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Abstract
The release of radiolysis gas is a concern that may restrict the use of cement materials to condition
intermediate level radioactive waste. Indeed, water naturally present in cement materials produces
hydrogen gas (which can be explosive/flammable under some conditions) when it is exposed to
ionizing radiation.
The primary goal of the MATRICE (MAterials Resistant to Irradiation based on Cement) project is to
identify and define formulations of cement materials in order to minimize the quantities of hydrogen
gas released by radiolysis. The first approach is the minimization of water amount in standard
Portland materials (calcium silicate-based cements) by addition of specific compounds
(superplasticizers) to enable the preparation of wasteform. The second approach is to use
“alternative” cement such as calcium sulfoaluminate cement. This cement was expected to release
less hydrogen because the quantity of water needed for cement hydration is higher than Portland
and moreover, their hydrates differ from those of hydrated calcium silicate mostly encountered in
Portland based materials.
Based on gamma irradiations with a 60Co source, the results obtained demonstrate that the first
approach is efficient but yet limited because the production of hydrogen of Portland pastes is about
proportional to the total amount of water present in the materials. Thus, a tremendous drop of
hydrogen production cannot be reach because rheological constraint does not allow a huge
reduction of water, even with efficient superplasticizers. The second approach using calcium
sulfoaluminate cements as an alternative binder provides results that are quite similar to Portland
cement concerning the production of hydrogen under gamma irradiation.

1. Introduction
The decommissioning of nuclear facilities in the coming decades will generate various types of waste
(metals, sludge, aqueous solutions, ions exchange resins…). Conditioning radioactive waste via
solidification in a cement material is a robust solution, which is already widely used for decades [1].
This solution corresponds to a technical economic optimum for a wide range of waste. However, for
storage and/or disposal safety reasons, its use can be restricted by the amount of radioactivity.
Indeed, water naturally present in cement matrices produces hydrogen gas (which can be
explosive/flammable under some conditions) when it is exposed to ionizing radiations emitted by
waste [2]. Moreover, over pressurization of cement materials by radiolysis gas can lead to its
disaggregation in specific condition (materials under water) as demonstrated by Kertesz [3] and
Madic [4]. Optimized cement matrices therefore need to be formulated to limit the release of
radiolytic gas to an acceptable level in order to facilitate the conditioning of radioactive waste. The
first approach of the present work is the minimization of water amount of Portland based materials
(calcium silicate-based cements) by addition of specific compounds based on soluble polymers
(superplasticizers) to enable the preparation of wasteform. Indeed, a strong reduction of water in
concrete or mortar formulations makes them difficult to prepare (mixing) and to use (casting,
injection, pumping) without superplasticizers. The second approach is to use “alternative” cements
such as calcium sulfoaluminate cement (CSA) for example. This kind of cement was expected to
release less hydrogen under irradiation because of its higher chemical water demand than Portland
[5] and/or the nature of its hydrates that differ from those of hydrated calcium silicate encountered
in Portland based materials. Indeed, it is sometimes assumed that water present in the porosity of
cement materials is more likely to produce hydrogen under irradiation than water of cement
hydrates [6, 7]. Thus, cement with high chemical water demand compared to Portland is expected to
produce less hydrogen under irradiation.
In the present work, cement materials are assessed by external gamma irradiation to quantify the
amount of gas released by radiolysis. The effect of such gamma irradiation on other properties
(microstructure, mechanical strength…) is ongoing and will be published later. Nevertheless,
available data based on XRD show that gamma and electron irradiations do not alter the structure of
Portland hydrates up to 300 MGy [8]: neither amorphization nor appearance of new phases occurs.
Same results were obtained on aluminum hydroxide [9] that are encountered in CSA and calcium
aluminate cements. Considering mechanical strength, some authors measured moderate decreases
of compressive strength of Portland concrete or mortars after gamma irradiation at doses of 500 kGy

[10] or 260 kGy [11]. These results are surprising, since according to [12] it is assumed that the
dosage limit for deterioration of mechanical properties of concrete is larger than 100 MGy. The effect
of irradiation on concrete is also a concern considering the durability of concrete structures of
nuclear power plants [13]. An international forum for collaboration has been created in 2015 to deal
with this subject (The International Committee on Irradiated Concrete (ICIC) [13, 14]). Nevertheless,
in the case of nuclear power plant, neutron irradiation is sometimes predominant which is not the
case for cemented nuclear waste.

2. Experimental
Cement materials (cement pastes or mortars) were prepared at laboratory scale (about 200 mL). All
components were weighted and vigorously mixed in a mechanical blade stirrer (Heidolph RZR 2102
control) during five minutes before being cast in 15 mL plastic tubes (centrifugation tubes
“SuperClear” provided by VWR). Typical samples are small cylinders (diam. 15 mm) of 10 mL of
cement materials. Plastic tubes were immediately sealed with their caps after filling to avoid
desiccation of cement materials, especially during hydration of cement. Samples were then stored
during three months minimum in their airtight plastic tubes before irradiation to allow the cement
hydration to complete. Before irradiation, samples were demolded and then placed in glass tubes of
105 mL, deaerated (3 cycles of depressurization at 30 hPa and pressurization with argon) that were
flame sealed under 900 hPa of pure argon (Alphagaz 1 of Air Liquide). Samples were weighted to
control a possible desiccation during storage and sealing. Typical desiccation was always less than 1%
of total water of cement material tested.
Gamma irradiations (60Co) where performed with the experimental irradiator Gammatec located in
Marcoule, France. Dose rate comprised between 200 and 1100 (the mean value 900 Gy.h-1 was
further used) were used to achieve total doses of 150, 300 and 500 kGy. Dosimetry was estimated
using Perspex dosimeter supplied by Harwell [15] and used according to [16]. The temperature was
regulated between 20 and 25°C during irradiation. Calculations performed with PENELOPE (v.2001)
software [17] show that the dose deposited by a 60Co source in a typical Portland cement material
(density 2.2g.cm3 containing 9%mass of water and 47%mass of SiO2 sand) is about -13% lower than
the dose deposited in water (i.e. the dose given by Perspex dosimeter). Nevertheless, considering
possible variations of this correction (cement materials tested in this work have been prepared with
different formulations) it was decided to use uncorrected values of doses to calculate yields of gas
production thereafter.

After irradiation, the gas of sealed glass tubes were analyzed using à Varian CP 3800 model gas
chromatography with Galaxie software. H2 but also O2, N2 and CH4 were quantified using standards.
Nitrogen allows us to quantify the amount of residual air in the ampoules after sealing. When
needed, comprehensive gas analyses were performed with either a high resolution gas mass
spectrometer with direct inlet (Thermo Fischer Scientific MAT-271) or a quantitative gas mass
spectrometer designed and built at the CEA [18].
The quantifications of gas were made considering the percentage of gas thus determined %𝑣𝑜𝑙 , the
gas pressure in the tubes after irradiation 𝑃𝑓 and the free volume of the glass tubes 𝑉𝑓𝑟𝑒𝑒 :
𝑛(𝑔𝑎𝑠) =

𝑃𝑓 ∙ %𝑣𝑜𝑙 ∙ 𝑉𝑓𝑟𝑒𝑒
𝑅∙𝑇

where 𝑅 is the gas constant and 𝑇 the sample’s temperature.
Radiolysis results are usually expressed as radiolysis gas yields (G, in mol/J):

𝐺(𝑔𝑎𝑠)𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 =

𝑛(𝑔𝑎𝑠)
𝐷∙𝑚

where n is the amount of the gas measured (in mole), D the absorbed dose of gamma radiation in the
sample (in Gray) and m the mass of irradiated sample (in kg). As mixing H2O is the only significant
source of hydrogen in the cement materials (water brought by gypsum being negligible), the
radiolysis yields of H2 can also be expressed considering the total mass of water present in the
material.
𝑛(𝐻2 )
𝐺 (𝐻2 )𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
=
𝐷 ∙ 𝑚𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟
𝑤𝑤𝑎𝑡𝑒𝑟
Where 𝑤𝑤𝑎𝑡𝑒𝑟 is the mass fraction of total water of the material.
This radiolytic yield is convenient to compare the production of hydrogen of materials containing
different amounts of water.
Cements were provided by Vicat and Calcia and used as received. Limestone filler Betocarb HP
(quarry of Sassenage) was provided by Omya whereas siliceous filler Sikron E600 (quarry of
Entraigues) was provided by Sibelco. Superplasticizers (MasterRheobuild 1000, Pozzolith 400N and
MasterEase 3000) were provided by BASF and used as received. Low calcium Flying ashes were
provided by EdF (coal-fueled power plant of Cordemais, France) and E.ON (coal-fueled power plant of
Carling, France). CaMoO4 (99.8% ref. 41865) and Na2MoO4,2H2O (98% ref. A19222) were provided
by Alpha Aesar. NaNO3 (99.5% ref. 27955) and NaNO2 (98% ref. 27959) were provided by VWR.

3. Irradiation of Portland cement based materials
3.1 Preliminary experiments
We first checked that the production of H2 of cement pastes is proportional to the dose in the range
of 150 to 500 kGy, so that it is possible to determine radiolytic yields as the slope of the gas
productions versus the dose plot (Figure 1): G(H2)material = (1,00,1).10-8 mol/J.

Figure 1. Production of H2 as a function of the dose on 10 mL cylindrical samples of Portland Ultimat
Pastes under gamma irradiation. Water/Cement = 0.4.

It has also been checked that firstly no significant amount of H2 remains trapped within the porosity
of the material and secondly gas transport does not influence H2 release by studying the influence of
fragmentation of the samples. No significant differences in H2 production were detected whether the
sample is in one piece (10 mL cylinder), broken in centimeter pieces or more finely grinded (Table 1).

Table 1. Influence of the fragmentation of 10 mL cylindrical samples on radiolytic hydrogen yields of
Portland Ultimat Pastes. Water/Cement = 0.4. Dose 500 kGy at 900 Gy.h-1.

State of sample

G(H2) material (mol/J)

Monolithic (4 samples)

(1.00.1). 10-8

Broken (particle about 1 cm)

(9.81.0).10-9

Broken (particle about 1 cm) duplicate

(9.91.0).10-9

Grinded (particles < 100 µm)

Grinded (particles < 100 µm) duplicate

(9.11.0).10-9

(8.91.0).10-9

3.2 Effect of water content on different Portland cements
Three different calcium silicate Portland cement have been tested, covering a large range of
composition for such cement (Table 2):
-

a C3A free Portland (SR0) containing also few SO3, Na and K (named “Ultimat”) provided by
Vicat

-

an ordinary Portland provided by Calcia containing both C3A and C4AF

-

a white Portland cement containing very little amount of iron (and thus very little C4AF
phase) and very low impurities such as Mg, Mn, Ti, K and Na

During hydration, all those Portland cement produce mainly calcium silicate hydrates (C-S-H) and
Portlandite (CH) and also few ettringite (C3A.3C$.H32) and calcium aluminate monosulfate
(C3A.C$.H12). Chemically bound water in Portland cement hydrates is about 22 to 25 wt%/cement.
Nevertheless, total hydration of Portland cement paste requires more water, about 42 wt%/cement,
because of water trapped within the nanoporosity of C-S-H gel [19].
The significant difference in clinker composition (Table 2) between quantification by XRD
measurement and estimates with Bogue’s formula is mainly related to potential intrinsic biases of
Bogue calculations. The biases originate primarily from the compositional variation in phase solid,
resulting in deviation from that assumed in the calculations [20].

Table 2 Compositions of the three Portland cement tested according to supplier’s data (%mass).
*quantification by XRD (Rietveld refinement) in the case of Portland Ultimat (Bogue formula otherwise).

Portland Ultimat CEM I

Ordinary Portland

White Portland provided

52,5N SR0 (free of C3A)

provided by Calcia

by Calcia (Cruas plant)

provided by Vicat (St

(Couvrot plant)

Egreve plant)
Elemental

SiO2: 20.91; Al2O3: 3.51;

SiO2: 19.6; Al2O3: 5.2;

SiO2: 22.1; Al2O3: 4.2;

composition of

Fe2O3: 6.51; TiO2: 0.20;

Fe2O3: 2.3; TiO2: 0.3;

Fe2O3: 0.3; TiO2: 0.2;

clinker (%mass)

MnO: 0.06; CaO: 64.91;

MnO: 0; CaO: 65;

MnO: 0; CaO: 66.9;

MgO: 0.81; SO3: 1.52;

MgO: 1; SO3: 3.5;

MgO: 0.7; SO3: 2.7;

K2O: 0.57; Na2O: 0,09;

K2O: 1.09; Na2O: 0.06;

2-

P2O5: 0.20; S :0 ; Cl

-

: 0.03
C3S (%mass in

2-

P2O5: 0.2; S : 0.02; Cl
:

-

K2O: 0.1; Na2O: 0;
P2O5: 0.1; S2-<0.02; Cl-

0.02

<0.007

65.1 (59*)

67

73

10.2 (22*)

12

13

0 (0*)

11

12

19.8 (17*)

7

1

0 %mass (100% clinker)

2 %mass (98% clinker)

2 %mass (98% clinker)

0%

5.5

6

%mass/(clinker+limesto

%mass/(clinker+limeston

ne)

e)

clinker)
C2S (%mass in
clinker)
C3A (%mass in
clinker)
C4AF (%mass in
clinker)
Addition of
limestone
gypsum

Cement pastes have been prepared with those three cements using water/cement ratios of 0.2, 0.3,
0.4, 0.5 and 0.6. Those ratios cover the range used to prepare concretes or mortars and are thus
representative of cement materials.

After irradiation of those cements pastes, only hydrogen can be attributed unambiguously to
radiolysis processes in the gas of sealed tubes. The variation of the yields of hydrogen production as
a function of the initial amount of water used to prepare the materials is presented in Figure 2 for
each cement. The mass fractions of water of materials are known from their preparation (i.e. a
cement paste of water/cement ratio of 0.4 contains 28.6%mass of water) knowing that samples are
preserved from desiccation during hydration and also during irradiation.
For comparison, the expected contribution of water to H2 production is given by Equation 1
considering that all water (free water and water of cement hydrates) produces hydrogen with the
yield of bulk water and that the dose absorbed by water is the one determined by dosimetry:
𝑮(𝑯𝟐 )𝒎𝒂𝒕é𝒓𝒊𝒂𝒍 = 𝑮(𝑯𝟐 )𝒘𝒂𝒕𝒆𝒓 × 𝒎𝒂𝒔𝒔 𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒐𝒇 𝒕𝒐𝒕𝒂𝒍 𝒘𝒂𝒕𝒆𝒓 𝒐𝒇 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍𝒔

Equation 1

where 𝐺(𝐻2 )𝑤𝑎𝑡𝑒𝑟 is the primary yield of bulk water measured under gamma irradiation in the
presence of scavengers of HO° or O°- radicals like Br- ions (NaBr [21] or KBr [22]): G(H2) water = 4.4.10-8
mol/J.
According to Figure 2a, 𝐺(𝐻2 )𝑚𝑎𝑡é𝑟𝑖𝑎𝑙 of Portland pastes are almost proportional to the fraction of
total water in the cement pastes. Hydrogen production of white Portland is significantly higher than
others and very close to the Equation 1. It is noteworthy that linear relationships between the yield
and the mass fraction of water are suitable for low and high water/cement ratios where the status of
water is noticeably different [19,23]: for water/cement ratios less or equal to 0.3, the major part of
water is chemically bound in the hydrates (C-S-H or CH mostly) whereas free water is noticeably
present in the porosity of cement paste of water/cement superior to 0.5 because of its excess
towards the chemical demand of cement [19]. This means first that the yield of production of H2 by
water dimly depends on the status of water in Portland cement based materials. This is evidenced by
converting G(H2)materials of Figure 2a into G(H2)materials/(mass fraction of water) (Figure 2b), i.e. the yield
calculated considering only the mass of water (see experimental part): except for the white Portland
cement, H2 yields are rather stable in the range of water/cement ratios tested (from 16.6 to
37.5%mass. of water). The yields of the white Portland even increase for the lower water, which
means that the water bound to hydrates is more sensitive to radiolysis than bulk water in this case.
The fact that G(H2)total water of Portland materials are close to the primary yield of bulk water means
that the H2 produced in cement is not much sensitive to oxidative radiolytic species HO° or O°-.
Indeed, the primary yield of bulk water has to be measured in the presence of scavengers of HO° or
O°- radicals like Br- ions (NaBr [21] or KBr [22]) to protect H2 form their attack. Here, we observe H2

without such scavenger, and thus, we can assume that the Portland cement material itself act as a
HO°.O°- scavenger.
Considering the results in relation to the three different Portland tested, it is clear that the white
Portland releases significantly more H2 than the ordinary Portland and the “free C3A” Portland, the
two latter being not markedly different. The higher production of the white Portland might be
related to its low impurities content compared to the other Portland. Nevertheless, considering the
effect of addition of FeOOH on Portland cement which increases the production of H2 under gamma
irradiation [24], the low amount of iron typical of white Portland cement cannot explain its higher
production of H2 than other Portland cements. Furthermore, the low amount of calcium carbonate
(see Table 2) added in the white and ordinary Portland cements seems to have no significant
influence on H2 production compared to the “free C3A” Portland which is free of calcium carbonate
addition. The neutrality of calcium carbonate towards H2 production is confirmed further in the
present work by the study of the effect of various fillers (see Table 3).

Figure 2. Radiolytic hydrogen yields of Portland cement pastes as a function of the total amount of water.
Absorbed dose of 500 kGy at 900 Gy.h-1. (Figure 2a: radiolytic yields of materials; Figure 2b: radiolytic
yields normalized with regard to the amount of water of materials). Uninterrupted line of Figure 2a: yield
according to Equation1. Dashed lines of Figure 2a: linear regression for each cement.

According to these results, it is possible to reduce the hydrogen production of Portland based
materials by reducing the amount of water in formulations of mortars and concretes because the
production is proportional to the quantity of total water. Nevertheless, this approach is limited to a

reduction of about a factor 2 because rheological constraints encountered during the mixing process
of fresh mortar or concrete do not allow a huge reduction of water in practice.
3.3 Effect of mineral additions
As the production of H2 of Portland pastes tested is on the all, proportional to the amount of total
water, it was also of interest to check this on mortars containing various amounts of sand. This has
been done with the free C3A Portland (SR0). Simple mortars (mix of sand, cement and water, with no
additive) with water/cement ratio of 0.4 where prepared with various amount of siliceous sand
(sand/cement from 0 to 3). The results presented Figure 3 suggest that the radiolytic yields of
hydrogen of such simple Portland mortars is also proportional to the amount of total water and thus
can also be predicted by Equation 1.

Figure 3. Radiolytic hydrogen yields of Portland cement mortars (water/cement = 0.4, variable
sand/cement ratio from 0 to 3) as a function of the total amount of total water. Absorbed dose of 150 and
300 kGy at 800 Gy.h-1. Uninterrupted line: yield according to Equation1.

Other mineral products commonly used in cement materials (flying ashes, calcium carbonate or
siliceous fillers) were also tested for their possible effect on the production of hydrogen under
gamma irradiation. To study this point, cement pastes of the “free C3A” Portland cement SR0 have
been prepared with or without such mineral addition. In this case, the mass ratio
addition/cement = 1/3 and the water/(cement + addition) = 0.4 so that the total amount of water is

equal to 28.6%mass for all materials. The results of gamma irradiation of such materials are
presented Table 3. Considering the variability of results, it can be concluded that the mineral
additions tested have no significant influence on the production of hydrogen. Thus, the radiolytic
yield of H2 for such materials can still be estimated with Equation 1.

Table 3. Influence of mineral additions on radiolytic yields of H2 of C3A free Portland (Ultimat) cement
pastes. Absorbed doses of 150 or 300 kGy and rate dose of 200 or 900 Gy.h-1.
water/(cement + addition) = 0.4.

G(H2) materials (mol/J)
Without mineral additive

(1.10.1).10-8
(average of 7 measurements on distinct samples)

With flying ashes (Carling)

(1.20.2).10-8
(average of 7 measurements on distinct samples)

With flying ashes (Cordemais)

(1.20.2).10-8
(average of 6 measurements on distinct samples)

With CaCO3 filler (Betocarb HP Sassenage)

(1.10.3).10-8
(average of 6 measurements on distinct samples)

With SiO2 filler (Sikron E600)

(1.20.3).10-8
(average of 7 measurements on distinct samples)

3.4 Effect of superplasticizers
As demonstrated previously, one way to reduce the radiolytic hydrogen production of Portland
based material is to reduce its global amount of water. Nevertheless, it is well known that a
reduction of water degrades the workability of fresh mortars or concretes and can be a serious issue
to prepare homogeneous and compact materials. To counterbalance this deleterious effect of water
reduction on concrete workability, superplasticizers (SP) based on soluble polymers are widely used
for decades. As these products are hydrogenated polymers, it is of interest to test their influence on
cement pastes under irradiation. Experiments were performed with three superplasticizers provided
by BASF: 1°) MasterRheobuild 1000 which is based on calcium polynaphtalenes sulfonates, 2°)
Pozzolith 400N which is based on sodium polynaphtalenes sulfonates and 3°) MasterEase 3000 which
is based on Poly Aryl Ether (patent EP 2 886 580 A1). So as to avoid instability and segregation of
cement pastes in the presence of superplasticizers, water/cement ratios of cement pastes have been
set to 0.3. The tested Portland cement is the SR0 type produced by Vicat. Dosages of SP have been
set to obtain fluid but stable pastes and are thus different for each SP: 0.8%mass of dry

matter/cement for Pozzolith400N, 0.056% mass of dry matter/cement for MasterEase 3000,
0.395%mass of dry matter/cement for MasterRheobuild 1000. Results of gamma irradiations
presented Figure 4 show that there is no major influence of SP on the production of hydrogen of
Portland cement pastes. There might be a sight effect of MasterRheobuild 3000 that could slightly
increase the hydrogen production but this effect should be confirmed by other measurements.
Indeed, no such effect of MasterRheobuild 3000 has been evidenced with sulfo-aluminate cement
(see further Figure 6).

Figure 4. Influence of various superplasticizer on radiolytic H2 production of Ultimat SR0 cement pastes
(water/cement= 0.3). Dose rate of 900 Gy.h-1.

3.5 Effect of reductive species scavengers Na 2MoO4, NaNO3, NaNO2
In order to reduce the production of hydrogen of Portland based materials it is conceivable to add
products known to lower this production in aqueous media under irradiation such as sodium nitrate,
sodium nitrite and sodium molybdenum [22]. These products named “scavengers” in the field of
radiolysis science, are supposed to react with radiolytic precursors of H2 such as solvated or
presolvated electron. Thus, cement pastes of Portland Ultimat have been prepared with NaNO3
(2%mass NO3-/cement) or NaNO2 (2%mass NO2-/cement) or Na2MoO4,2H2O (2%mass MoO42/cement) dissolved in the mixing water (water/cement = 0.4). The low amounts of such products
towards cement have been selected to avoid a strong disturbance of cement hydration that could
make it unusable as a binder.
After irradiation the cement pastes containing sodium molybdate displayed a slight but hardly
significant drop of H2 production as presented in Table 4. With the same Na2MoO4/H2O ratio of 0.062
([MoO4] = 0.3 mol.L-1), the drop of H2 production is more significant in bulk water (about a factor 2)
according to [22] than in cement (-19%). The poor efficiency of sodium molybdate in calcium silicate
based materials such as Portland may be explained by the precipitation of molybdate into very stable
CaMoO4 (powellite) by calcium ions released in water during hydration of Portland cement. This
phenomenon of precipitation has already clearly been evidenced in a study dealing with the
conditioning of molybdate waste in Portland cement [25]. Moreover addition of powellite in Portland
paste (3%mass of CaMoO4/cement) has no significant effect on radiolytic H2 production (Table 4).

Table 4. Influence of Na2MoO4 and CaMoO4 on radiolytic yields of H2 of C3A free Portland (Ultimat) cement
pastes. Absorbed doses of 150 or 300 kGy and rate dose of 200 or 900 Gy.h -1. 2%mass MoO42-/cement.

G(H2) materials (mol/J)
(1.10,1).10-8
Without Na2MoO4

(average of 7 measurements on distinct samples)
(0.90,2).10-8

With Na2MoO4

(average of 6 measurements on distinct samples)
(1.30,2).10-8

With CaMoO4

(average of 4 measurements on distinct samples)

Contrary to molybdate, the influence of nitrate on the hydrogen production is very significant.
Indeed, a drop of a factor 6 is observed Table 5 in the presence of sodium nitrate. Notice that the
results of Table 5 are not express in terms of radiolysis yields because results on NaNO3 containing

materials have been obtained to a single dose of 510 kGy (the linearity of O2 and H2 productions
versus dose have thus not been checked in this case). With the same NaNO3/H2O ratio of 0.065
([NO3] = 0.8 mol.L-1), the drop of H2 production is weaker in bulk water (about a factor 3) according to
[22] than in cement. However, this effect goes along with a significant production of O2 which is
equivalent of the production of H2 without NaNO3 (Table 5). This production of O2 is known to come
from the direct radiolysis of nitrate ions [26, 27,28] as proposed in Equation 2 and Equation 3:
𝑵𝑶𝟑 − ⟿ 𝑵𝑶𝟑 −∗ → 𝑵𝑶𝟐 − + 𝑶

Equation 2

𝑵𝑶𝟑 − + 𝑶 → 𝑵𝑶𝟐 − + 𝑶𝟐

Equation 3

Other reactions expected in the presence of nitrate ions in aqueous solution lead to the formation of
nitrite [29]:
𝒆𝒂𝒒 − + 𝑵𝑶𝟑 − → 𝑵𝑶𝟑 𝟐−

Equation 4

𝑵𝑶𝟑 𝟐− + 𝑯𝟐 𝑶 → 𝑵𝑶𝟐 • + 𝟐𝑶𝑯−

Equation 5

𝑵𝑶𝟐 • + 𝑵𝑶𝟐 •  𝑵𝟐 𝑶𝟒

Equation 6

𝑵𝟐 𝑶𝟒 + 𝑯𝟐 𝑶  𝑵𝑶𝟑 − + 𝑵𝑶𝟐 − + 𝟐𝑯+

Equation 7

The concomitant production of O2 and H2 could still raise concerns of safety considering the risk of
explosion in nuclear waste storage. Moreover, the global production of radiolytic gas remains
unchanged which is not positive towards the risk of over-pressurization and cracking of the materials
[3, 4]. As a consequence, the addition of nitrates to Portland based materials may not be the best
solution to manage the concern of radiolytic gas production of cemented waste.

Table 5. Influence of NaNO3 on radiolytic gas production (H2 and O2) of C3A free Portland cement pastes
(Water/Cement = 0.4). Absorbed doses of 510 kGy and rate dose of 900 Gy.h-1. 2%mass NO3-/cement.

N (H2) (mol/kg of materials)

N (O2) (mol/kg of materials)

(5.00.7).10-3

Not significant

Without NaNO3

(average of 10 measurements on
distinct samples)

With NaNO3

(8.50.8).10-4

(4.6 0.5).10-3

With NaNO3 (duplicate)

(7.80.8).10-4

(4.5. 0.5).10-3

Nitrites are also known to reduce the production of radiolytic hydrogen of bulk water [22]. Thus, its
dissolution in the mixing water of Portland based cement paste has been tested to reduce hydrogen

production. The results of gas analysis after irradiation of such a cement paste of Portland containing
3%mass of NaNO2/cement (2%NO2-) are presented in Table 6. The production of hydrogen decreases
significantly but less than with the same amount of nitrate (Table 5). It is also noteworthy that there
is almost no production of O2 whereas N2O and NO productions are strong in comparison of H2.
On the whole, the production of radiolytic gas is stronger with NaNO2 than without. This makes this
addition poorly attractive even though the production of H2 is lowered without production of O2. The
presence of N2O and NO is related to the presence of sodium nitrite in the material and reveals its
consumption under irradiation. The probable reactions conducting to nitrous oxide and nitric oxide
are presented from Equation 8 to Equation 11:
𝑯° + 𝑵𝑶𝟐 − → 𝑵𝑶 + 𝑶𝑯−

Equation 8

𝑵𝑶 + 𝑵𝑶 → 𝑵𝟐 𝑶 + 𝑶°

Equation 9

𝑵𝟐 + 𝑶° → 𝑵𝟐 𝑶

Equation 10

𝑵𝟐 + °𝑶𝑯 → 𝑵𝟐 𝑶 + 𝑯°

Equation 11

Table 6. Influence of NaNO2 on radiolytic gas production of free C3A Portland cement pastes
(Water/Cement = 0.4). Dose of 356 kGy at 900 Gy.h-1. 2%mass NO2-/cement.

Gas (mol/kg of cement paste)
N (H2)

N (O2)

N (N2O)

N (NO)

Without NaNO2

(3.60.4).10-3

< 10-5

Not significant

Not significant

With NaNO2

(1.60.4).10-3

3.7.10-5

(3.80.4).10-3

(2.30.4).10-3

4. Irradiation of sulfo-aluminate based materials
Recent development of sulfo-aluminate cements makes them industrially available in Europe for a
large range of application including waste conditioning [30]. It is thus interesting to test the
sensibility of such cements towards radiolytic gas production. Sulfo-aluminate clinkers contain mostly
ye’elimite (C4A3$) and dicalcium silicate (C2S). Hydration of such clinker produces hydrates markedly
different of Portland: mainly monosulfo-calcium aluminate (C3A.C$.H12) and aluminium hydroxide
(AH3) according to Equation 12. Hydration of C2S in the presence of AH3 leads to silicate hydrogrenat
(Equation 13) or strätlingite (Equation 14). Without gypsum, the chemical demand of water for such
clinker is around 40-45 %mass.
C4A3$ + 18 H → C3A.C$.H12 + 2 AH3

Equation 12

5 C2S + AH3 + 17,2 H → C3ASH4 + 4 C1,7SH4 + 0,2 CH

Equation 13

C2S + AH3 + 5H → C2ASH8

Equation 14

In the presence of gypsum (C$), ye’elimite hydrates in ettringite according to Equation 15:
C4A3$ + 2C$ + 38H → C3A.3C$.H32 + 2AH3

Equation 15

The Alpenat clinker provided by Vicat has been compared to the KTS clinker provided by Bellitex. The
main difference between these two sulfo-aluminate clinkers is the higher amount of ye’elimite in the
Bellitex and thus a lesser amount of C2S.

Table 7 Compositions of the two sulfo-aluminate clinkers tested according to supplier’s data (%mass of
clinker).

Alpenat CK (Vicat)

KTS 100 (Bellitex)

C4A3$

54.3

71

C2S

20.8 (C2S )

16

8.3 (C2Sα’ high)
C3FT

9.3

C12A7

6.6
3.1

C3MS2

4.5

C6AF2

1.2

periclase (MgO)

2.6

C$

0.4

0.5

Quartz

0

0.5

γ-Fe2O3

1

Free CaO

0.2

Gamma irradiations have been performed on pastes prepared with Alpenat clinker using
water/clinker ratios of 0.2, 0.3, 0.4, 0.5 and 0.6 whereas KTS clinker has only be tested at

water/clinker of 0.6 (exploitation of experiments performed a few years ago). Sulfo-aluminate
clinkers have been tested alone or mixed with calcium sulfate to form ettringitic binder.
Radiolysis yields are presented in Figure 5. Several points can be underlined. The first is that sulfoaluminate clinkers with or without gypsum produce as much hydrogen as Portland cement. The
higher chemical demand of sulfo-aluminate compared to Portland do not change significantly this
property. The different hydrates of Portland and sulfoaluminate seem to have the same sensitivity
with respect to H2 production under gamma radiolysis. Another significant point is that the addition
of calcium sulfate to sulfo-aluminate clinkers tends to increase slightly the production of hydrogen of
both sulfo-aluminate clinkers, suggesting that water bound in ettringite is a little more sensitive to
radiolysis compared to water bound in mono-sulfo aluminate. This hypothesis is strengthened by
recent results of gamma irradiation on synthetic ettringite: G(H2) of water in this hydrate would be
equal to (7.0±0.1)x10-8 mol/J [8] which is significantly higher than the yield of H 2 of bulk water.

Figure 5. Radiolytic hydrogen yields of sulfo-aluminate cement pastes as a function of their total amount
of water. Absorbed dose of 500 kGy at 900 Gy.h-1. Uninterrupted line: yield according to Equation1

In the same way as Portland cement, the effect of superplasticizer on radiolytic hydrogen production
has been assessed with Alpenat CK with or without addition of calcium sulfate. Dosages of SP have
been set to obtain fluid but stable pastes and are thus different for each SP : 0.032% mass of dry
matter/cement for MasterEase 3000 and 0.395%mass of dry matter/cement for MasterRheobuild

1000. Results of gamma irradiation presented Figure 6 show that there is no major influence of the
SP tested on the production of hydrogen of Portland cement pastes. Same results were obtained
with Alpenat CK plus calcium sulfate (Figure 6). In this latter case, only MasterEase 3000 has been
tested (0.035% mass of dry matter/cement). So, the superplasticizers tested could be used to
compensate the deleterious effect of water reduction on workability of fresh cement materials with
no concern on radiolytic production of H2.

Figure 6. Influence of superplasticizer on radiolytic H2 production of sulfo-aluminate clinker Alpenat-CK
without or with calcium sulfate (85%Alpenat CK+15%CaSO4). Water/cement= 0.3 in mass. Dose rate of
900 Gy.h-1. Uninterrupted line: yield according to Equation1.

The effects of various mineral additions on H2 production of Alpenat CK pastes have also been
assessed in the same way as for Portland cement. Synthetic results presented in Table 8 show no
significant differences between sulfo-aluminate and Portland cement in relation to the effect of
mineral additions.

Table 8. Influence of mineral additions on radiolytic H2 production of Alpenat CK cement paste
(Water/Cement = 0.4)

Addition

Effect on radiolytic gas production

With flying ashes (Carling)
No significant effect on H2 production

With flying ashes (Cordemais)
With CaCO3 filler (Betocarb HP Sassenage)
Na2MoO4

No significant effect on H2 production (Alpenat CK
with or without CaSO4)

CaMoO4

Strong reduction of H2 but strong production of O2
NaNO3

(similar to Portland cement, Table 5)

Moderate reduction of H2 but strong production of
NaNO2

N2O and NO (similar to Portland cement, Table 6)

5. Conclusion
Based on gamma irradiations with a 60Co source, the results obtained in the present work
demonstrate that the Ultimat cement (Portland SR0 type, free of C3A and CaSO4) releases as much
hydrogen as an ordinary Portland whereas the white Portland releases significantly more. Sulfoaluminate clinkers tested release nearly as much hydrogen as the SR0 and ordinary Portland and the
addition of calcium sulfate to sulfo-aluminate clinkers increases moderately this production of
hydrogen. Besides, mineral additions such as flying ashes, limestone or siliceous fillers have no
significant influence on hydrogen production of such cement materials.
The influence of water content (in the range of 15 to 40% mass) in cement pastes of Portland and
sulfo-aluminate indicates that the status of water (free water of porosity or bound in cement
hydrates) has no major influence on its production of H2 under gamma irradiation. For such cement
materials, the yield of production of hydrogen can be estimated considering the radiolytic yield of
bulk water (4.4.10-8 mol/J) and its mass fraction in the material: G(H2)material=G(H2)bulk water ×mass
fraction of total water of material). As a consequence, it is possible to reduce the radiolytic
production of hydrogen of such cements based materials by reducing the amount of total water in
the materials during its preparation. Nevertheless, a tremendous drop of hydrogen production
cannot be reach because rheological constraints to mix the components do not allow a huge
reduction of water, even with efficient superplasticizers, which allow a typical drop of water of a
factor 2. It has also been checked that a selection of superplasticizers has no significant influence on
hydrogen production of Portland and sulfo-aluminate cement pastes.
Another way to reduce hydrogen production of cement materials is to add products known to reduce
the hydrogen production of aqueous solution under irradiation. Such products (MoO42-, NO3- and
NO2-) known as radical scavengers have been added in the mixing water of Portland and sulfoaluminate cements. In the case of molybdenum, the effect on H2 production is not really significant
because of a probable precipitation of MoO42- in very stable CaMoO4 during hydration of the cement.
With nitrate and nitrite, the effects on H2 production are more significant but the noticeable
production of other radiolytic gas like O2, NO or N2O makes these products poorly attractive
considering the risks of cracking by internal overpressure in the materials. The identification of a
product able to reduce drastically and lastingly H2 production of cement materials without other gas
release would be of great interest to condition intermediate level nuclear waste. Moreover, the
efficiency of such product should be demonstrated towards alpha emitters which are often present
in such wastes.
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