq. 5 reveals that for the corrosion of three moles of Fe, four moles of H; are produced. Taking into
account this stoichiometry and applying the ideal gas law, the H partial pressure can be calculated from
the value of nre.

The contribution of the vapour pressure to the total pressure in the autoclaves can be estimated using
the Antoine equation (e.g., P.J. Linstrom and Mallard, 2022):

o2 (P)=A-{ 72 | ©

In this equation, A, B and C are constants which take the following values in the temperature range
between 344 K and 373 K: A=5.08354, B=1663.125, C=-45.622. Application of the Antoine equation
for H>O at a temperature of 90°C gives a vapour pressure of 0.69 bar.

The o-ISA stability was further investigated in custom-made, 500 mL, gas-tight stirred pressure
reactors (Versoclave Type 3E, Biichi, Uster, Switzerland) in those experimental conditions under which
a clear decrease of the initial a-ISA concentration was observed in the autoclave experiments. The
reactor walls and lid are made of 0.8 cm thick CrNiMoTi steel, which is in direct contact with the
reacting medium. The pressure reactors used in the stability experiments were washed with 0.1 M HCI
to dissolve any possible precipitates (portlandite or iron corrosion products) from previous experiments.
Subsequently, the reactors were thoroughly rinsed with MilliQ water and dried. Note that the acid
treatment may have caused corrosion of the stainless steel surface and influence the degradation of a-
ISA.

The required amounts of portlandite and Fe(0) powder were weighted and transferred into the
reactor. After closing tightly, the gas phase in the reactor was slowly evacuated and replaced by N> gas
while the iron powder was retained at the bottom of the reactor by a strong magnet. The portlandite
powder was too heavy to be stirred up during this evacuation procedure. In the glove box, a stainless
steel cylinder was evacuated and filled with 400 mL ACW solution containing 5-10* M a-ISA. The
cylinder was then connected to the evacuated reactor and the a-ISA solution was transferred into the
reactor by the existing vacuum. The final pressure in the reactor was adjusted to 3.0 bar with N, gas (at
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T =25°C) and the temperature was increased to 90°C resulting in a starting pressure of ~3.6 bar. Both
the solution and the gas phase were sampled at regular time intervals without opening the reactor by
taking advantage of the existing overpressure. After each sampling, the pressure in the reactor was
restored by adding the required amount of N,. At the end of each experiment, the reactor was opened
and samples of the remaining solution were analysed for their cation composition and pH.

3. Results and discussion

In a first step, the stability of a-ISA was tested at 90°C in a series of preliminary experiments in the
autoclaves in presence and absence of portlandite and Fe(0) powder. In these experiments, an ACW
solution containing 100 uM a-ISA and two ACW suspensions containing the same a-ISA concentration
and either 100 g L' portlandite or 100 g L' portlandite + 25 g L' Fe(0) powder, respectively, were let
react for 75 days. In parallel, a series of blank autoclaves was set-up with the same contents (i.e. ACW
solution and ACW suspensions) as the autoclaves described above, but without a-ISA and let to react
over the same period. At the end of the experiments, the supernatant solutions were analysed for the a-
ISA and CA concentrations. The results of these experiments are summarised in Table 1 together with
the LOD and LOQ of the organic compounds detected in the solutions and suspensions.

No o-ISA was detected in the blanks, as expected, while significant amounts of FA, AA, OA and
GA were measured. The CA concentrations determined in the solutions and suspensions containing o.-
ISA were thus corrected for these background concentrations. During the reaction period of 75 days,
the a-ISA concentration remained constant in the ACW solution and the suspension containing ACW
and portlandite, indicating that the presence of the latter solid does not cause any a-ISA degradation. In
the presence of portlandite and Fe(0) powder, however, a significant decrease of the o-ISA
concentration was observed along with a slight increase in the CA concentrations. The increase in the
CA concentrations was, however, not proportional to the decrease of a-ISA concentration and might be
due to organic contamination of the iron powder. As a result of the observations made in these
preliminary test experiments, further studies focused only on the stability of a-ISA in ACW at 90°C in
the presence of portlandite and Fe(0) powder. The stability of a-ISA was investigated in the autoclaves
and in the custom-made gas-tight Versoclave pressure reactors as function of the reaction time and
amount of Fe(0) powder. The starting a-ISA concentration in these experiments was 5-10* M.

The stability tests in the autoclaves showed that, in the presence of portlandite and Fe(0) powder,
the a-ISA concentration decreased with progressing reaction time during the first 30 days and then
remained constant (Figure 1a). It was also observed that the a-ISA concentration dropped significantly
with the presence of increasing amounts of Fe(0) (Figure 1b). NPOC concentrations and the sum of the
concentrations of all analysed organic compounds ([a-ISAJ+Z[CA]), denoted as X(C), both expressed
in terms of a-ISA concentrations (i.e., normalized to the concentration of a-ISA which contains 6 carbon
atoms), showed the same behaviour as the a-ISA concentration in the experiments and were of the same
order of magnitude as the latter (Figure 1a and 1b). This observation indicates that the decrease in a-
ISA concentration is not accompanied by an increase of the aqueous concentrations of other LMW
organic compounds. This finding suggests that the decrease of the [a-ISA] is not the result of a
degradation process but rather a process involving sorption on, or co-precipitation with iron corrosion
products. It should be noted that the composition of the gas phase could not be analysed in these
experiments.



Table 1: o-ISA and CA concentrations determined with HPIEC in blank (ACW) and a-ISA solutions, both in
presence and absence of 100 g L' portlandite (portl) and/or 25 g L Fe(0) powder (Fe(0)). The CA
concentrations in the a-ISA solutions are corrected for the respective CA concentrations found as

contaminants in the blanks.

Blanks [0-ISA] [FA] [AA] [OA] [GA]
uM uM uM uM uM
LOD 0.7 2.2 1.6 0.3 0.1
LOQ 2 5.5 42 0.7 0.2
ACW 0 10.7+2.5 23.5+59 2.1+0.5 0.1+0.03
ACW-portl. 0 - - . -
ACW+portl.+Fe(0) | 0 21.5+54 33.6+£8.5 2.1+0.5 0.1 +0.03
o-ISA
Start 103 £ 26 0.60+0.15 0.7+0.2 0.0 0
ACW 103 £26 1.7£0.4 2.1+0.5 0.30£0.07 1.03+0.26
ACW-+portl. 97+ 24 50+1.3 32+0.8 36+09 0.30+0.08
ACW-portl+Fe(0) | 40 + 10 18.6+4.6 |18.0+45 10.6+2.6 |3.8+09
800 T T T T T T 800 T T T T T T
a [0-ISA] = 0.5 mM. Portlandite: 100 g L™ b [0-ISA] = 0.5 mM. Portlandite: 100 g L™
700+ Temperature: 90°C 4 ~700} Temperature: 90°C i
% Fe powder: 25 g Lt 21 Equilibration time: 30 days
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Figure 1: a-ISA stability in ACW at pH = 13.3 at 90°C in the presence of portlandite and Fe(0) powder
measured in autoclaves. a) a-ISA concentration in ACW as function of equilibration time in the presence of
100 g L portlandite and 25 g L' Fe(0) powder. b) Influence of the presence of increasing amounts of iron
powder on the a-1SA concentration in ACW after an equilibration time of 30 days. H: partial pressures reported
in the figures were calculated assuming a short term iron corrosion rate of 10°° m a’' (Diomidis, 2014, Figure
3.18, corrosion rate in 0.1 M NaOH at 80°C), an initial specific surface area (o) of the iron powder of 0.075
m? g and a decreasing iron surface with progressing corrosion.



In order to obtain an overview of the organic compounds present both in solution and in the gas
phase, a-ISA stability experiments at 90°C in ACW in the presence of portlandite and Fe(0)-powder
were repeated in gas-tight Versoclave reactors. The results of experiments in which the stability of a
5-10* M a-ISA solution was tested as a function of time in the presence of two different portlandite
concentrations and 2 different concentrations of Fe(0) powder are shown in Figure 2. The starting
pressure in these experiments was set to 3 bar N at 25°C. The temperature increased from 25°C to 90°C
during the first two hours of the experiment, which caused a pressure rise to a value of ~3.6 bar. The
pressure in the reactor continued to increase during the first 30 to 60 days due to the formation of H,
gas caused by anoxic corrosion of the iron powder (Figure 2a, b). After this initial phase, the pressure
and H» concentration in the gas phase remained constant throughout the experiments (Figure 2a, b). In
the reactor with the highest iron powder concentration (25 g L), the reactor pressure increased much
stronger. In this experiment, the pressure had to be reduced twice manually to prevent the pressure from
exceeding the maximum allowed value of 8 bars (the maximum pressure given by the manufacturer is
10 bar. In practice, however, the rupture disks often breaks already at a pressure of ~8 bar). Correcting
for this loss of pressure, the maximum pressure in the reactor was ~10.0 bar. Subtracting the starting
pressure of 3 bar and the vapour pressure at 90°C of 0.69 bar gives a maximum H, partial pressure of
~6.3 bar meaning 5.2 mmol H, produced per g iron powder over 90 days. This is somewhat higher than
the H, production calculated for similar iron powder suspensions (25 g L iron powder in ACW) in the
autoclaves (9.95 bar = 3.3 mmol H» per g iron powder after 90 days reaction time; Figure 1). Note
however, that the corrosion rate of 10° m a’! used in these calculations is only an approximate value
taken from the literature (Diomidis, 2014) and derived from short term corrosion experiments under
conditions not fully comparable to the present experiments. The surface area of the steel parts of the
reactor vessel was estimated to be ~0.0428 m? (assuming the vessel is a cylinder with a known volume
0f 0.649 L and a height of 0.136 m). This approximately 5% of the surface area of the iron powder in
the corrosion experiment (0.75 m?) and, thus, its contribution to H> production from corrosion can be
neglected.

Analysis of the solutions shows that the a-ISA concentration decreased only slightly with time in
the reactors with a Fe(0) powder concentration of 2.5 g L'!. A much more significant decrease of the a-
ISA concentration was observed in the presence of 25 g L' iron powder (Figure 2¢). £(C) is identical
to the a-ISA concentration, meaning that no LMW CAs were formed during the observation period
(Figure 2d). NPOC concentrations were approximately 100 uM higher than X(C), as exemplified in
Figure 2d for the experiment with 25 g L' Fe(0) powder, suggesting the presence of impurities
originating from the reactor. After correction for their concentrations in the blanks, the concentrations
of gaseous hydrocarbons were negligible in all experiments.

Both types of experiments show that a-ISA concentrations in ageing alkaline cement pore water
solutions decrease only in the presence Fe(0) powder. The presence of solid portlandite does not cause
any significant decrease in the a-ISA concentration in contrast to earlier reported observations (Glaus
and Van Loon). This observation thus supports the assumption made by the latter authors that the
decrease of a-ISA concentration might be due to oxidation reactions caused by traces of O, sorbed on
the portlandite surfaces. A detailed examination of the aged a-ISA solutions and the corresponding gas
phases in the present experiments did not lead to the detection of significant amounts of LMW organic
degradation products. This observation suggests that the decrease in a-ISA concentration observed in
the present experiments is not caused by abiotic degradation processes but rather by a sorption process
involving the metallic Fe(0) or newly formed iron corrosion products.
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Figure 2: a-ISA stability in ACW at pH = 13.3 at 90°C in the presence of portlandite and Fe(0) powder
measured in gas-tight pressure reactors under N2 atmosphere. The starting pressure was 3.0 bar. a) Evolution
of the gas pressure with time. b) Evolution of the H> concentration in the gas phase with time. c) Effect of the
amount of portlandite and Fe(0) powder on the evolution of the a-ISA aqueous concentration with time. d)
Evolution of the a-ISA concentration, NPOC and 2(C) in the aqueous phase as a function of time in the
presence of 10 g L portlandite and 25 g L' Fe(0) powder.

Indeed, the decrease of the a-ISA concentration with increasing amounts of iron powder indicates
that the latter material plays a key role in the fate of a-ISA. The slow decrease in a-ISA concentration
with time (Figure la and 2c) may be explained by sorption onto increasing amounts of iron corrosion
products rather than by the metallic Fe(0). The flattening of the curve representing the evolution of the
a-ISA concentration with time (Figure 1a and 2c) might be explained by a slow-down of the formation
of the iron corrosion products due to passivation. The dominant iron corrosion product expected in the
present experiments (ACW, anoxic conditions, T = 80°C) is magnetite (see discussion above). The
surface charge of this mineral is negative under alkaline conditions (e.g., Sun et al., 1998) making the
sorption of the negatively charged a-ISA-anion unlikely. However, sorption of Ca** present in the ACW
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might induce a reversal of the magnetite surface charge, which would greatly improve the affinity of
the mineral surface for a-ISA. Alternatively, the formation of a-ISA-containing iron corrosion products
by co-precipitation on the surface of the Fe(0) particles could be another process accounting for the
removal of a-ISA from solution. Indeed, there are many indications in the recent literature that
gluconate (an organic ligand with a structure similar to ISA), and ISA have a high affinity for trivalent
cations (trivalent actinides (An(IIl)), lanthanides (Ln(II)) and also Fe(Il)) and that the presence of Ca
further enhances the stability of Fe(IlI), An(Ill)- and Ln(IIll)- complexes with these organic ligands
(Bechtold et al., 2002; Boszorményi et al., 2019; Rojo et al., 2021; Tasi et al., 2021). Co-precipitation
between Ca(Il), a-ISA and Fe(III) thus offers a possible further potential explanation for the decrease
in a-ISA concentration in solution in the presence of Fe(0) particles.

4 Conclusions

a-ISA is stable in ACW at pH = 13.3 under reducing conditions and a temperature of 90°C over a
period of up to 120 days, both in absence and in presence of portlandite and Fe(0) powder. This
conclusion is based on the absence of detectable concentrations of organic degradation products in both
solution and gas phase. The decrease of the a-ISA concentration with time and with increasing amounts
of Fe(0) powder might be explained by a sorption and/or co-precipitation process involving iron or its
corrosion products growing on the surface of the Fe particles.
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Abstract

Within Task 3 of EURAD WP3 CORI, the ‘Czech team’ studies the influence of the degradation of
organic concrete additives (plasticizers) and organic radioactive waste (e.g. ion exchange resins (IER),
sorbents) fixed in the cement matrix on the migration of radionuclides in the cement/concrete
environment. Samples are subjected to gradual degradation (radiolysis, hydrolysis, temperature). The
main physical properties of the cementitious materials, such as strength, elasticity and, more rarely,
hydraulic conductivity, are regularly tested/ monitored to control the evolution of the macroscopic
behaviour of the samples. FNSPE CTU and UJV Re: have started a study of organic substances
behaviour (formate, acetate, EDTA, adipate, and phthalate) in presence of cementitious materials
(hydrated cement paste CEM I, witness sample of concrete from L/ILW repository containing CEM 111
and CSH, both irradiated and fresh) in portlandite water or NaOH solution. FCE CTU is responsible
for macroscopic testing. This contribution describes materials, sample preparation / manufacture, and
tests performed before and after irradiation of cementitious samples (CEM I paste and “Richard”);
status as of autumn 2021. The results of the EURAD WP3 CORI project are applicable not only in the
case of the L/ILW Richard repository safety assessment and its possible lifetime extension, but the data
obtained will also be used for safety assessment and calculations related to other radioactive waste
repositories in the Czech Republic, including the decommissioning waste section in the planned deep
repository (concrete containers, structural parts, and fillings).

1 Introduction

The objective of EURAD WP3 CORI is to evaluate the influence of the degradation of organic
concrete additives (plasticizers) and organic radioactive waste (e.g., ion exchange resins, sorbents) fixed
in the cement matrix on the migration of radionuclides in the cement/concrete environment.

For the Czech Republic, as a "third party of SURAQ", the departments of two faculties of the Czech
Technical University in Prague (Department of Nuclear Chemistry; Faculty of Nuclear Sciences
and Physical Engineering (FNSPE CTU) and Centre of Experimental Geotechnics of Faculty of Civil
Engineering (FCE CTU)) and UJV Rez, a.s. are participating. Research Centre ReZ, s.r.o. participates
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separately, as a direct member of the consortium. All four participating research groups together with
SURAO form the ‘Czech team’.

As planned, CORI Task 3 tests the interaction of organic and cementitious materials by means of
sorption experiments. The experiments in Task 3 correspond closely to those in Task 4, which differ
only in the presence of radionuclides. Task 3 work also includes tests on the mechanical and transport
properties of the samples (pristine and exposed to the degradation procedures "radiolysis"
and "temperature"). The connection with Task 2is realized by the study of the sorption behaviour of
degradation products identified in Task 2 in presence of cementitious materials. The studied
cementitious materials were mixes with additives in order to improve their properties, i.e. plasticizers,
and substances of an organic nature, which may be part of the deposited radioactive waste, such as ion
exchangers or sorbents. The study of the sorption of model organic molecules already known
as degradation products of more complex organic substances is being carried out as another part of the
research.

The greatest attention has so far been paid to the characterization of cementitious materials. Three
different types of materials were chosen as representatives of the cement matrices: newly prepared
hydrated CEM I cement paste, with or without the addition of plasticizers, witness samples of structural
concrete from the Richard repository (15 years old) and pure CSH phase.

This contribution describes materials, sample preparation / manufacture, and tests performed before
and after irradiation of cementitious samples (CEM I paste and “Richard” concrete); status as of autumn
2021. Due to the situation of the COVID-19 pandemic, the work on the study of the behaviour of
degradation products in the presence of cementitious materials is the most delayed.

2 Materials and samples

In the current course of work, cement matrices and plasticizers are the materials used most. Three
different types of materials were selected as representatives of cementitious matrices. This is CEM I
fresh hydrated cement paste with or without the addition of ISOLA BV and CX ISOPLAST 531
plasticizers, which was chosen without the addition of plasticizers as a reference material in WP3 COR],
as well as samples of structural concrete from the L/ILW Richard repository (15 years old witness
samples), which are used due to the connection of the project with the safety assessment of this
repository, and the phase of pure cement CSH, as a representative of a more homogeneous material.

Super/plasticizers, ISOLA BV and CX ISOPLAST 531, were obtained from the concrete plant
(CEMEX Czech Republic, s.r.0.) where the concrete mixtures for the treatment and processing of
radioactive wastes, which is carried out in UJV, are produced (more details can be found in our
contribution regarding CORI Task 2 — Vecernik et. al., under preparation).

In addition to plasticizers and their degradation products, sorbents and IER s degradation products
and model degradation products are also planned to be studied. However, the identification
of degradation products for sorbents and ion exchangers is still ongoing in Task 2. From the group
of model molecules, which are (readily) available, these substances are studied at present: EDTA, in the
form of disodium salt, Chelaton 3 (Lachema), p.a.; phthalic acid, manufactured by Sigma-Aldrich, with
purity > 99.5 %; adipic acid, manufactured by Sigma-Aldrich, purity > 99.5 %; formic acid
salts — sodium formate (PENTA s.r.0.) and its form H'*COONa (manufactured by PerkinElmer); acetic
acid salts —sodium acetate (PENTA s.r.0.) and its labelled form CH;“*COONa (manufactured
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by PerkinElmer). The main working concentrations, 5:10”° and 5-10~ mol-L™! were selected based on
Van Loon & Hummel (1995). The ratio of solid to liquid phase L/S in all sorption experiments has been
equal to 100, 250, 500 and 800 L-kg™'. On average, during the sorption tests, CEM I paste contains 5.34
% moisture, Richard concrete 3.26 % while CSH with Ca/Si = 1 has 64 % water. Most of the parameters
under which the sorption experiments take place are common to CORI Tasks 3 and 4.

2.1 Richard concrete samples (CEM II1)

These are samples of concretes from the Richard LLW/ILW repository, which were prepared during
the reconstruction of the chambers in 2006. SURAO delivered two 15 cm cubes of structural concrete
on January 13, 2020 (Figure 1; hereafter referred to as "Richard concrete" or "CEM III"). The samples
were stored underground at Richard repository until sampling in 1/2020. According to the available
information (source SURAO; recipe No. 377), the structural concrete is C 30/37 XA2 concrete
(with a compressive strength after 28 days of 30 MPa), which was used as concrete for the final floors
and walls of the chamber segments. Its formulation (quantity per 1 m* of mixture) is given in Table 1.
The binder used was CEM I1I/B 32.5 blast furnace cement. Sample S3P was casted on 5 May 2006
while S3/5R1 on 13 April 2006.

The structural concrete samples supplied were first drilled (2/2020) - four cores of approximately
43 mm diameter were obtained from each cube (Figure 1). Three cores (A, B, both from S3P and E
from S3/5R1) were cut into 43 mm high cylinders and used for compressive strength testing (samples
A2-4, B2-B4 and E2-4). Cores C, D (both from S3P) and G, H (both from S3/5R1) were transferred to
the UJV and core F (from S3/5R1) was retained in the FCE CTU laboratory for hydraulic conductivity
test. Parts of the cubes were also given to the co-researchers to prepare crushed material for further
testing. The remainder of the material is stored in the FCE CTU sample warchouse at the Josef
Underground Laboratory.

S35RA |

4%.4.2006

Figure 1: Two cubes of structural concrete from the Richard LLW/ ILW repository (left) and cores drilled from
S3P (right).

Table 1: Recipe for "Richard structural concrete"; No. 377 (source SURAQO)

Origin Quantity

Cement CEM III/B 32.5 SV 400 kg
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Aggregates 0/4 mm Dobftin 895 kg
8/16 mm Dobkovicky | 640 kg
11/22 mm Dobkovicky | 350 kg

Plasticizer Stachement ML 4 kg

Water 165 kg

2.2 Cement paste samples (CEM 1)

The main part of the experimental work on cementitious materials is carried out on samples of
cement pastes prepared at the beginning of the CORI project. Portland cement CEM 142.5 R, CEMEX
Prachovice; 4/2020 (hereafter referred to as "CEM I") was used for the mixes.

The CEM I samples were first made without plasticizer - as a reference and then as mixtures with
plasticizers. Two types of plasticizers with a slightly different influence on the properties of the concrete
mix (see Figure 2) were used. Figure 2 presents relative influence (beneficial from 0) of particular
plasticizer on behaviour of cement mix, according to the producer (not directly related to/ measured on
the CEM I samples). Samples of different sizes and shapes for the tests (pristine material and after
hydrolytic and radiolytic degradation) are, depending on the plasticizer used, labelled C-x (reference
without plasticizer) and CLA-x or CST-x (IsoLA/ IsoplaST). For more information on plasticizers, see
contribution to CORI Task 2 — Vecernik et. al., under prep.). The preparation steps of CEM I (+
plasticizers) samples included (Figure 3):

o filling of moulds in layers; compaction on the compaction table;

e storage in a humid environment for 24 h; unmoulding and storage in water;
e after 26 days cutting and marking the samples;

e initial tests (compressive strength) after 28 days.

e Detailed information on fresh mortar samples is provided in Table 2.

Three types of samples were made from fresh mortars:

e cubes of 50 mm edge length;
e cylinders of two sizes (with height/ diameter 50/50 mm and 84/42 mm) and
e discs with height/ diameter 8/50 mm).

Plasticising

Consistency

Retardation

Early strength

Figure 2:
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Plasticising effect
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Relative influence (beneficial) on the properties of the concrete mix using ISOLA BV (left) CX
ISOPLAST 531 (right) (0 — the least, 10 — the most), data by producer.
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Figure 3: Preparation of CEM I paste samples.

Table 2: Fresh cement paste sample data

Material Date of mixing Plasticizer | Water Real Marking
/cement reduction | w/c

CEM 1 (42.5) 27 July 2020 0.0 % 0 % 0.40 C-xxx

CEM I + Isoplast | 28 July 2020 1.0 % 30 % 0.28 CST-xxx

CEM I + Isola 29 July; 3 Aug 2020 | 1.0 % 20 % 0.32 CLA2-xxx

2.3 CORI reference material

The Czech team prepared a reference material (hydrated cement paste) for all CORI partners. After
discussion, a recipe for the preparation of cement paste from Czech cement CEM I (CEM 142.5 R,
CEMEX Prachovice) with a water in the water/cement ratio w/c = 0.45 was chosen. The result of
cement binder mineralogical analysis and its comparison to results of analysed two reference binders
are shown in Table 3, and the comparison to certificate values is also shown. Reference cement binders
were produced by Verein der Deutschen Zementindustrie, Germany. The measured data are in a good
agreement with reference values and confirmed there is do deviation of CEM 142.5 R, CEMEX
Prachovice to standard CEM I binder.

The mixing and filling of cylindrical moulds took place in the laboratories of UIV on 14 April 2021.
The filled moulds were placed in a box with a humid atmosphere (100% relative humidity). After 5
days (April 19, 2021), the samples were removed from the moulds and were kept under humid
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atmosphere in the closed box. On April 22, 2021 (i.e. 8 days after preparation), the samples were cut to
the defined size (cylinders with a diameter of 50 mm and a height of 100 or 50 mm). The samples thus
prepared were further stored in a humid environment in a closed box. After 33 days of maturation, the
samples were sent to CORI partners who were interested in obtaining this type of samples (CIEMAT,
ANDRA, CEA, AMPHOS21, RATEN, CSIC, JSI, SCK-CEN).

A sample of CEM I raw cement (CEM 142.5 R, CEMEX Prachovice) was also sent to CORI partners
who were interested (BRGM, CIEMAT, KIT / EMPA, RATEN, CSIC).

Table 3: Reference material - raw CEM I binder analysis

CEM142.5R

Cemex Prachovice,
Referenzzement VDZ100
(2015-03, CEM 1 42.5R)
Reference material VDZ100a
(05-2019, CEM 1 42.5R)
Referenzzement VDZ100
(2015-03, CEM 1 42.5R)
certificate values
Reference material VDZ100a
(05-2019, CEM | 42.5R)
certificate values

Alite (M3) 58.0+0.2 58.0+0.2 57.4+0.2 59.0+0.6 59.0
Belite 10.2+0.2 13.0+0.2 12.8+0.2 14.1+0.5 14.1
Brownmillerite| 11.2+0.1 10.1+0.1 10.4+0.1 6.9+0.5 6.9
C3A (cub) 49+0.1 55+01 51%0.2 59+0.3 5.9
C3A (ort) 1.0+0.1 24%01 23+0.2 2.3+0.3 2.3

C3A (sum) 5.9 7.9 7.4 8.30.3 8.3
Quartz 0.1+0.0 0.2+0.0 0.1%0.0 0.2+0.1 0.2
Calcite 6.2+0.1 4.8+01 4.4+0.1 4.4+0.1 4.4
Gypsum 1.1+01 02+01 0.1+01 0.2+0.1 0.2

Bassanite 1.8+0.1 1401 1.4+01 1.8+0.3 1.8

Anhydrite 22+0.1 25%0.1 26+0.3 2.6

Portlandite 19+0.1 16+01 1.6+01 2.0+0.3 11

Lime 0.1+00 0.1+0.0 05%0.0 0.3+0.1 0.3

Periclase 1.9+01 0100 0.8+0.0 0.1+£0.1 0.1
Arcanite 09+0.0 0.3+0.1 0.5z%0.1 0.3+0.1 0.3
Aphthitalite 0.8+0.1 0.2+0.1 0.1x0.1 0.2+0.1 0.2

2.4 Synthetic CSH phase

CSH phase samples were prepared in the laboratory of the FNSPE CTU according to the procedure
of Atkins et al. (1992). Sorption experiments will be carried out in a glove box in N, atmosphere. More
details can be found in our contribution to CORI Task 4 this research has not been initialized yet.

3 Test plan and methods
3.1 Experimental plan

In addition to sorption experiments, Task 3 also includes tests of mechanical and transport properties
of cementitious samples (non-degraded and exposed to degradation procedures "radiolysis"). Testing
and use of cementitious samples then consist of both macro-mechanical and transport tests and chemical
analyses:
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e determination of compressive strength on cylinders (Richard concrete),

e determination of compressive strength by punches on thin discs (CEM Ipastes),

e determination of hydraulic conductivity (CEM I pastes),

e characterization of changes in organic materials, thus, plasticizers,

e interaction/transport of model or identified degradation products (from Task 2) with/through
selected cement samples (by sorption/diffusion experiments).

Irradiation details

The irradiation parameters of the hardened cement pastes containing CEM I and Richard concrete
samples were as follows:

e requested dose rate of gamma radiation for HCP or concrete 3 kGy-h,

e requested final dose of gamma radiation for HCP or concrete 7 MGy,

e irradiation in an aerobic atmosphere (attendance of oxygen and CO,),

e no thermal regulation (dependent on outer temperature, in range 12 + 20 °C),
e irradiation cell equipped with air conditioning (especially due to ozone O3).

The HCP samples and Richard concrete samples (Figure 4) were irradiated from September to
December 2021. The average dose rate was 3.0 kGy-h'!, and the samples gained 7 MGy total dose.

Figure 4: HCP and Richard concrete samples in front of the irradiator (left) and dosimetry measurement in
the radiation chamber during door closing (right).
3.3 Test methods
Non-destructive testing via the ultrasonic pulse method

The time of the flight of ultrasonic pulses (US) was determined using ultrasonic instrument a
PUNDIT PL 200 ultrasonic instrument from the Swiss company Proceq. The short sinus signal of
150 kHz frequency was generated by the ultrasonic instrument and sent through the transducer to the
tested sample.

Destructive strength tests

Two types of destructive tests are performed: uniaxial strength test on cylinders and a ‘punch test’
on thin discs. The determination of compressive strength on cylinders (h/d = 1) is based on EN 196-1
and EN 1926. At least three samples are tested in one set. The size of 50 mm in diameter and 50 mm in
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height is used for fresh mortar samples and 42/42 mm for Richard concrete. Specimens of this size and
shape are used because of the following:

e limited availability of source specimens (15 cm cubes) of Richard concrete;

e the equivalence of the diameter of 50-mm specimens and thin specimens (discs) for punch
tests for cement pastes;

e 50 mm is a suitable diameter for further tests in the UJV and CVR

The determination of compressive strength with punches on thin specimens follows the test
procedure which has been used, e.g. in the CEBAMA project (Vehmas et al., 2020); the specimen is
crushed with coaxial punches with a diameter of 7.98 mm. Thin samples, 50 mm in diameter, 8 mm
thick are used to maximise the surface area/volume ratio of the sample. They are used only for cement
pastes due to the presence of coarse aggregate in the Richard concrete making the evaluation of the
results problematic. At least eight discs are tested in one set.

The compressive force at failure can be evaluated; in addition, the relationship to compressive
strength can be empirically determined by testing on 50/50 mm cylinders. The evolution of the
parameter over time due to interaction/ degradation can be observed by following the evolution of the
directly measured quantities (failure force) without introducing further uncertainties due to the use of
empirical relationships for the conversion to stress (compressive strength). The deformation values of
the specimens can also be deduced from the quantities measured by the testing device (press) (direct
measurement is problematic on 8 mm thin specimens). From the ratio of the force increment and the
corresponding deformation from the linear part of the test record, the 'rigidity' (kN mm') is quantified.
It should be pointed out here that this is only an indicative value, although, according to the available
results, it helps to give an idea of the evolution of the material. The values of maximum load (kN) and
rigidity (kKN mm™) are used for comparison due to the use of non-standard specimen sizes and shapes
(especially discs). A potential recalculation to and further use of the well-known terms and values of
'compressive strength' and 'modulus of elasticity’ would be problematic and misleading, among other
things, due to the necessary introduction of additional uncertainties into the results. Thus, the output of
the punch tests here is a pair of values for compressive strength (kN) at failure and 'rigidity' (kN mm™)
which allows evaluation of the parameters in time/ before and after degradation/ irradiation.

EURAD - CORI
CEMI
& mat, 225

Figure 5: A punch test on CEM I HCP discs

Leaching experiments

Leaching experiments are performed in batch reactors, where demineralised water is used as the
leaching solution. The studied cementitious materials are crushed and milled. A solid/liquid ratio
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(sample weight to solution volume) S /L = 1/10 g mL! is applied. The leaching of the materials is done
under common laboratory conditions. In the leachates the presence of organic compounds is determined
as the content of total organic carbon (TOC); other parameters determined consisted of the pH,
conductivity, main cation, and anion concentrations.

Sorption experiments

Currently, experiments are being carried out in connection with the experiments from CORI Task 4,
under the same conditions. First experiments studying the sorption of selected degradation products
on hydrated CEM I cement paste and concrete sample containing CEM III were performed and
evaluated. Simple organic compounds (formate and acetate) labelled with the radioactive isotope '*C
were used for these experiments that overlap in Tasks 3 and 4. The experiments were carried out in a
solution of portlandite water (saturated Ca(OH), solution) in an aerobic environment (under normal
laboratory conditions) and in an anaerobic environment (in a glove box with an inert atmosphere of
argon).

Regarding other model organic molecules, the focus is mainly on EDTA (Figure 6), which is
determined chromatographically on the column C-18 (isocratic elution, 1 mL-min™', using 0.03 mol-1"!
acetate buffer, pH 4, prepared according to Bergers & de Groot, 1994). In the concentration range 5-10
mol-1"! and lower, a linear calibration curve y = 231756x was obtained, with EDTA eluted at 4 min.

HPLC determination is now optimized for adipate and phthalate.

[1v]
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Figure 6: EDTA chromatogram, Bergers & de Groot method (1994).
4 Results

4.1 Compressive strength and rigidity

Compressive tests on cylinders — cement pastes
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Cylindrical samples (50/50 mm) made from CEM I cement pastes (C-xxx, CLA2-xxx, CST-xxxX)
were tested as part of the initial characterization. At least six samples were in each set. The mean values
range from 56.4 MPa (C) and 76.1 MPa (CST) to 89.2 MPa (CLA2) of uniaxial strength (Figure 7).

300
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200
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150
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Uniaxial strength (MPa)

Figure 7: Rigidity and compressive strength on 50/50 mm cylinders made of fresh CEM I cement pastes; initial
characterization; mean values of 6-8 samples

In cement pastes, in some cases, visible cracks appeared after hardening. This is evident in the
strength test results due to the higher variance of the results - the effect is greatest for the mixture with
the Isoplast plasticizer. The lowest average strength (and rigidity) is recorded for the reference material
(CEM 1), which corresponds to the highest amount of water content during mixing and consequently
the lowest bulk density.

Compressive tests on cylinders - Richard concrete

Three cylindrical samples before and four after irradiation were tested. Figure 8 shows the mean
values of uniaxial strength and rigidity. The mean value of the uniaxial strength (on 42 mm cylinder) is
approximately 62 MPa. The large spread of results is due to the low number of available (and the tested)
samples and a high content of large aggregates in relation to sample size. The minor decrease of the
mean value after irradiation is, if any, negligible and probably not caused by influence of irradiation (7
MGy) on the material structure (see the section on non-destructive testing).
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Figure 8: Rigidity and compressive strength of cylinders,; input and post-irradiation data for Richard concrete
(mean values of 3 and 4 samples) — left; samples after irradiation

Compressive tests with punches on thin specimens of cement pastes

Tests were performed on thin CEM I paste samples before and after irradiation for each material (C,
CLAZ2, CST). Each set contained eight discs. Figure 9 shows the load at failure vs. the dry density of
the samples (after irradiation). There is a clear dependence of dry density on water reduction during
mixing.

Figure 10 shows the mean values of the load at failure and rigidity (initial in black; irradiated in
green). The mean values of the load are between 4.4 to 7.1 kN, where the lower values correspond to
CEM I (C-xxx) samples (without superplasticizers, i.e. samples with lowest density). There is no clear
nor systematic shift after irradiation.
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Figure 9: The load at the failure vs. dry density of the thin CEM I paste specimens; post-irradiation
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Figure 10: Rigidity vs. force in failure of thin CEM I paste specimens, initial (black) and post-irradiation
(green), average values of 8 samples

4.2 Non-destructive testing using the ultrasonic pulse method

The time of flight depends on density and elastic properties of the material of the tested sample. In
general, a higher rate of ultrasonic signal means better quality of the test material. The decrease in the
propagation rate of the signal may be caused by local and global disturbances in the structure of the test
material, such as cracks or microcracks. However, in case of absorbent porous material of concrete type,
the time of flight can be also influenced by the current humidity of the test body, as the signal partially
passes through water or air in the pores. The measurement method is shown in Figure 11 and Figure 12.
Table 4 shows the bulk density, ultrasonic velocity, and dynamic E-modulus of three different types
of hardened cement paste discs CEM I, CEM I + Isola BV and CEM I + CX Isoplast 531 before and
after irradiation of 7 MGy at a dose rate of 3 kGy.h™!. Figure 13 shows the dynamic E modulus of the 3
hardened cement pastes before and after irradiation. Figure 14 shows the percentage changes of two
monitored parameters (density and ultrasonic velocity) for the three types of samples before and after
irradiation.

N REDMI 7
CAMERA

Figure 11: Measurement of the Richard concrete sample using the ultrasonic pulse method (by Pundit PL200).
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Figure 12: Record of the measurement of HCP CEM I discs by the ultrasonic pulse method.

Table 4: Bulk density, ultrasonic velocity, and dynamic E-modulus of hardened cement pastes (CEM I)
before and after gamma irradiation (7 MGy)

Density (g-cm™) US velocity (km's™) Dyn. E-modulus (GPa)
Hardened Cement
Paste Reference Irradiated Reference Irradiated | Reference | Irradiated
CEM I 2.0£0.0 1.7+0.1 3.9+0.1 3602 |31+2 23+3
CEM I + Isola 2.1+£0.0 1.9+0.0 3.9+0.2 3800 |31+4 28+1
CEM I+ Isoplast | 2.2+ 0.0 2.0+0.0 42+0.1 4.1+0.1 39+2 34+2
45.0
40.0
350
5 1
= 300
E I
2 150 I
=]
U.EJ 20.0
L]
£ 150
m
£ 100
&
5.0
0.0
CEM | CEM |+ Bola CEM | + soplast
B Referencediscs (0 MGy) Gamma irradiated discs (7 MGy)
Figure 13: Dynamic E-modulus of CEM I HCP discs determined by the ultrasonic pulse method.
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Figure 14: Dependence of density decrease (%) and ultrasonic velocity decrement (%) of hardened cement
pastes due to 7 MGy gamma irradiation and/or drying caused by air conditioning.

From the results listed above, several conclusions can be drawn:

Reference samples from CEM I have lower density (bulk density) than samples with an admixture
of superplasticizers (Isola or Isoplast). The CEM I paste contains more pores filled with water, which
partially evaporates during irradiation as a result of active air ventilation and partially decomposes
by radiolysis into hydrogen and oxygen. Due to this fact, it is possible to observe the greatest
reduction in flight time (Figure 12), also in specific density or ultrasonic speed (Table 4 or Figure
14) as well as in dynamic E-modulus (Figure 13).

Samples with Isoplast superplasticizer show the highest density of the material, highest speed of
ultrasonic signal, and the highest E-modulus from all tested samples. This fact is also valid before
and after irradiation. It can be said that CEM I + Isoplast forms the group of samples of the highest
quality among the three measured hardened cement pastes.

By visualizing the data, it is clear that the decrease in the ultrasonic velocity in all samples is not
caused by damage to the material, e.g., by cracks or some other change in the structure of the
hardened cement paste, but due to loss of water by radiolysis or evaporation caused by irradiation
and ventilation. The values of velocity decrement and density decrement due to radiation correlate
very well with each other (see Figure 14). The positive dependence of the E-modulus and water
content is described, for example, in Zhang et al. (2020) or Kazmierczak et al. (2019). On the other
hand, the only known authors who reported a decrease in mechanical strength parameters due
to lower gamma doses (< 600 kGy) are Vodak et al. (2011). All other authors publish concrete
damage thresholds for gamma radiation between 100 and 300 MGy (e.g., Hilsdorf et al. 1987,
Kaplan 1989, or Kontani et al. 2013).

4.2 Sorption

During sorption experiments with labelled acetate and formate, it was found that the different

environments have no effect on the sorption of acetate on the pure CEM I paste and the R4 for pure
CEM III paste is nearly the same. In the case of formate, a slightly higher sorption on the CEM I cement
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paste was observed under normal laboratory conditions (Table 5). These values will serve as a reference
for comparing the effect of the presence of organic substances (plasticizers and organic degradation
products) on the migration (sorption) of tracers on CEM I cement paste.

Table 5: Values of acetate and formate distribution ratios Rs (ml-g ') on pure CEM I and CEM I1I pastes

Organics Cementitious material Conditions Ra=U(y) (ml-g™")
Aerobic (lab) 22+0.1
H'“COONa
Anaerobic (box) 1.8+0.1
CEMI
Aerobic (lab) 04+0.2
CH;'*COONa Anaerobic (box) 04+0.1
CEM III Aerobic (lab) 0.3+0.1

New set of pure cement paste and cement paste with ISOLA plasticizer (with the same composition as
described in the text above) were prepared for comparison of sorprion/interaction of 14C-formate tracer
behaviour with these materials at laboratory conditions. Comparison od the data shown in Table 5 and
Figure 16 reveals that the different valueas od R4 are observed for pure cement paste. This is probably
caused by material differences prepared at different casting campaigns. This possible material
variability and its influence on R4 uncertainties will be evaluated.

H4COONa sorption

w
1

R,(ml-g)
N

CEM | paste @ CLA (CEM | + ISOLA) @ CEM | + ISOLA (2nd set)
0 T T T T T T T T T T T

0 20 40 60 80 100 120
t(d)

Figure 15: Formate tracer sorption on new set of pure CEM I paste and mixtures with ISOLA plasticizer- long-
term kinetics test at laboratory conditions (ongoing up to 6 months)

5 Conclusions

As part of the EURAD WP3 CORI research, samples of organic materials (plasticizers and sorbents),
hydrated cement pastes with or without the addition of organic plasticizers, concrete from the L/ILW
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repository Richard and pure CSH phases were obtained or prepared. These samples were subjected to
degradation procedures (radiolysis, hydrolysis, and temperature).

Samples of CORI reference cementitious material (hydrated CEM 1 paste) were prepared
and subsequently distributed to all interested CORI partners. This material will serve as a common
unifying parameter in the overall evaluation of the results achieved by the project participants at the end
of the project.

The interaction of simple organic molecules (formate, acetate) with the cementitious materials
showed a low distribution ratio, where the acetate Rq values (0.4 ml-g!) are approximately 5 times
lower than formate R4 values (2.2 ml-g ™).

Destructive strength tests showed uniaxial strength between 56 and 89 MPa for CEM I (+ ISOLA/
ISOPLAST superplasticisers) pastes (50 mm cylinders) and approx. 60 MPa for Richard concrete (42
mm cylinders). The tests (both on cylinders and discs) did not reveal a clear macroscopic effect of
gamma irradiation (7 MGy) neither on Richard concrete nor on CEM I (+ superplasticisers) pastes.

The non-destructive test results show that exposure to gamma irradiation caused drying and
radiolysis of water in hardened cement paste. Part of the drying was caused by air conditioning in the
gamma irradiation chamber.

6 Future work
6.1 Strength and hydraulic conductivity test

The sampling of cement pastes from degradation procedures after 12 months occurred in late 2021.
The “monitoring” of macroscopic behaviour will continue in these samples. According to the plan, the
hydraulic conductivity of the cement paste samples will also be included; the initial characterisation of
the number of samples was almost finished.

6.2 Nondestructive testing using the ultrasonic pulse method

Recently, ultrasonic pulse measurement was employed in EURAD WP16 MAGIC, where concrete
samples from the Bukov repository are being non-destructively tested. Methodology determined in
CORI will be employed there.

6.3 Leaching

Comparison of leacheate solution from experiments with pure CEM I cement paste, cement paste
with Isola and Isoplast plasticizers and Richard concrete samples is planned — mainly concentrations of
dominant elements (Ca, Mg, Na, K, Al, Si,...), pH of the leachate, total organic carbon concentration.

6.4 Sorption

Sorption and diffusion experiments (under the same conditions as in Task 4) with fresh CEM 1
and Richard concrete, degraded CEM 1 and Richard concrete, and CSH (reduced plan) have been
implemented. The main attention has been paid to the study of EDTA sorption behavior, a slightly
reduced range of experiments has been performed with adipate, phtalate, and is planned for degradation
products identified in Task 2. The continuation and evaluation of these experiments is ongoing.
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Abstract

The contribution of the “Czech Team” (Czech technical University in Prague; UJV Rez, a. s.;
Research Centre Rez, s.r.o.) in the WP3 CORI of EURAD project aims to verify the impact of the
degradation of organic compounds used as concrete additives (plasticisers) and organic radioactive
wastes (ion exchangers and sorbents) fixed in the cement matrix on the migration of radionuclides in
the cement/concrete environment. WP3 CORI is divided into 4 sub-Tasks, of which Tasks 2-4 are
dedicated to the experimental research works. The content of Task 2 is to identify products that arise
from organic matter present in radioactive waste storage sites during degradation processes, such as
radiolysis or hydrolysis, in a highly alkaline environment that is characteristic for cement matrices.

For experimental works two types of plasticizers (ISOLA BV and CX ISOPLAST 531) and
AMERLITE MB20 ion exchange resin and PAN (polyacrylonitrile) sorbents were selected. The results
of Task 2 will be applied in Task 3, which is focused on studies of the migration behaviour of
degradation products identified in Task 2 and also model ones in the presence of cementitious
materials, and in Task 4, which is studying the behaviour of selected radionuclides in the systems
defined in Task 3.

1 Introduction

The aim of WP3 CORI is to verify the influence of the degradation of organic concrete additives
(plasticizers) and organic radioactive wastes (e. g. ion exchangers, sorbents) fixed in the cement matrix
on the migration of radionuclides in the cement/concrete environment.

The following organic materials were selected by the Czech team for the research within Task 2:
(super)plasticizers ISOLA BV and CX ISOPLAST 531 as a representatives of organic substances
present directly in the concretes applied in radioactive waste management, sorbents based on
polyacrylonitrile — PAN (pure PAN, AMP-PAN and KNiFC-PAN) and ion exchange resin
AMBERLITE MB20, which are or can be part of stored RAW.

The results of the EURAD WP3 CORI project will support the L/ILW repository Richard safety
assessment, calculations and possible lifetime extension. The data obtained will also be applicable for
safety assessment and calculations related to other radioactive waste repositories in the Czech Republic
(concrete containers, structures and fillings).
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2 Materials and samples

2.1 (Super)Plasticizers

Two types of (super)plasticizers, ISOLA BV and CX ISOPLAST 531, were obtained from the
concrete plant (CEMEX Czech Republic, s.r.0.) where the concrete mixtures for radioactive wastes
treatment and processing, which is carried out in UJV, are produced. Approximately 1 liter of material
from each was obtained from the stocks of plasticizers used by the concrete plant.

ISOLA BV (hereinafter "ISOLA") is a lignosulfonate based plasticizer for summer season use with a
good plasticizing and homogenizing effect and a slightly retarding effect dependent on cement and
meets the requirements of EN 934-2 standards. Parameters according to the manufacturer:

e pH:45+1.0

e density (20 °C): 1.17 £ 0.03 g-cm™

e Clcontent: <0.10 mol. %

e NayO equivalent: <2.50 mol. %

e colour and condition: brown liquid

¢ recommended dosage: 0.2—1.5 mol. % by weight of cement

The influence on the properties of the concrete mixture declared by the manufacturer is shown in
Figure 1.

Plasticising
Consistency
Retardation

Early strength

0 2 4 6 8 10

Figure 1: Influence on the properties of the concrete mix when using ISOLA BV (0 — the least, 10 — the most)

CX ISOPLAST 531 (hereinafter "ISOPLAST") is a superplasticizer for winter use based on
polycarboxylic ether and lignosulfonate with a strong plasticizing and homogenizing effect, with
accelerated onset depending on cement and extended retention of workability, meets the requirements
of EN 934- 2 standards. Parameters according to the manufacturer:

e density (20 ° C): 1.03 £ 0.03 g-cm?

e Clcontent: <0.10 mol. %

e NayO equivalent: < 1.50 mol. %

e colour and condition: brown liquid

o recommended dosage: 0.2-2.0 mol. % by weight of cement

e pH value: manufacturer does not state; determined in the laboratory: 2.7

The influence on the properties of the concrete mixture declared by the manufacturer is shown in
Figure 2.
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Figure 2: Influence on the properties of the concrete mix when using CX ISOPLAST 531 (0 — the least, 10 — the
most)

2.2 Sorbents and ion exchange resins

Two types of materials are studied: commercially available ion exchange resin AMBERLITE MB20
and laboratory prepared polyacrylonitrile (PAN) sorbents. In the case of this group of substances, they
are also referred to in the text by the collective name "sorbents".

Parameters of AMBERLITE resin according to the manufacturer:

e skeleton: styrene-DVB

e type: mixbed

e ionic form: H/OH

e bulk density: 730 g-L"!

e maximum temperature: 60 °C

Parameters of polyacrylonitrile (PAN) sorbents:

e polyacrylonitrile resins

e prepared in the laboratory of the FNSPE CTU

e PAN (pH = 6.24), AMP-PAN (pH = 0.41), KNiFC-PAN (pH = 6.32)
e sphere size: 0.3-0.8 mm

2.3 Samples for radiolysis and hydrolysis degradation studies

Samples for the radiolytic and hydrolytic degradation studies were prepared in an almost identical
manner in the laboratories of the Department of Nuclear Chemistry, FNSPE CTU and UJV. The biggest
difference was the use of different irradiation ampoules, the selection of which was very limited due to
the planned high doses during irradiation (up to 12 MGy) and the impossibility of using vials/ampoules
made of organic materials. Thin-walled glass ampoules with a volume of 10 mL were used by the
FNSPE, sealed by melting of the glass in flame (Figure 3). There was concern that this type of ampoules
would not become too brittle when exposed to high doses, which would certainly lead to loss of the
sample. Another unknown was the increase of the pressure inside the ampoules due to gaseous
radiolysis products. However, it turned out that the ampoules can withstand all applied doses.
However, the ampoules must be opened very carefully and therefore were frozen before opening. The
advantage of using these ampoules is that the sample remains intact until its analysis and cannot be
contaminated with any cap material. Alternatively, it was possible to irradiate the samples in thick-
walled glass vials/vessels of larger volume (20 or 50 mL), from which samples could be taken
sequentially. However, these vials/vessels are often closed with a plastic cap (e. g. polypropylene),
which is unsuitable for use in the irradiation facility, because radiation degrades the plastic and could
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contaminate the sample. In UJV the use of thick-walled glass crimp vials with a volume of 20 mL with
aluminum caps with a combined silicone/teflon seal was chosen as a variant solution (Figure 3). These
crimp vials have been successfully used for irradiation in other projects solved by UJV, but at lower
total doses. The use of different sample vials was therefore chosen as a compromise due to the
ambiguities described above with their resistance to exposure to the planned dose of up to 12 MGy.

For PAN materials which have to be filled into the thin-walled glass ampoules (volume of 10 mL) with
the thin input neck the following procedure was applied: sorbent with original solution was infilled into
the ampoule by plastic pipette, then the solution was removed by syringe with stainless steel needle.
After the control of the sorbent weight, the original solution was added in the volume (mL) amount
corresponding to the value of the half of the wet sorbent weight (g). This procedure was repeated even
with the addition of strongly alkaline or strongly acidic solutions (for studies of hydrolysis). The use of
wet sorbents was preferred in this case instead of using the dried materials in order to avoid osmotic
shock which could damage the dry sorbent material and distort the experimental results. It should be
noted that sorbents, although having the same skeleton and bead size, are also significantly different in
moisture content. Drying to constant weight at 60 °C showed that PAN contained 89.7% of water, AMP-
PAN half the content (48.2%) and the least moisture was in the KNiFC-PAN sorbent (2.7%).

The complexity of sample preparation was reflected not only in the above discussed issue of ampoule
material selection, but it was also necessary to solve a process of labeling of samples that will not be
degraded by radiation (using a marker) in combination with browning of the glass. Finally, metal “dog
tags” with embossed identification of each sample were used. The samples were prepared in laboratory
under common conditions in air atmosphere, but after sealing or closing of the ampoules, they become
closed systems and the oxygen content that could react with the studied substances was thus limited.

Figure 3 : Sealing of glass ampoules (left) and a crimp vial (right) with samples for radiolysis and hydrolysis

The most problematic step during the preparation of samples was alkalization of several organic
substances with too low original pH values. These were samples of both plasticizers and AMP-PAN,
whose initial pH is even 0.41. The original plan to use the solutions must have been changed because
the addition of 0.1 mol-L' NaOH and especially Ca(OH),, the maximum concentration of which in
relation to the solubility limit is approximately 0.02 mol-L"! under laboratory conditions, was not
sufficient to achieve the required pH value. Therefore, the pH of the plasticizers, which are in the form
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of solutions, was adjusted to pH value about 12.5 by the addition of solid NaOH or Ca(OH),. For
example, in the case of ISOPLAST with a starting pH = 2.7, the resulting NaOH solution contained
0.31 mol-L™! (0.174 g solid NaOH was added to 14 mL of ISOPLAST) and the achieved pH was 12.4.
In the case of Ca(OH)., a slightly different approach was chosen due to its limited solubility. Excess
solid Ca(OH), was mixed with plasticizer, the dispersion system was stirred with a magnetic stirrer for
24 hours, and the undissolved part of Ca(OH), was separated by centrifugation before pipetting an
appropriate volume of solution into ampoules. The pH on these samples reached approximately the
value of 12.

In case of sorbent materials (PAN, AMBERLITE) the procedure with addition of solutions of NaOH
and Ca(OH), solutions was applied. In case of strongly acid AMP-PAN, the degradation was observed
immediately after the addition of alkaline solution (yellow sorbent beads discolor immediately to white
and after a few days the beads disintegrate into smaller particles) and this set was thus excluded from
the study of radiolytic degradation. The samples were prepared for study of the hydrolysis in alkaline
environment only.

The list of samples prepared for radiolysis and/or hydrolysis at different initial conditions is described
in Table 1.

Table 1: Samples of materials prepared for radiolytic and/or hydrolytic degradation studies

material conditioning

original solution

dried

ISOLA BV with addition of solid Ca(OH),
with addition of 0.1 mol-L"! NaOH
with addition of solid NaOH

original solution
CX ISOPLAST 531 with addition of solid Ca(OH),
with addition of solid NaOH

original, wet

dried

AMBERLITE MB20
original, with addition of 0.02 mol-L"! Ca(OH),
original, with addition of 0.1 mol-L"! NaOH
original, in original solution
PAN, AMP-PAN, original, with addition of 0.02 mol-L"! Ca(OH),
KNiFC-PAN original, with addition of 0.1 mol-*! NaOH

original, with addition of 0.1 mol-L"! HNOs
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3 Test plan and methods

3.1 Experimental plan - radiolysis

Samples of plasticizers and sorbent materials were prepared as described in chapter 2.3. Sampling
after the irradiation was planned at reached doses of 0.5; 1; 2; 4 and 8 MGy in the case of plasticizers
and at reached doses of 1; 2; 4; 8 and 12 MGy in the case of sorbents. Specifications of irradiation
procedure are described in chapter 3.3.

3.2 Experimental plan - hydrolysis

Samples of plasticizers and sorbent materials were prepared as described in chapter 2.3. Ampoules
with samples for hydrolysis experiments are placed in the laboratory under common laboratory
conditions. In addition, the samples of ISOLA plasticizer are degraded by hydrolysis in alkaline
conditions at increased temperature of 60 °C. The sampling of the materials is continuous with focus
on main sampling campaign at the longest possible period of time according to project schedule.

3.3 Irradiation

Parameters of irradiation

e Irradiation of cement-based materials as well as organic compounds

e Requested dose rate of gamma radiation for liquid organic samples 1-1.5 kGy - h! (for
hardened cement pastes or concrete 3 kGy-h!)

e Requested final dose of gamma radiation for liquid organic samples 0.5-12 MGy (for
hardened cement pastes or concrete 7 MGy)

e Irradiation in aerobic atmosphere (attendance of oxygen and CO,)

e Irradiation cell equipped by air-conditioning (especially because of 0zone O3)

e No thermal regulation (dependent on outer temperature, in range 12-20 °C)

Irradiation experiment specification

Liquid organic samples have been irradiated since July 2020 until January 2022. Single sets of samples
have been taken out of the irradiator after 0.5, 1.0, 2.0, 4.0, 8.0 and 12 MGy as shown in Table 2.
Average dose rate between July 2020 and December 2020 was 1.25 kGy-h!, samples gained 4 MGy.
Samples were moved on a side of irradiator within the period from January 2021 to June 2021, so that
the dose rate sank to 0.5 kGy-h! and gained 2 MGy more. Cumulative dose of 8 MGy was reached in
beginning of August 2021 thanks to dose rate 1.75 kGy-h™'. Final dose 12 MGy was reached in the end
of October 2021. Four additional campaigns were performed in 2021.
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Table 2: Average doses and dose rates of irradiation of liquid organic samples

Doseymonth | VIL20 WVIIL20 1X.20 X.20 X120 XI.20 121 .21 121 V21 V21 V21 w21 ‘u"|||21 1X.21  X.21 X121 XIL.21
0.5 MGy| 1.5 kGy/h
1.0 MGy 1.5 kGy/h
2.0 MGy 1.5 kGy/h
2.0 MGy 1.5 kGy/h
8.0 MGy 1.5 kGy/h 0.5 kGy/h 1.75 kGy/h
12.0 MGy 1.5 kGy/h 0.5 kiy/h 1.75 kGy/h
4.0 MGy 1.75 kGy/h ‘
4.0 MGy ‘ 1.75 kGy/h
3.4 Analytical methods

For characterisation of organic compounds presented in the samples after radiolysis and hydrolysis
following analytical methods and techniques are planned/were used: HRMS (high resolution mass
spectrometry), FT-IR (Fourier-transform infrared spectroscopy), HPLC (high performance liquid
chromatography), UV/VIS (ultraviolet—visible) spectroscopy, refractometry, TGA (thermogravimetric

analysis).
Infrared spectroscopy

IR spectra are measured on a NICOLET iS50 FT-IR spectrometer in the mid-infrared region, the
range of the spectrum is 4000 to 400 cm™'. The ATR, diamond crystal measurement technique is used.
The spectra are processed in the OMNIC 9 programme.

Mass spectrometry

The mass spectrum is measured on an Exactive Plus Orbitrap mass spectrometer with ESI ionization
technique (voltage 4.5 kV, resolution 100,000 @ 1 Hz, capillary temperature 300 °C, probe temperature
3040 °C). The XcaliburTM 2.1 SW program is used for evaluation.

Liquid chromatography

The high-performance liquid chromatography apparatus consists of two pumps SDS20 and 30
connected by a dynamic mixer and an AS1000 automatic injector with a Reprosil C18 column
(5 x 250 mm, 5 um). The device is equipped with UV/VIS detection with variable wavelength. The
analyzes are performed at a wavelength of 254 nm and the flow rate of the mobile phase was set to

1.0 ml'min™! (pressure 70 bar).

Thermogravimetry

Thermogravimetric analysis with evolved gas analysis by mass spectrometry was performed on

SetSys Evolution’s apparatus. The weight of the measured samples was approximately 10 mg. Thermal
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degradations of plasticizer were studied under an argon atmosphere (flow of 60 mL-min™) in a-AlOs

crucible. The heating rate was set to 10 °C-min™! in the temperature range of 30600 °C. Gases that
evolved during heating were analysed with quadrupole mass spectrometer QMG 700 (Pfeiffer Vacuum,
DEU) connected to a thermal analyser through SuperSonic System (Setaram, FRA). In mass
spectrometry the different fragments of various molecular weight were observed. Evaluation was
focused mainly on specific fragments corresponding to carbon dioxide, formate and acetate as expected
dominant degradation products.

4 Results

4.1 ISOLA plasticizer

Basic characterizations of the ISOLA plasticizer using liquid chromatography with mass
spectrometry were performed. The input forms for these basic characterizations were original ISOLA
plasticizer (Figure 4), dried plasticizer and sample conditioned by Ca(OH). and hydrolysed. The
samples were diluted 1000x with a water/methanol mixture in a ratio of 1:1, at higher dilutions the
signals were not intense enough. The measurements were performed in positive mode. Higher signal
intensities in the initial parts of the spectrum can be observed in the affected samples (drying, addition
of calcium hydroxide), which indicates the detection of a larger amount of lower molecular weight
substances (that means expected degradation products), but the obtained data must be further evaluated
in more detail.

b B e e

Figure 4: Mass spectrum of original ISOLA plasticizer

The results of simultaneously performed thermogravimetry (TG) and differential thermal analysis
(DTA) supplemented with mass spectrometry (MS) identification of evolved gases and substances can
be used for comparison of original and degraded materials. These methods are used for characterization
of different mixtures of cements and plasticizers or leachates (Angelescu et al., 2016; Gad et al., 2018;
Guérandel et al., 2011; Sun et al., 2014; Yilmaz et al., 1993), in general could be applied for comparison
of plasticizers at initial conditions and in degrades states directly. The initial idea was to compare the
initial and degraded ISOLA superplasticizer as a real material and defined chemical substance — calcium
lignosulfonate because ISOLA is a lignosulfonate-based plasticizer. The fist comparison of the ISOLA

T-8



plasticizer and powdered calcium salt of lignosulfonic acid (CAS No.: 8061-52-7, ROTH) can be seen
in following figures. The comparison of TG/DTA and MS of original ISOLA and calcium
lignosulfonate is presented in Figure 5. A lot of low molecular weight compound were detected by mass
spectrometry analysis during thermal treatment of TG/DTA analysis. It is expected that these low
molecular weight compounds (carbonates, acetate, formate etc.) are produced during the
superplasticizer degradation. For initial comparison of original, dried/powdered and hydrolysed ISOLA
(with Ca(OH), addition; for one year at 60 °C) by thermogravimetric analysis TG/DTA and MS records
are presented in Figure 6 and selected signals for CO,, formate/formic acid, acetate/acetic acid are in
detail showed in Figure 7. As can be seen for the carbon dioxide, its release is observed in the range of
200-500 °C for all three studied samples, but for the hydrolysed sample the release of CO, was
perceptible also at 100-130 °C (see Figure 7). That can be caused by degradation of ISOLA during
hydrolysis at temperature 60 °C. When comparing the analysis of formate fragments during the thermal
analysis, it can be observed, that the release occurred in the two temperature intervals, 60—-180 and 300—
420 °C. Original ISOLA released formate in both temperature intervals, while hydrolysed material only
at the lower temperatures, but dried material only in higher temperature interval (see Figure 7). That
means, the drying process and the hydrolysis (at 60 °C in alkaline conditions in the presence of
Ca(OH),) causes the changes of the ISOLA plasticizer. When comparing the analysis of acetate
fragments during the thermal analysis, it can be observed, that the main release occurred in the
temperature interval 250-500 °C. As can be seen in the Figure 7, there is a significant decrease in the
MS intensity signal for hydrolysed sample in comparison to original or dried ISOLA samples. That
could be explained as the degradation of plasticizer in alkaline conditions in the presence of Ca(OH),
at 60 °C. For following comparison with other samples obtained data needed to be evaluated in detail.
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Figure 5: The comparison of TG/DTA and MS of original ISOLA plasticizer (left) and calcium lignosulfonate
(right). Mass spectra for different low molecular weight compounds (15-108) recorded during TG/DTA are shown

in upper figures.
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108) recorded during TG/DTA are shown in upper figures.
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Figure 7: Comparison of original, dried and hydrolysed ISOLA by thermogravimetric analysis; selected signals
Jfor CO;, formate/formic acid and acetate/acetic acid

We are expecting that these TG/DTA and MS analyses will help reveal the formation of degradation
products, and by detailed evaluation of the data it will be possible to compare the extent to which the

degradation of the superplasticizer material occurs and to identify the chemical composition of the



degradation products. The confirmation of degradation products composition will be combined using

other methods.

4.2 CX ISOPLAST 531 plasticizer

Basic characterizations of the CX ISOPLAST 531 plasticizer using liquid chromatography with mass
spectrometry were performed. The input forms for these basic characterizations were untreated
plasticizer CX ISOPLAST 531 (Figure 8). The samples were diluted 1000x with a water/methanol
mixture in a ratio of 1: 1, at higher dilutions the signals were not intense enough. The measurements
were performed in positive mode. In the affected samples (drying, addition of calcium hydroxide) it is
possible to observe higher signal intensities in the initial parts of the spectrum, which indicates the
detection of a larger amount of substances with lower molecular weight (i.e. expected degradation
products). Several additional peaks were also observed which may indicate “cross-linked” products of
hydrolyzed and irradiated product of the plasticizers. Gel-like products together with significant
turbidity increase/ cross-linking was observed, both under irradiation and hydrolysis
conditions.
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Figure 8: HR mass spectrum of CX ISOPLAST 531 superplasticizer with some of the identified fragments.




4.3 AMBERLITE resin

AMBERLITE ion exchange resin was irradiated according to experimental irradiation plan, samples
are still under analysis and evaluation. In addition, the degradation process by digestion using solutions
of hydrogen peroxide and iron/copper sulphate was tested to compare the released degradation products.
The degradation procedure according to the literature (Walling et al., 2021) was tested and should
resulted to total degradation (with production of CO, and H,O) or release of organic molecules (such

as formic, oxalic, acetic acids etc.).

4.4 PAN sorbents

Basic conditions of hydrolysis were studied in 0.1 mol-L™! solution of sodium hydroxide. The progress
of the hydrolysis was monitored with MS and FT-IR spectra. In HRMS spectra were identified
fragments of intramolecular cyclisation which corresponds the transformation of nitrile groups to amide
and imine products. Aliquot 100 uL was poured into 1 mL of methanol and measured on ESI. In both
ionisation modes were identified products of hydrolysis with lower molecular weight. As a product of
hydrolysis 2-hydroxypentanedionic acid (MW 148.03 Da) was identified as [M+H]" at m/z 149.1325
Da. Also, intramolecular fragment of hydrolysis was observed at m/z 338.3413 Da in positive mode of
ionisation. The basic/acidic hydrolysis proceeds via intermediates (-C=N) and amide (-CONH:) and
leads to the formation of a carboxyl functional group (-COOH). The presence of intermediates in the
reaction mixture is manifested by characteristic vibration bands in the infrared spectrum of the
examined samples. The hydrolysed samples show a characteristic decrease in the intensity of the band
around 1455 cm!, which can be assigned to the nitrile functional group in polyacrylonitrile. This is also
related to the decrease in the valence vibration intensity of the nitrile group at 2250 cm™'. The bands
around 1565 cm™ correspond to the vibrations -COO" or alternatively -CONH,. The wide intense band
at the wavelength of 1637 cm™! corresponds to the vibrations of the intermediate with the functional
group —C=NH.
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Figure 9: FT-IR spectrum showing characteristic functional groups of HNO3 hydrolysed PAN sample.
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Radiolysis of PAN samples at neutral pH (1 MGy, 2 MGy, 4 MGy) was investigated employing LC/MS
system. Samples were measured at positive ionisation mode. In MS spectra were identified low
molecular fragments with MW 148.0371 Da and 104.0473 Da, which belongs to 2-
hydroxypentanedionic acid and 2-hydroxyisobutyric acid (Figure 10). Both acids were expected as a
product of hydrolysis and/or radiolysis. Radiolitic products with higher molecular weight (300-450 Da)
were investigated using Mass Discovery SW calculating the most preferred fragmentation algorithm.
The signal at m/z 352.32 could be attributed to molecular fragment on Figure 11 with corresponding
molecular weight.
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Figure 10: HR mass spectra of PAN sample undergone radiolysis at neutral pH with some of the identified
fragments (positive and negative mode).
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Figure 11: Computational identification of HR mass spectra peaks using Mass Discovery 7.0 software.

Polyacrylonitrile hydrolysis and radiolysis was investigated in acidic and alkaline environment. It was
observed that in both cases (alkaline and acidic) conditions 2-hydroxypentanedionic acid (MW 148.03
Da) were major product of degradation. The mechanism of degradation was proved via imine/amine
route and molecular fragments with imine or amino groups were identified by HR-MS and FT-IR. In
radiolytic products can be identified signal attributed to “cross-linked" product as well as PAN chain
dilatation.
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5 Conclusion

The results obtained so far confirmed the degradation processes (by radiolysis and hydrolysis) on

studied materials occurred.

Mass spectrometry analyses and thermogravimetric analyses of ISOLA plasticizer confirmed the
degradation processes on studied samples after the hydrolysis, when samples were exposed to the

alkaline environment and temperature of 60 °C.

CX ISOPLAST 531 superplasticizer degrades under hydrolysis and radiolysis conditions resulting

in both low-molecular fragments as well as high-molecular condensation products.

PAN based sorbents degrade both under hydrolysis and radiolysis conditions resulting in water

soluble low molecular weight organic acids.

6 Future work

Future experimental woks will follow the project proposal and will be focused mainly on detailed
evaluation of recently obtained data, further characterization of the irradiated and hydrolysed systems

and comparison of degradation effects (radiolysis, hydrolysis) on studied materials.

Contribution is being prepared for the RADCHEM 2022 conference, in which some aspects of our
work will be further discussed.
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