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*Novelty Statement (maximum limit:100 words)

In this article, we propose two innovative and complementary methods to accurately determine the diffusive
properties of tritiated water through cement-based materials under varying saturation state (~20 % to 100%). In
our knowledge, no such approach has been studied in literature. Thus, the results we present here should help
the scientific community that focuses on radioactive disposal and nuclear decommissioning. In such a context
cementitious waste materials could be partially water-saturated. Therefore, it is necessary to determine if tritiated
water (HTO) migration is similar to that of tritiated gas (HT), known to be very fast under unsaturated conditions.
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1. Introduction

Cement-based materials are widely used in radioactive and non-radioactive, hazardous wastes [1].
In some nuclear disposal facilities, they constitute primary barriers against radionuclide or toxic
species release, due to their high containment properties. Indeed, their low permeability limits the
radionuclide transfer to very slow diffusive process [2]. However, there are many situations in waste
disposal facilities where such materials can be partially water-saturated, leading to potential changes
of radionuclide transport properties. For example, during the exploitation period of near-surface
disposal facilities of short-lived nuclear waste, cement-based materials can be partially desaturated due
to significant interactions with the atmosphere. Similar is the case in deep geological facility for the
disposal of long-lived intermediate and high level nuclear waste. Here, the degree of saturation of
cement-based materials should be controlled by the surrounding relative humidity that is imposed by
ventilation of the underground drifts and shafts during the exploitation period, and by gas generation
(radiolysis, anoxic corrosion...) during the post-closure period. Under these various conditions, the
saturation degree of cement-based material thus could go down to a few tens % [2].

The evaluation of the saturation effect on radionuclide migration, i.e. mainly by diffusion, in
cement-based materials therefore requires investigation at large range of degree of saturation.
However, determining radionuclide diffusion coefficients through cement-based material still remains
a challenging work in fully-saturated conditions. Acquiring these diffusion coefficients for controlled
partially saturation conditions thus constitutes a knotty task. A few studies are reported in literature on
behavior of radionuclide in partially water-saturated cement-based materials. Most of diffusion testing
used the over-saturated saline solution method for imposing suction, known however to be mainly
adapted to suctions higher than 8.5 MPa, because below this value the relative uncertainty on the
imposed suction is significant, higher than 15 % [3]. Dridi and Lacour [4] studied the diffusion of
lithium as Li", through hardened cement pastes by means of the transient half-cell technique under
relative humidity conditions varying from 100% to 33% imposed by saline solution. Their work
showed a decrease by almost two orders of magnitude of the lithium diffusion coefficient from fully-
saturated sample to the sample saturated at 0.25. In this study, the experimental issues related to the
half-cell method made data interpretation problematic. The diffusion of tritiated water (HTO) was
indirectly studied by Numata et al. [5] using HTO adsorption experiments onto mortar samples nearly-
saturated with water at relative humidity of 93 %. In this work, very rough estimations of HTO
diffusion coefficient were acquired using tritium profiles within samples. Sercombes et al. [6]
investigated the diffusion of gases, especially, dihydrogen, through unsaturated hardened cement
pastes. Here, they found a sharp increase of dihydrogen diffusion coefficient for hardened cement
pastes by more than 3 orders of magnitude when degrees of saturation were lower than 0.8. We
recently presented a new setup allowing the diffusion coefficient of tritiated water and various solutes
to be quantified through natural materials (claystones and compacted clay minerals) under partially-
saturated conditions using osmotic approach [7-9]. As already mentioned by Cuisinier et al. [3],
osmotic approach enables us to impose suction up to 9 MPa associated to very low uncertainties on its
estimation. It means that this method is complementary with respect to the saline solution method for
investigating degrees of saturation close to full-saturation.

The aim of the present work is to investigate the diffusion of tritiated water through cement-based
materials under a large suction range (0 to 170 MPa), using two innovative and complementary
techniques. Both enable the study of a large range of water saturation. Motivation to focus on HTO
diffusive behavior is twofold. First of all, under fully-saturated conditions, diffusion of tritiated water
is classically used as a reference tracer for qualifying the containment properties of porous materials
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(claystones, cement-based materials, etc...) [10-12]. Therefore, one issue is to know how HTO
diffusion coefficient evolves with saturation. Resolving this issue would thus demonstrate as whether
assuming HTO as reference is still valid when dehydrating. Secondly, tritiated water can occur under
both liquid and vapor forms in unsaturated cement-based materials used in several types of nuclear
facilities, e.g. near-surface disposal facilities, fusion reactor or tritium handling facility [13-17]. Under
these conditions, further investigations are thus necessary to determine if HTO diffusion rates are as
high as gas diffusive rates [6] or as low as the ionic solutes ones [4] when dehydrating.

For this reason, the first technique allowing through-diffusion experiments to be conducted under
suction values imposed by osmosis up to 9 MPa has been adapted to cementitious conditions. These
conditions are known to be more aggressive than the ones prevailing within natural materials, such as
claystones [7]. The second technigue based upon the vapor exchange approach has been considered to
determine the diffusion behavior of HTO under higher suction values, i.e. up to 170 MPa. This
technique was initially developed by Ribel et al. [18], improved by Savoye et al. [19] and Altinier et
al. [20] to determine HDO content in pore-water of claystones close to the full saturation. In these
studies, an initially HDO-free saline solution was equilibrated with a clayey pore-water solution via
vapor exchange in a tight container. Then, the HDO content measurement in saline solution allows
pore-water HDO content to be indirectly estimated. We have proposed to adapt this technique
considering two main changes. Firstly, in our case, the under-saturated saline solution, initially spiked
with HTO was regularly sampled for monitoring its HTO activity evolution until equilibrium via vapor
exchange. This monitoring enabled us to determine the diffusive rate at which HTO penetrated into
cement-based materials. Afterwards, by replacing saline solution by HTO-free solution, the diffusive
rate at which HTO goes out of cement-based material was estimated. These two phases correspond to
two successive in-and out-diffusion experiments. Secondly, in order to impose broader suction range
to cement-based materials, the under-saturated saline solution of NaCl used in literature [18-20] was
replaced by under-saturated solutions of LiCl at various concentrations, capable of imposing a larger
suction range, up to 300 MPa [21].

2. Experimental

2.1. Preparation of the samples

Cement pastes based on a CEM V/A cement (trade name CEM V/A (S-V) 42.5N PM-ES-CP1 NF
“PMF3”, Rombas, Calcia) were used for this study. Cement paste samples were prepared with an
initial water to cement ratio of 0.4. They were poured into closed cylindrical polyethylene plastic
molds (51.5 mm in diameter and 53.0 mm in height) and initially cured at 100 % relative humidity
chamber for 28 days. After the curing period, some samples were submitted to a high-pressure
extraction so as to collect the cement pore-water solution. This extracted pore water solution was then
characterized by ionic chromatography (DIONEX DX 120 column, using 20 mM MSA as eluent for
cation measurements and DIONEX DX 600 column with 14 mM NaOH eluent for anion
measurements). The other hardened cement pastes (HCP) samples were removed from the mold and
kept for at least 6 months prior to be used in artificial cement pore-water solution which correspond to
a Ca(OH), oversaturated solution with (79 + 2) mmol L™ of Na*, (291 + 2) mmol L™ of K*, (0.57 +
0.03) mmol L™ of CI" and (0.96 + 0.04) mmol L™ of SO, resulting to a pH value of (13.5 + 0.1). All
pH measurements were performed at (22 + 1)°C using a Metrohm® glass pH electrode filled with 3 M
KCI solution and pH standard solutions (Merk, CERTIPUR®).
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For the through-diffusion experiments using osmosis technique, a HCP specimen was machined
using a lathe to obtain a 36-mm-diameter cylinder. Seven sub-samples were then sliced using a
diamond wire saw under water into 1-mm thick disks (Table 1). These disks were stored in desiccator
containing a Kl-oversaturated saline solution at (22 + 2)°C (relative humidity = 69 %) under hydric
equilibrium, which was achieved after ca. 3 months (indicated by mass stabilization). This initial
dehydration of the HCP samples at a level lower than those imposed by the osmotic method prevents
any shrinkage phenomena (only hydration pathway). Some of these samples which were to be used for
diffusion experiments were partly re-saturated using osmotic technique (Table 1). The remaining
samples were dedicated for comparison of HCP saturation degree imposed by osmotic method with
over-saturated saline solution method. Thus, four samples were submitted to over-saturated saline
solutions with K,SO,, KH,PO,, BaCl, and KI at (22 + 2)°C, causing four relative humidity (RH)
values estimated to 98 %, 95 %, 90 %, 69 % respectively [22, 23] and the last sample was partly re-
saturated with the osmotic technique before the determination of its degree of saturation.

For the in-and out-diffusion experiments using saline solutions, a HCP specimen was placed on a
lathe to obtain a 49-mm diameter cylinder. Six sub-samples were then sliced using a diamond wire
saw under water into 2.5-mm thick piece (Table 1). These samples were stored in desiccator
containing a KC,H;0; - oversaturated saline solution at (22 + 2)°C (relative humidity = 23 %), under
hydric equilibrium, which was achieved after ca. 5 months (indicated by mass stabilization). Half
samples were dedicated to the determination of the saturation degree and the other ones for the in- and
out-diffusion experiments.

All the preparation and handling were made in a CO,-free glovebox to avoid atmospheric
carbonation phenomena.

2.2. Petrophysical measurements

In order to determine the volumetric water content and the degree of saturation as a function of
imposed suctions, petrophysical measurements were performed. Volume of sample, Vample, IS
determined by measuring the pressure exerted by the sample immersed in alkaline solution according
to Archimedes’ principle, and its dry mass, Mg, iS determined by drying it at 60°C until mass
stabilization [24]. This provides porosity, ¢, which is defined as the ratio between the total pore
volume, V,, and the sample volume, as:

vV, M M,

— P _ water 1
¢ v v 1)

sample Pwat *Vsample

Where Myqr is the total mass of sample, pye is the density of the HCP pore-water solution, measured
independently at 1.008 g cm ™ at (22 + 2)°C using an electronical densimeter (30PX PortableLab™,
Mettler Toledo).

Water saturation level, S,, is defined as the ratio between the volume of pores filled with water,
and the total pore volume, so that it is obtained at given RH as:

Vwater .
SW(RH) — p — Mwater MS(RH) (2)
V, M M,

sample

water

Then, the volumetric water content, &, is calculated by:
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2.3. Through-diffusion experiments carried out under suction fixed by osmosis

Osmosis allows the control of water suction in the sample while maintaining contact with a
chemical solution. This suction is generated by the osmosis process between the pore water (present in
the pores of the sample) and a highly-concentrated solution with large-sized molecules of polyethylene
glycol (PEG). The sample is separated from PEG-solution by a semi-permeable membrane (which is
permeable to all except PEG). The exclusion of PEG from the sample results in a chemical-potential
imbalance between the water in the sample, and the water in the reservoir chambers. This osmotic
suction thus keeps the sample unsaturated. Moreover, the value of the imposed suction and resulting
saturation degree of the sample depends on the PEG concentration in solution [25]. In the present
study, the degrees of saturation were reached using two extreme PEG additions: 0 and 0.95 g of PEG
per g of initial solution. These two PEG solutions led to suction values of O (i.e., saturated conditions)
and 9 MPa, respectively [7]. The equivalent relative humidity at suction of 9 MPa is equal to 93 % at
ambient temperature. Semi-permeable membranes with 3500 g mol* molecular weight cut-off
(MWCO) were chosen in order to prevent the PEG 6 000 (i.e. 6 000 g mol™ molecular weight) from
bypassing the membranes. Note that the chemical stability of membranes and PEG 6 000 under
alkaline aggressive conditions were preliminary checked by means of long-term tests that lasted for
more than one year.

The experimental setup used for HTO through-diffusion experiments consists of a polyvinyl
chloride cell, in which a large HCP sample holder is fixed between two reservoir compartments,
sealed into position by means of O-rings to avoid an eventual leakage [12]. A schematic view of this
large sample holder is given in Fig. 1a. The 36-mm-diameter HCP sample was glued in a small sample
holder, using an epoxy adhesive, and the resulting piece was sandwiched between two semi-permeable
membranes fabricated of cellulose acetate (Spectra-Por 3500 Da, Spectrum laboratories, USA).
Afterwards, polyetheretherketone (PEEK) grids (Polyetheretherketone — Mesh, Goodfellow, England)
with 45 meshes were put between the O-rings to limit the dead-volume. Then, two end-pieces were
placed in position. The inlet and outlet compartments of the through-diffusion cells were then filled by
a synthetic solution of chemical composition closer to the HCP pore-water solution. The artificial
cement pore-water (ACW) solution was prepared with ultrapure deionised water (18.2 MQ cm™
MilliQ® water, Millipore), PEG 6 000 (Merck, Germany), and commercial salts (American Chemical
Society reagent grade or higher quality and purity salts. PEG was then added to the solution. Prior to
HTO addition into the inlet compartment, a three months period was considered to ensure the
complete hydric equilibrium with the HCP paste sample. This period was estimated based on classic
equilibrium tests performed on HCP paste sample put in a desiccator with a relative humidity imposed
by a K,SO, saline solution (RH ~98 %) until its mass stabilization. As mentioned above, the
saturation degree of the HCP sample under a suction of 9 Mpa imposed using osmotic technique was
determined from a dedicated diffusion cell.

After the re-saturation step, the upstream reservoir was filled with a freshly prepared ACW solution
labelled with tritiated water (at 1.8 MBq kg™ of solution without PEG prepared from a HTO standard
solution purchased from AREVA NP-LEA, France). The downstream reservoir was filled with a
freshly prepared ACW solution without HTO tracer. During the through-diffusion experiment, the
solution in the downstream reservoir was regularly replaced to maintain the lowest tracer
concentration as reasonably possible, i.e. less than 3 % of the one measured in the upstream reservoir.



©CO~NOOOTA~AWNPE

2.4. In- and out-diffusion experiments with suction fixed by under-saturated saline solutions of LiCl

A given saline solution at a definite concentration and at constant temperature is in equilibrium
with a fixed partial vapor pressure of water, hence marking a fixed relative humidity [22, 26].
Unsaturated saline solutions are generally less attractive as compared to over-saturated saline solutions
for humidity control, since they can gain or lose water, leading to a change of their concentration and
the corresponding relative humidity. However, due to the fact that HTO activity measurement is
impossible in over-saturated saline solution (heterogeneous system), the use of unsaturated saline
solution is required in our case.

To reach a rough hydric equilibrium, over-saturated saline solutions with KC,H;0, (RH ~ 23%),
Kl (RH ~69%) or K,SO; (RH~98%) at (22 + 2)°C were first used. When sample mass was
stabilized, meaning no risk of water loss or gain, we used unsaturated solutions of lithium chloride at
concentrations imposing relative humidity values close to the ones imposed by the three over-saturated
saline solutions. Based on the study by Young [22], three solutions with LiCl concentrations equal to
12.8 Mol KQuaer - 5.5 MOl KGyaer - and 1.2 mol KQuaer - Were prepared, fixing relative humidity to
29%, 69% and 98 %, respectively. These relative humidity values were measured using
humidity/temperature probes (HydroClip HC2-S, Rotronic, Switzerland). Note that for analytical
reasons, 12.8 mol Kgyae* Was the maximum concentration allowed to measuring HTO activity with a
good accuracy (see section related to HTO measurement).

In summary, amongst the six HCP samples, initially de-saturated at a fixed relative humidity using
KC,H;0, oversaturated saline solution, two of them were placed in air-tight containers with LiCl
solution at 12.8 mol kg~ These two samples were kept for a period of 1 month to achieve the
corresponding hydric equilibrium (from RHs equal to 23 % to 29 %). The other samples were placed
in desiccators with over-saturated saline solutions of K,SO, or Kl for the period of 5 months until
mass stabilization was reached. Afterwards, for each relative humidity investigated, one sample was
dismantled for petrophysical measurements and the other one was dedicated to the diffusion
experiment (see Table 1).

For in-diffusion step, glass-made air-tight container was used to host both about 5g of LiCl
solution labelled with HTO (~10 kBq), continuously stirred to maintain the homogeneity of the
system, and the suspended cement sample inside the chamber (Fig. 1b). In the case of the two
diffusion experiments carried out at 69% and 98% of RH, the annulus of HCP samples was sealed
with epoxy resin (Sikadur ®) to limit HTO diffusion to both sides. For the experiment at RH close to
29%, as the diffusion rate was expected to be faster than at full saturation, by analogy with the
diffusive behavior of dihydrogen into the same material [6], the annulus and one side of the sample
were sealed. In this condition, as HTO diffusion should have occurred through whole of the sample
thickness, diffusion time was expected to be long enough to prevent vapor exchange from being the
limiting factor (see below). Moreover, a humidity/temperature probe was installed through the cover
cap of the container (Hygroclip2, Rotronic, Switzerland) to check the stability of RH/T° values
throughout the experimental time (Fig. 1b). For the three experiments, RH had shown a standard
deviation less than 1.5% for a period of 300 days. Finally, each container was drilled from four sides
and sealed with a septum. Using this septum very small aliquot of LiCl solution (less than 0.1 g) was
withdrawn using a needle and a syringe to follow the evolution of HTO activity in the saline solution.
When HTO equilibrium was achieved, out-diffusion step was started by replacing LiCl solution
initially labelled with HTO by HTO-free LiCl solution. Using the septum, samplings similar to in-
diffusion step were carried out to monitor HTO diffusing from HCP sample to the LiCl solution.
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In order to qualify the HTO exchange setup, two preliminary tests were performed with HTO alone
without introducing any HCP sample inside the chamber. The first test consisted in putting only the
LiCl solution labelled with HTO in air-tight container in order to check the presence of any potential
leakage of HTO or possibility of some HTO adsorption on the walls of the setup. After a period of
more than 1 month, the monitoring of the HTO activity revealed no significant evolution, indicating
the absence of experimental artifacts. For the second test, two cups one filled with LiCl solution
labelled with HTO and the other filled with HTO-free LiCl solution were placed into the setup. The
objective here was to estimate the kinetics of HTO exchange from HTO-enriched solution to HTO-
free solution, via vapor phase. This duplicated experiment showed that in less than three days HTO
activity equilibrium was achieved between the two cups. This test thus, suggests that the vapor
exchange would not be a limiting factor in diffusion experiments that lasts for more than 50 days each.

2.5. Analytical issue

*H radio-isotope is a beta-emitter (Emax = 18.6 keV). Classically, the HTO activity is determined
using a liquid scintillation counting, e.g. Packard SL2700 liquid scintillation counter. However, in
presence of highly-concentrated saline solutions or organic molecules like PEG, counting efficiency
can be strongly impacted by quenching effects. Therefore, to optimize the counting efficiency, the
withdrawn solution was significantly diluted in deionized water (i.e. 0.1 g of concentrated solution in
3.9 g of water). This dilution led to a maximum of 0.2 mol kg™ of water for LiCl instead of 12.8
mol KQuawer - and 0.012 g of PEG per g of solution without PEG, instead of 0.95 g of PEG per g of
solution without PEG. After this step, 16 ml of liquid scintillation cocktail (Ultima GoldTM cocktail,
UG, PerkinElmer, USA) was added to this solution in a 20-ml-polyethylene vial. This dilution ensured
that LiCl and PEG concentrations in scintillation vials reached acceptable values limiting analytical
artifacts. It is to be noted that this protocol was strictly applied in terms of withdrawn sample mass to
limit bias related to some discrepancies between each sampling.

The counting efficiency was measured as a function of TSIE (transformed spectral index of the
external standard) using synthetic solutions with known amounts of *H radio-activities and various
amount of quencher. Background measurements were performed in a similar way using synthetic
solution without radiotracers. Data were corrected for radioactive decay using the time of tracer
addition as reference date. As half-life radioactive period of ®H (T, = (12.312 + 0.025) years) is long
enough as compared to the total experiment-time in this study, this correction is negligible.

2.6. Treatment of experimental results

The experimental results were analyzed by applying Fick’s second law for one-dimensional
transport for a porous medium:

oc_D,oC D, oC “
ot a ox* g, +p,Ry X

Where C is the concentration or activity per volume unit in the solute phase (mol m™ of pure water or
Bq m™ of pure water); t, the time (s); D, the effective diffusion coefficient (m*s™); ¢, the diffusion-
accessible porosity (m* m®); pq, the bulk dry density (kg m?); « is the material capacity factor (-); the
distribution ratio, Rp (I kg™).
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If there is some interaction between HTO and solid, Rp, can be calculated from the relationship,
Rp = (- &)lps, assuming that the diffusion-accessible porosity for HTO was identical to the
volumetric moisture content, i.e. &= 6= ¢. Sy,

Thus, depending on the type of diffusion experiments, different boundary and initial conditions
needs to be considered.

For a through-diffusion system, boundary and initial conditions are as follows:

C(x,t)=0, t=0 ©)
Cx,t)=Co, x=0,t>0 (6)
C(x,t) =0, x=L,t>0 @)

Where L is the sample thickness (m) and C, is the concentration of the tracer in the upstream reservoir
(mol m™ of pure water or Bq m™ of pure water). Fully analytical solution of equation (4) is given by
equation (8) in reference with equation (4.24a) of Crank [27]:

D.t o 2a&(-D)" D,.n’z’t
Adif:S'L'CO' E _E__zz( 2) 'eXp{_—}:l (8)

L®.«

Equation (8) gives the cumulative amount of tracer, Ags (mole or Bq) in the downstream reservoir
when x = L. S is the surface of the sample (m?). Here, results were analyzed by a least-square fitting of
the model to the results of the cumulative activity in the downstream reservoir, using equation (8).

For in-diffusion experiments, if we assume that the transfer in vapor phase is so fast that only
diffusion in liquid phases has to be considered (see above), the initial and the boundary conditions are:

Cxx,t)=0, L>x>0,t=0 9)
Cx,)=Cy, x=0,t=0 (10)
ﬁzo, x=Lt>0 (11)
OX

Where for experiments at 98 % and 69 % of relative humidity, L is half thickness of sample (diffusion
on both sides), while for experiment at 29 % of RH, L is the whole thickness (diffusion on only one
side).

For out-diffusion experiments, only changed the initial conditions:
CX,)=Cq, L=x>0,t =0 (12)
C (x, t) =0, x=0,t=0 (13)

Where Cq is the equilibrated concentration of the tracer in cement paste at the end of in-diffusion
experiment (mol m™ of pure water or Bq m* of pure water).

Under such conditions, following analytical solutions given by Crank [27] (equations 4.45 and
4.47) can be considered to express the concentration evolution in single reservoir for in- and out-
diffusion, respectively:
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B © 2(1+8) De qr*
) = Com{l + Zn=1mexp(—;% t)} (14)
B © 2(1+8) De qr*
C(t) = Ceq {1 - m 1+ Zn=1mexp (— 7qL—2 t))} (15)
Vtest_water

Where g is equal to With Viest water, the volume of pure water in solution (L) and q,s are the

sample

non-zero positive roots of tan(q,) =—/44q, -

3. Results and discussion

3.1. Petrophysical data

Fig. 2 shows the evolution as a function of imposed relative humidity of each degree of saturation
measured on hardened cement pastes (HCP). The series dedicated to through-diffusion carried out
under osmosis exhibits a good consistency between HCPs that have undergone re-saturation at relative
humidity (RH) fixed by oversaturated saline solutions. For this “osmotic” sample, the degree of
saturation is equal to (0.85 £ 0.01). Moreover, the impact of relative humidity values used for the
initial de-saturation is clearly revealed by two series of HCP samples that have undergone RH equal to
69%, with a difference in their degree of saturation close to 0.25. This phenomenon is well
documented in literature, especially by Baroghel-Bouny [28]. This work has well explained hysteresis
behavior by a different pore filling when desaturating (blue dot series in Fig. 2) and re-saturating (red
dot series in Fig. 2), related to the degree of constriction of the pores, the “inkbottle effect”, as well as
the possible different liquid-vapor interface shapes (curvatures). Finally, samples dedicated to in- and
out-diffusion experiments carried out under RH fixed by under-saturated saline solutions have
saturation degree (Sy) values equal to (0.23 + 0.01), (0.42 £ 0.01) and (0.87 £ 0.01).

3.2. HTO diffusion data obtained under osmotic suction

Fig. 3 shows the cumulative activity of HTO for two through-diffusion experiments (S,, =0.85 &
Sy = 1.00). The cumulated activity of HTO is lowered when the sample is partially water-saturated. An
overview of the values of estimated diffusive parameters for HTO is given in Table 2, showing a
decrease of D, by a factor of almost 2 from S,, = 1.00 to S,, = 0.85. Moreover, for unsaturated sample,
experimental data were only reproduced using a non-null value for Rp, contrary to the fully-saturated
case.

3.3. HTO diffusion data using vapor exchange approach

The results obtained from in- and out-diffusion experiments carried out on three partially-saturated
HCP samples were reported in Fig. 4. Uses of Eq(14) and Eq(15) with diffusive parameters given in
Table 2 allowed the reproduction of the experimental data by associated modelling curves which are
also reported in Fig. 4. For the samples at S, = 0.87 and S,, = 0.42, regular evolution of activity in
single reservoir can be noticed until the plateaus are reached. This state corresponds to equilibrium
achievement between activity in solution and HCP pore-water solution. However, for the most
desaturated sample, 190 days of in-diffusion experiment were not enough to reach equilibrium.
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Therefore, such unexpected behavior led us to switch to the out-diffusion step, due to too small
volume of test solution remaining at the end of in-diffusion step. This means that data interpretation
was less constrained, due to the absence of plateau. As a result of this the Rp value was not properly
estimated.

A comparison of the corresponding diffusive parameters used for three degrees of saturation
showed that the more de-saturated the HCP samples, the lower the effective diffusion coefficient
values, with a reduction by a factor of 5, from S,, = 0.87 to S,, = 0.23 (Table 2). Moreover, while at S,,
=0.87, the Rp value estimated from the out-diffusion experiment was very close to the one estimated
from the in-diffusion experiment, below S,, = 0.42 the Rp values estimated from the out-diffusion
experiments were lower than ones estimated from the in-diffusion experiments. This suggests
occurrence of some irreversible or lower-kinetics phenomena capable of limiting the diffusion of HTO
out of samples when degrees of saturation are low enough. Takata et al. [13], Furuichi et al. [14] and
Kim et al. [17] explained that exchange reactions between structural water in HCP and HTO could
lead to some irreversible HTO uptake in HCP. However, these authors did not specify any saturation
degree under which these phenomena could take place.

3.4. Comparison with dihydrogen diffusion

All the values of effective diffusion coefficient, D., obtained from the two types of diffusion
experiments were reported in Fig. 5 as a function of HCP saturation degree. These two techniques led
to D, values in good agreement when obtained on HCP samples at near degrees of saturation, i.e. S,,
=0.85 and S,, = 0.87, demonstrating their reliability. Comparison of these results with D, values for
dihydrogen obtained onto CEM V/A HCP samples with a near water/cement ratio (i.e. 0.45) by
Sercombes et al. [6] clearly indicates a distinct behavior when degrees of saturation decrease. While
the diffusion rate for dihydrogen increases by more than three orders of magnitude from S,, close to
saturation to S, lower than 0.8, the diffusion rate for HTO is reduced by one order of magnitude as S,,
decreases from 1 to 0.23. This discrepancy can be explained by portioning phenomena taking place
during the diffusion process. When dehydrating, the contribution of water vapor phase to diffusion
would remain minor compared to the diffusion in liquid phase for HTO because of the partitioning of
water (Ciiquia/Cgas = 1000 for HTO at 25°C [29]), contrary to dihydrogen that diffuses mainly under
gaseous form. Finally, it is noteworthy that tritiated water exhibits an intermediate diffusive behavior
between dihydrogen, a gas with lower interaction with the liquid phase and ionic species that are
forced to diffuse in liquid phase, such as lithium studied by Dridi and Lacour [4] showing a sharp
decrease of its diffusivity when dehydrating.

4. Conclusion

The diffusion of tritiated water through unsaturated cement-based materials was studied using two
complementary techniques. Both of these techniques enabled us to investigate degree of saturation
(Sw) from 0.23 to full-saturation. Although the first technique was initially developed for studying
diffusion through clay-rich materials that are partially saturated using osmosis process, our present
work demonstrates that it can be successfully adapted to cement-based materials. At the highest
suction of 9 MPa, HCP sample reached a S,, of 0.85. This value is in very good accordance with S,, of
other samples that have undergone near suctions by means of the most classical over-saturated saline
method. A clear decrease of diffusion rate (by a factor of two) for HTO was evidenced between the
fully-saturated HCP sample and one at S,, = 0.85. The second technique enabled diffusion experiments
to be performed in humidity chambers controlled by under-saturated saline solutions (LiCl). The
injected HTO in the LiCl solution diffused in the studied material under its gas form. In this form it
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further dissociated between gaseous and liquid forms when diffusing. Preliminary tests have
confirmed that in our setup, HTO is not absorbed by the surfaces. Moreover, HTO vapor exchange
was fast enough (< 3 days), thus not standing as a limiting factor for in-diffusion experiments that
lasted for a period more than 80 days each. Using this principle, in- and out-diffusion experiments for
HTO were carried out to quantify its effective diffusion coefficient and retention properties into HCP
samples at S,, = 0.87,0.42 and 0.23. For similar saturation degrees, a good agreement for measured
diffusive parameters was obtained between the two techniques using either osmosis or saline solution
to fix suction. Moreover, comparison of data acquired from in- and out-diffusion experiments showed
a non-negligible HTO amount trapped into HCP and unable to diffuse out of the sample when
dehydrating suggesting some irreversible HTO uptake in the HCP matrices. Combining the results
acquired from both of these techniques has revealed a decrease of the HTO effective diffusion
coefficient by one order of magnitude when dehydrating from full-saturation to S,, = 0.23. These
results suggest that tritiated water would behave in an intermediate manner between gases, e.g. H, or
HT, and ionic species when diffused through unsaturated HCP pastes.

Such a study using these two complementary techniques could be therefore considered as a
milestone for future diffusion experiments where investigations could be from now performed under a
large range of saturation degree. As a promising improvement, this will enable us to conduct HTO
diffusion measurements through other cement-based materials like mortars and even concretes, also
extensively used in nuclear field but also to study the diffusive behavior of other species of interest
occurring in gas and liquid phases such as carbon-14 or iodine-129 for the radionuclides ones and
HCN or Hg for the toxic ones.
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Figure captions

Fig. 1. (a) Cross-section sketch of the large sample holder used in the through-diffusion cell under
osmosis. (b) Cross-section sketch of the setup used for in- and out-diffusion experiments. PEEK
means polyetheretherketone.

Fig. 2. Saturation degree of saturation determined on hardened cement pastes (HCP) having
undergone either osmotic method or saline solution method as a function of the equivalent relative
humidity. Y-axis error bars are calculated from Gauss' propagation equation and X-axis error bars
correspond to the uncertainty associated to the estimation of the relative humidity.

Fig. 3. Total diffused activity at the two values of saturation degree for HTO. The solid curves were
calculated using the analytical solution Eq(8) with parameters specified in Table 2.

Fig. 4. (Left) Evolution as a function of time, of the normalized activity in the single reservoir during
in-diffusion experiment; (Right) Evolution as a function of time, of the total activity in the single
reservoir during out-diffusion experiment. The solid curves were calculated using the analytical
solutions Eq(14) and Eq(15) with the parameters specified in Table 2.

Fig. 5. Values of the effective diffusion coefficient values (D) for HTO determined on hardened
cement pastes (HCP) as a function of their saturation degree. Comparison with the effective diffusion
coefficient values for dihydrogen obtained by Sercombes et al. [6] through the same type of cement-
based materials.
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Table 1

Summary of the samples and the type of experiments performed in this study.

Sample

o g S e
(mm) (mm) solution humidity (%)
-(Ij-rf:‘(L)JLsJ?ohn Osmosis 0.9 36 0 g of PEG/Gueter 100
;r;?uus?gn Osmosis 13 36 FE)EQC;S/SWZZ 03
et Sy mmowe
et s g ol
e S mpaue
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Table 2

Values of effective diffusion coefficient (D), material capacity factor («) and distribution ratio (Rp).

Values between brackets indicate the uncertainty ranges.

. . Material
Saturation Volumetric water D. x 10 ity fact R
Diffusion Suction degree, content, @, e X capacity factor, b
) )
)
Through- . 7.5
diffusion Osmosis 1 0.33 (6.5-9.5) 0.33 0
Though- . 4.0 0.65 0.22
diffusion  Oomesis 085 0.27 (4.0-4.7) (054-0.81)  (0.15-0.31)
e Saline 5.0 1.0 0.4
In-diffusion 1 tion 087 0.29 (4.0-7.0) (09-1.25)  (0.35-0.55)
_ saline 5.0 0.9 0.36
Out-diffusion ) tion 087 0.29 (4.5-6.0) 0811  (0.3-0.45)
o Saline 1.4 1.05 0.6
In-diffusion  \ ition 042 0.14 (1.0-1.6) (0.9-1.4) (0.5-0.8)
_ saline 13 0.25 0.14
Out-diffusion | rtion 042 0.14 (L1-1.4) (0.20-0.29)  (0.115-0.165)
o Saline 0.8 0.71 0.36
In-diffusion ). ion 0.23 0.08 (0.7-0.9) (0.42-1.3) (0.2-0.7)
e Saline 0.9 0.25 0.1
Out-diffusion ) tion 0.23 0.08 (0.8-1.0) (0.24-029)  (0.09-0.12)
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