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The durability of class C fly ash belite cement (FABC-2-W) in simulated radioactive liquid waste (SRLW)
rich in a mixed sodium chloride and sulphate solution is presented here. The effect of the temperature
and potential synergic effect of chloride and sulfate ions are discussed. This study has been carried out
according to the Koch-Steinegger test, at the temperature of 20 ° C and 40 ° C during a period of 180 days. The
durability has been evaluated by the changes of the flexural strength of mortar, fabricated with this cement,
immersed in a simulated radioactive liquid waste rich in sulfate (0.5 M), chloride (0.5 M) and sodium
(1.5 M) ions - catalogued like severely aggressive for the traditional Portland cement - and demineralised
water, which was used as reference. The reaction mechanism of sulphate, chloride and sodium ions with
the mortar was evaluated by scanning electron microscopy (SEM), porosity and pore-size distribution,
and X-ray diffraction (XRD). The results showed that the chloride binding and formation of Friedel's salt
was inhibited by the presence of sulphate. Sulphate ion reacts preferentially with the calcium aluminate
hydrates forming non-expansive ettringite which precipitated inside the pores; the microstructure was
refined and the mechanical properties enhanced. This process was faster and more marked at 40 °C.

1. Introduction
This work is in the durability research plan carried out in our
laboratory on different cement-based materials, against the very
concentrated salts that accompanied the simulated radioactive liquid waste (SRLW) of low level waste (LLW) and medium level waste
(MLW)
. In particular, we presented here the effect of the
temperature and potential synergic effect of chloride and sulphate
ions on the durability of specific fly ash belite cement, here named
(FABC-2-W), of low energy, low pH and low heat of hydration.
For Portland concrete, the degradation caused by external
sulphate attack is based on chemical reactions, which produce
the precipitation of expansive compounds such as: gypsum
(CaS04-2H20), ettringite ([Ca3Al(OH)6-12H20]2-(S04)3-2H20),
thaumasite (Ca3[Si(OH)6-12H2OKC03>S04) or mixtures of
these phases
. Portlandite (Ca(OH)2) is the main source
of Ca2+ ion, and hydrated monosulphate-calcium-aluminate
([Ca3Al(OH)6-12H20]2-(S04)-2H20) is the source of aluminate ions.

The aggressiveness of chloride is lower than that of sulphate
ion, due to the chemical bounded compounds are not expansive. Chloride chemically reacts with the aluminate of hydrated
phases of Portland concrete such as monosulphates (SO4-AF1T1) to
form Friedel's salt: 3CaO-Al2O3-CaCl2-10H2O; chloro-sulfate AFm
phase, called Kuzel's salt (3CaO-Al2O3-l/2CaCl2-l/2CaSO4-10H2O).
Another oxychloride compounds (xCa(OH)2-yCaCl2-zH20) can be
also formed in the presence of concentrated chloride salts
The chloride and sulphate synergy are known in the case
Portland-based-concretes exposed to sea water environments: the
presence of chloride limited the sulphate attack, due to the increase
of solubility of porlandite (Ca(OH)2) and the formation of hydrated
CaCl2 compounds
. Others authors noticed that the presence of
sulphate decreased the binding capacity of chloride ion, inhibiting
the formation of Friedel's salt
Goni
studied the durability of hydrated portland
cement pastes containing up to a 30% of a Spanish ground copper
slag (CuGS) in an aggressive solution (Cl~ +S04 2 ~). They pointed
that the non-aggressiveness of sulphate in the presence of chloride ion is due to the preferential diffusion process of Cl~ and
Na+ ions versus sulphate ions. It seems that the high NaCl content in the pore solution activates the slag pozzolanic reactivity,
leading to the formation of hydrated aluminates of layered structure, which are subsequently transformed into Friedel's salt via

0H/C1 ionic exchange inside the interlayer space. These processes
decrease the porosity of the materials, thus increasing their flexural
strengths.
However, the durability behaviour of belite-based-cements is
different from the one of Portland cements. According to previous durability studies carried out on specific fly ash belite
cement in simulated radioactive liquid waste, which was very rich
in sodium sulphate (0.5 M)
, expansive effects were not evidenced; on the contrary, an enhancement of mechanical behaviour
was produced by the ingress of sulphate and sodium ions into
the microstructure. This ingress caused the formation of nonexpansive ettringite (Ca6[Al(OH)6]2(SC>4)3-26H20) within pores
via dissolution of the hydrated calcium-monosulpho-aluminate
(Ca4[Al(OH)6]2SO4-10H2O); the pH of the pore-solution increased
by 10 times, which promoted an alkaline activation of cement and
the densification of the microstructure.
The durability of FABC-2-W was also excellent in SRLW rich
in NaCl (0.5 M)
. In this case, the ingress of chloride into the
microstructure of the FABC-2-W cement mortar caused the formation of non-expansive Friedel's salt (Ca4[Al(OH)6]2-Cl2-5H20),
inside the pores, mainly at 40 °C. The mechanism of Friedel's salt
formation was via ionic 2C1~ /SC>42~ exchange in the interlayer space
of the monosulphate-AFm type.
Temperature is another important factor that also influences the
cement properties of matrices used in radioactive waste disposal.
The storage facility for LLW and MLW in Spain is located in "The
Cabril" near the city of Cordoba, where the temperature can reach
values of 40 °C. Thus, we were interested in studying the durability
of FABC mortars at this temperature.
A previous study on the hydration of FABC-2-W cement at
40 °C and saturated humidity
showed a densification of the
C-S-H gel, which favoured the formation of pores ~3 nm in
diameter, leading to higher surface area value, compared with
that of the C-S-H gel formed at 20 °C. The capillary porosity (>0.05 |jim) increased at later ages of hydration because
of the conversion of low density hydration products, such
as the hexagonal hydrated mono-sulphate-calcium-aluminate
(Ca4[Al(OH)6]2SO4-10H2O), into higher density cubic katoite
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(Ca3Al2(Si04)(OH)8). As a result, the compressive mechanical
strength decreased.
Nevertheless, the aforementioned conversion caused by the
temperature of 40 °C disappeared when the FABC-2-W mortar samples were immersed in simulated radioactive liquid waste, which
was very rich in sodium sulphate 0.5 M
or in sodium chloride
0.5 M
. That was due to the precipitation of ettringite, in the
case of sulphate, or Friedel's salt, in the case of chloride ion, from
the hydrated calcium-monosulpho-aluminate, which inhibited the
formation of katoite.
The main aim of this work is to establish the chloride and
sulphate potential synergy and how it would affect the previous durability results at the temperature of 20 °C and 40°C. The
same experimental methodology was applied: testing the flexural
strength of mortar samples immersed at the temperature of 20 °C
and 40 °C during a period of 180 days, in a simulated radioactive
liquid waste rich in sulphate (0.5 M), chloride (0.5 M) and sodium
(1.5 M) ions, and demineralised water, which was used as reference.
The reaction mechanism of sulphate, chloride and sodium ions with
the mortar was evaluated by scanning electron microscopy (SEM),
porosity and pore-size distribution, and X-ray diffraction (XRD).
The results were compared with those, previously published [8,9].
The pH of the pore solutions was estimated by dissolving 1 g of
powdered sample in 4 mL of demineralised water. The mixture was
maintained for 1 day at ambient temperature, after which time the
solid was filtered and the liquid was analysed. The pH was measured
with a combined electrode for the pH range 0-14.
2. Experimental
The FABC-2-W cement was synthesized by the hydrothermalcalcination route by using fly ash class C, from coal combustion,
as secondary raw material. Details of the cement synthesis, fly
ash, cement and mortar characterization can be consulted in Refs.
The FABC-2-W cement mortar was prepared with sand (aquartz) to cement ratio of 3 and demineralised water to cement
ratio of 0.65. For workability reasons, an organic additive (com-
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Fig. 1. Flexural strength and corrosion index (Rf'/Rf) of mortar samples versus time, Rf = strength after immersion in the SRLW; Rf= strength after immersion in water.

Table 1
Regression equations obtained at 20 C and 40 C for the flexural strength and corrosion index changes with time of the FABC-2-W mortar immersed in different
SRLW.
Types of SRLW

Sulphate
Sulphate + chloride
Chloride

20C

40 C

Rf

Ic

Rf

Ic

j/ = 5.2x°-066

j / = 1.2x°-047
j / = l.lx°- 0 4 8
j / = 0.98x°-°ii

y = 4.8x°i3
0
y = 4.6x -i3
j / = 3.9x°- 08 i

y = 1.2x°-084
y = l.lx°- 0 8 i
y = 0.97x°- 0 2 5

4.5x0- 067
j / = 3.9x°- 0 4 9
y =

mercial name "Rheobuild-1000" Degussa Construction Chemicals,
Barcelona, Spain) was introduced in a proportion of 2% (by weight
of cement). After mixing, different portions were moulded into
1 cm x 1 cm x 6 cm prismatic specimens and compacted by vibration. After 2 days at 100% of relative humidity (rh), samples were
demoulded and cured by immersion in demineralised water at
40 °C for 7 days. The volume of liquid was 100 ml per 6 samples.
After this curing period, groups of 6 samples were suspended and
immersed in the simulated radioactive liquid waste rich in sulphate
(0.5 M), chloride (0.5 M) and sodium (1.5 M) ions. These samples
were stored in sealed plastic bottles at 20 °C and 40 °C for periods
of 1, 7,14,28,90 and 180 days. The volume of SRLW was 800 ml per
6 samples. Similar groups of 6 samples were stored at two tempera-

tures in demineralised water (used as a reference). After each period
of time and prior to make the characterization study, the samples
were washed three times with demineralised water to eliminate
the excess of SRLW on the surface of the samples.
X-ray diffraction patterns were recorded on a Philips PW-1730
diffractometer, which used a graphite monochromator and Cu Kal
radiation. Porosity and pore-size distribution were investigated by
mercury intrusion porosimetry, carried out with a Micromeritics
Auto Pore IV 9500 vl.05. SEM analysis was performed using a JEOL
JSM 5400 microscope (JEOL Ltd., Tokyo, Japan) equipped with an
Oxford ISIS model EDX spectroscopy module (Oxford University,
Oxford, UK). The samples were covered with carbon by sputtering.
SEM/EDX semiquantitative analyses were made with an accelerating voltage of 20 kV and a reference current of 300 |JLA on powder
samples for determining the alkaline, alkaline-earth, iron oxides,
alumina, silica and sulphur content. The EDX microanalysis has
been carried out in spot mode over each different crystalline phase
from areas of approximately 300 nm, given the detection limit of
0.2%.
3. Results and discussion
Fig. 1 shows the changes in flexural strength caused by the
immersion of FABC-2-W mortar samples in demineralised water
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Fig. 2. XRD patterns of mortar samples after 180 days of immersion in different SRLW. Influence of temperature.

Fig. 3. SEM images of ettringite needles growing on the external coat covering the mortars after 180 days of immersion in sulphate + chloride SRLW at (a) 20 °C; (b)40°C.

and in SRLW solution (mixture of sodium chloride 0.5 M and sodium
sulphate 0.5 M) at the two temperatures considered (20 °C and
40 °C). Previous published results corresponding to NaCl 0.5 M and
Na 2 S0 4 0.5 M attack have been also included for comparison. Each
value represents the average of six measurements, and the bars
represent the standard deviation of the mean values. Time 0 in the
figures correspond to samples cured for 7 days at 40°C in water,
before starting the potential attack.
At 20°C, the flexural strength values of mortar immersed in
the mixed NaCl + Na 2 S0 4 SRLW are located between those of NaCl
and Na2SC>4; those of NaCl are the lowest and those of Na2SC>4 the
highest.
The influence of the temperature was manifested by faster and
strong gain of strength; the difference between the values of the
mixed NaCl + Na2 SO4 and Na2 SO4 SRLW almost disappeared. In fact,
the mechanical strength of the mortar samples immersed in the
SRLW solutions increased with time according to a potential function, where the exponent of the equation (related to the rate of gain
of strength) was near two times higher respected to that of 20 °C
(see Table 1).
According to the Koch-Steinegger test [19], the criterion to
classify a material as resistant or durable in a specific aggressive medium is that the corrosion index (Ic) (relative strength of
aggressive-solution-stored samples (Fs') to water-stored ones (Fs))
must be higher than 0.7. As shown in Fig. 1, the corrosion index
values increased with time, according to a potential function with
the exponent about two times higher at 40 °C (see Table 1). These
results suggest that the FABC-2-W can be classified as durable or
resistant to the mixed sodium chloride and sodium sulphate SRLW
attack, during the period of time and experimental conditions of
this work.
The presence of sulphate in the mixed SRLW caused a positive synergy from the flexural strength point of view. In other
words, sulphate promoted preferential microstructural changes

compared with those promoted by chloride ion, from which the
gain of strength was produced. This was more appreciated at the
temperature of 40°C.
In fact, the diffusion of chloride and sulphate ions into
the mortars caused the preferential formation of ettringite
(3CaO-Ai203-3CaS04-32H20) within pores as observed through
XRD (Fig. 2(c)) and SEM analyses (Figs. 3 and 4). The Friedel's salt
(Ca4[Al(OH)6]2-Cl2-5H20) peaks, which appeared mainly at 40 °C in
the NaCl SRLW (Fig. 2(b)), are not present in diagram (c).
From these results one can deduce that the presence of sulphate
inhibited the formation of Friedel's salt, as in the case of Portland
cement
. Chloride ions are mainly bounded as CaCi2-2H20 in
the external coat formed on the surfaces of mortar samples together
with calcite (CaC03) and ettringite, and also were retained in the
paste, as the EDX analysis demonstrated (Fig. 5).
The main differences observed at 40°C were: (i) the inhibition
ofkatoite (Ca3Ai2(Si04)(OH)8) (appeared in the samples immersed
in water (Fig. 2(a)), (ii) the higher intensity of the ettringite and
Friedel's salt XRD-peaks, which suggest higher amount of both
ettringite and Friedel's salt (compare Fig. 2(b)-(d) with (b')-(d');
(iii) the precipitation of bigger crystals of ettringite (compare
Fig. 3(a) and (b)). Details of the ettringite crystals growing inside
pores after 180 days of immersion are given in Fig. 4(a)-(c).
Chloride and sodium ions are present mainly in the paste, as
showed in Fig. 5, where the Al/Ca and Si/Ca atom ratios are plotted
vs Cl/Na atom ratio. The corresponding microanalyses of ettringite
needles growing inside pores are also included for comparison.
Another interesting effect caused by the ingress of the mixed
chloride and sulphate SRLW is the increase of the pore-solution pH
values (Fig. 6) compared with those of mortar samples immersed
in water (from 11.2 to 12.5 at 20°C and from 11.5 to 12.6 at 40 °C).
This increase was also produced in the case of NaCl and Na2S04
SRLW and the same explanation could be given: the ettringite
formation via dissolution of the hydrated calcium-monosulpho-

Fig. 4. SEM images of ettringite crystals of different morphologies growing inside pores after 180 days of immersion in sulphate* chloride SRLW.
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Fig. 7. Quantitative correlation between the flexural strength and mean porediameter of mortar samples immersed in chloride, chloride + sulphate and sulphate
SRLW.
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Fig. 5. Al/Ca and Si/Ca atom ratios versus Cl/Na atom ratio of paste zones and ettringite needles growing inside pores.

aluminate (Ca4[Al(OH)6]2SO4-10H2O), which liberated OH" to the
pore-solution [8]. The strong increase of the pH promoted an alkaline activation of cement hydration and subsequent densification
of the microstructure.
In fact, the microstructure densification can be observed in Fig. 6,
where the mean-pore-diameter of FABC-2-W mortars after 180
days of immersion in the different types of SRLW are given. The
mean-pore-diameter values decreased near 50% - irrespective of
the kind of SRLW - compared with the value of mortar immersed

water

chloride

in water. This effect was produced at the two temperatures, 20 °C
and40°C.
The increase observed in water at 40°C was not observed in the
rest of the SRLW, where the higher temperature caused the lower
mean-pore-diameter values. These porosity results corroborated
the hypothesis concerning that katoite formation, from the lowdensity paste constituents, increased the mean-pore-diameter
In the case of the SRLW, this was not produced because of the inhibition of katoite, which was promoted by the preferential reaction
of calcium aluminates with sulphates to form ettringite, in the case
of Na 2 S0 4 and NaCl + Na 2 S0 4 SRLW (Fig. 2(c) and (d)) or Friedel's
salt formation in the case of NaCl SRLW (Fig. 2(b)).
The quantitative inverse linear correlation obtained between
values of pH of pore-solution and mean pore-diameter (Fig. 6) corroborated the mechanism proposed.
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Fig. 6. Changes of the pH of the simulated pore solution and mean-pore-diameter of mortar samples after 180 days of immersion in demineralised water, chloride,
chloride + sulphate and sulphate SRLW. Influence of the temperature and quantitative correlation.

Furthermore, the consequence of all microstructure changes is
the increase of the mechanical strength. As a result, important
quantitative correlation between values of the mean-porediameter and flexural strength are obtained (Fig. 7), which
corroborates the modelling of the mechanism involved during the
immersion of belite mortars in the mixed chloride and sulphate
SRLW.
The higher slope of mixed chloride and sulphate SRLW (3.2)
compared with that obtained without sulphate (1.6) clearly indicate
the sulphate synergy, which was stronger at 40 °C. In other words,
the porous microstructure changes, promoted by the presence of
sulphates, caused an increase of two times the flexural strength
values respect those obtained without sulphate.
4. Conclusions
• According to the Koch-Steinegger test, the FABC-2-W cement
mortar can be catalogued as resistant against the mixed chloride
and sulphate simulated radioactive liquid waste of the concentration and experimental conditions here considered.
• The ingress of chloride and sulphate ions into the microstructure
of the FABC-2-W cement mortar caused the formation of nonexpansive ettringite inside the pores, inhibiting the Friedel's salt
formation.
• Chloride ions are bounded as CaCl2-H20 mainly in the external
coat of the mortars and retained in the paste without a defined
morphology.
• The pH increase of the pore solution was associated to the ettringite formation via monosulfo dissolution, which inhibited the
formation of katoite.
• As a consequence, the porous microstructure was denser and, the
flexural strength increased. This effect was faster at the temperature of 40 °C.
• Important quantitative correlations between microstructural
parameter as the mean-pore-diameter, pH of the pore-solution
and macrostructural mechanical strength are found.
• The sulphate and chloride synergy are manifested by: (i) the
inhibition of Friedel's salt formation; (ii) the porous microstructure changes, promoted by the presence of sulphates, caused an
increase of two times the flexural strength values respect those
obtained without sulphate.
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