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Calcium sulfoaluminate (CSA) cements are potential candidates for the conditioning of radioactive wastes with high sodium borate 
concentrations. This work thus investigates early age hydration of two CSA cements with dif-ferent gypsum contents (0 to 20%) as a function of 
the mixing solution composition (borate and NaOH concen-trations). Gypsum plays a key role in controlling the reactivity of cement. When 
the mixing solution is pure water, increasing the gypsum concentration accelerates cement hydration. However, the reverse is observed 
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borate. Until gypsum exhaustion, the pore solution pH remains constant at ~10.8, and a poorly 
pitates. A correlation is established between this transient precipitation and the hydration delay. 
, or increasing the sodium content in the mixing solution, are two ways of reducing the stability 
when the mixing solution contains sodium 
crystallized borate compound (ulexite) preci
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1. Introduction

Calcium sulfoaluminate (CSA) cements requiring less energy and
producing less CO2 than Portland cement during their manufacture
are receiving increasing attention in the context of sustainable develop-
ment [1,2]. They can have highly variable compositions, but all of them
contain ye'elimite, also called Klein's compound, in their clinker [3–6].
In this article, we will consider only sulfoaluminate belite cements in
which ye'elimite (C4A3S1) predominates over belite (C2S) [7]. A wide
range of gypsum or anhydrite contents (typically from 10 to 25% for
gypsum) can be ground with CSA clinker to produce different CSA
cements, ranging from rapid-hardening (at low gypsum content) to
shrinkage-compensating, and eventually to self-stressing (at high
gypsum content) [8]. Besides, CSA cements are of interest to stabilize
hazardouswastes [9–15]. It has been shown recently that belite calcium
sulfoaluminate cements with high ye'elimite contents may have good
potential for the conditioning of borate-containing radioactive wastes:
their rate of hydration is less retarded by borate ions than that of
ordinary Portland cement [16–19]. Besides, they form by hydration
it Coumes).
= CaO, S = SiO2, S = SO3, A=
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large amounts of AFm and AFt phases [20–24]. However, the mecha-
nismbywhich concentrated sodium borate solutionsmodify the hydra-
tion of CSA cements is still not fully understood. The speciation of boron
in the cement paste also needs some clarifications. In addition to the
AFm and AFt phases, other borate minerals can potentially form at
high pH in the presence of calcium (frolovite CBH4, hexahydroborite
CBH6, C2BH, C2B3H8, inyoite C2B3H13 and nobleite CB3H4) [25–28].
Moreover, since the concentrated borate waste contains sodium, sodi-
um borates should also be considered (NBH8, NB2H10, NB5H10), as well
as a mixed borate mineral containing sodium and calcium (ulexite
NC2B5H16) [25].

This work aims at giving new insight into the influence of sodium
borate on the early age hydration of calcium sulfoaluminate cements
with variable gypsum contents, as well as on the processes involved. A
better understanding of the chemical evolution of such systems will
help optimize the CSA cement-based recipes developed for the condi-
tioning of radioactive borate-containing waste.

2. Experimental

2.1. Materials and specimen preparation

Several CSA cements were prepared by mixing a ground industrial
CSA clinker (Belitex KTS 100) (d10 = 2.5 μm, d50 = 15.1 μm, d90 =

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2014.12.010&domain=pdf
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Table 1
Mineralogical composition of CSA clinker.

Minerals C4A3S C2S C12A7 CT MgO Others

Weight % 66.2 13.5 9.4 2.6 0.9 7.4
49.8 μm, BET specific surface area = 4.8 m2/g) with the appropriate
amount (0% to 20% by weight of cement) of analytical grade gypsum
(d10 = 5.4 μm, d50 = 18.7 μm, d90 = 52.4 μm, BET specific surface
area ~0.5 m2/g) for 15 min. The mineralogical composition of the CSA
clinker is reported in Table 1. In the clinker, ye'elimite predominated
over belite and mayenite. The other minor constituents, mainly phases
containing titanium and iron, could be regarded as hydraulically
inactive.

Cement pasteswere prepared using awater to cement (w/c) ratio of
0.6. There were two main reasons for choosing such a high ratio.

– It should be noted that the chemical water demand of CSA cements
is higher than that of Portland cement, and increases with the
gypsum content of the binder [8]. In a previous work [29], it was
shown that theminimum amount of water required for total hydra-
tion of cement comprising 80% clinker and 20% gypsum corresponds
to a w/c ratio of 0.59 (0.54 by taking into account water brought by
gypsum). The w/c ratio of 0.6 thus resulted from a compromise to
avoid any stop in the hydration process due to lack of water while
preventing any bleeding at an early age.

– From a more applied point of view, in the waste stabilization
process, water is only brought by the waste. The higher the water
content, the higher the waste loading in the cement matrix.

The mixing solution was either demineralized water or a solution
containing 1 mol/L of borate ions at pH 11. In the latter case, the appro-
priate amount of boric acid was dissolved in demineralized water and
the pH was set to 11 by adding analytical grade sodium hydroxide
(960 mmol/L of NaOH for 1 mol/L of H3BO3). Such a solution mimics
some contaminated waste streams generated by PWR nuclear plants.
In the second part of the study, the sodium hydroxide concentration
was varied from 0.85 mol/L to 1.12 mol/L while keeping the boric acid
concentration constant at 1 mol/L, in order to get different pH values.

Mixing was performed for 5 min using a laboratory mixer equipped
with an anchor stirrer and rotating at 100 r.p.m. Cement pastes were
cast into airtight polypropylene boxes (7 mL of paste per box), and
cured at 20 °C.
Table 2
Boron containing aqueous species and minerals added to the Cemdata07 database.

Species Formation reaction

Aqueous B(OH)4− B(OH)3(aq) + H2O → B(OH)4− + H+

B3O3(OH)4− 3B(OH)3(aq) → B3O3(OH)4− + H+ + 2H2O
B5O6(OH)4− 5B(OH)3(aq) → B5O6(OH)4− + H+ + 5H2O
B4O5(OH)42− 4B(OH)3(aq) → B4O5(OH)42− + 2 H+ + 3H2O
Al(OH)3OB(OH)2− B(OH)3(aq) + Al3+ + 3H2O → Al(OH)3OB(O
NaB(OH)4(aq) B(OH)3(aq) + Na+ + H2O → NaB(OH)4(aq) +
CaB(OH)4+ B(OH)3(aq) + Ca2+ + H2O → CaB(OH)4+ + H

Minerals Hexahydroborite 2B(OH)3(aq) + Ca2+ + 6H2O → Hexahydrob
Boric acid B(OH)3(aq) → boric acid
Inyoite 6B(OH)3(aq) + 2Ca2+ + 6H2O → Inyoite + 4
Borax 4B(OH)3(aq) + 2Na+ + 5H2O → Borax + 2
Na2O·B2O3·8H2O 2B(OH)3(aq) + 2Na+ + 4H2O → Na2O·B2O3

Nobleite 6B(OH)3(aq) + Ca2+ → Nobleite + 2H+ + 3
Sborgite 10B(OH)3(aq) + 2Na+ → Sborgite + 2H+ +

Ulexite 10B(OH)3(aq) + 2Na+ + 2Ca2+ + 4H2O → U
4Boro-AFt 4B(OH)3(aq) + 2Al3+ + 6Ca2+ + 42 H2O →
Boro-AFm B(OH)3(aq) + 2Al3+ + 4Ca2+ + 17.5H2O →
U phase 1.8 Al3+ + 4Ca2+ + Na+ + 1.1SO4

2− + 16.5
Ye'elimite 4Ca2+ + 6Al3+ + SO4

2− + 12H2O → Ye'el

a Arbitrary value allowing full dissolution of ye'elimite under the investigated conditions.
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2.2. Specimen characterization

Hydration of the cement pastes was investigated using a highly sen-
sitive Setaram C80-type microcalorimeter under isothermal conditions
at 25 °C.

Cement hydration was also stopped after fixed periods of time, de-
pending on the samples, by successively immersing the crushed paste
into isopropanol and drying it in a controlled humidity chamber (with
20% relative humidity at 22± 2 °C). Crystallized phases were identified
by X-ray diffraction with the Bragg Brentano geometry (Siemens D8 —

copper anode λKα1 = 1.54056 Ǻ generated at 40 mA and 40 kV) on
pastes ground by hand to a particle size of less than 100 μm. Before
analysis, silicon was added to the samples (10% by mass of sample)
and carefully mixed by grinding in a mortar to be used as an internal
standard. The evolutions of the amounts of ettringite, monosulfate, gyp-
sum, mayenite, ye'elimite, and of the boro-AFt phase were assessed
from the XRD patterns by measuring the areas of characteristic reflec-
tions, standardized with respect to that of silicon (2θ = 9.08° for
ettringite, 9.93° for monosulfate, 11.64° for gypsum, 33.42° for
mayenite, 23.67° and 23.70° for ye'elimite, 9.2° for the boro-AFt phase,
and 28.44° for silicon). Four test mixtures containing known fractions
of clinker and gypsum were analyzed using this method. The error on
the determination of the ye'elimite and gypsum contents ranged be-
tween 5 and 10%. Thermogravimetric analyses were carried out using
a TGA/DSC Netzsch STA 409 PC instrument at 10 °C/min up to 1000 °C.

Some cement paste samples were characterized using 11B-MAS
NMR. The 11B-MAS spectra were recorded at a Larmor frequency of
256.7 MHz using a Bruker Avance III 800 MHz (18.8 T) spectrometer.
The spectra were made up of 64 free induction decays with a pulse
length of 1 μs (π/10) and a relaxation delay of 5 s. The samples were
spun at 20 kHz in a 3.2mmprobe. Experimental referencing, calibration,
and setup were performed using solid powdered sodium borohydride.
Solid NaBH4 has a chemical shift of−42.06 ppm relative to the primary
standard, liquid F3B·O(C2H5)2 (where δ(11B)=0.00 ppm). The baseline
was corrected by subtracting the background signal coming from the
boron nitride stator of the probe. Spectral decomposition was per-
formed using DMFit software [30].

The pore solution of the cement pastes was also extracted by com-
paction of 20mL of sample using a Carvermechanical press at a pressure
of 34 MPa. Its pH was then measured with a high-alkalinity electrode
(Mettler Toledo Inlab Expert Pt1000 pH 0–14 T 0–100 °C) calibrated
using three IUPAC pH buffers at 6.865 ± 0.010 (25 °C), 10.012 ±
0.010 (25 °C) and 12.45 ± 0.05 (25 °C) and its chemical composition
Log K (T = 25 °C, P = 1 bar) Ref.

−9.24 [43–47]
−7.21 [33,48]
−7.01 [33,48]

−15.89 [33,49–51]
H)2− + 4H+ −21.26 [52,55]
H+ −8.91 [33,53]
+ −7.42 [53,54]
orite + 2H+ −13.65 [25–28,54]

0.0438 [33]
H+ −19.72 [25–28,54]
H+ −24.80 [25–28,54]
·8H2O + 2H+ −18.55 [25–28,54]
H2O −7.75 [25–28,54]
4H2O −8.985 [25–28,54]
lexite + 6H+ −28.50 [25–28,54]
Boro-AFt + 18H+ −123.80 [24,33]
Boro-AFm + 14H+ −95.83 [24,33]
H2O → U phase + 12.2H+ −78.96 [37]
imite + 24H+ −350a
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Fig. 1. Influence of the initial gypsum content on the heat produced during CSA cement hydration in the presence of demineralized water (a), or of a borate-containing solution
(b) ([B]tot = 1 mol/L, pH = 11, w/c = 0.6) under isothermal conditions (T = 25 °C).
wasdetermined using ICP-OES (Vista Pro Varian— standardizationwith
matrix reconstitution). The analytical error was ±5%.
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2.3. Ulexite synthesis

Ulexite was synthesized bymixing calcium hydroxide and boric acid
in demineralizedwaterwith a B/Camolar ratio of 9. The pHwas then set
to 10 by the addition of sodium hydroxide. A white and gel-like
compound precipitated instantaneously. The productwas very sensitive
to dehydration. Its X-ray diffraction pattern was recorded using the
Debye Scherer geometry (transmissionmode). The suspension (precip-
itated product + solution) was introduced in a Lindeman tube (Ф =
1mm)which was tightly closed andmounted on a spinning goniomet-
ric head duringmeasurement to reduce the preferred orientation effect.
Data were recorded by using copper radiation (λ = 1.5418 Å) at room
temperature in a 2θ range of 4–120° with a step size of 0.011° for a
total counting time of 8 h. The product morphology was also observed
after filtration, rinsing with demineralized water and gentle drying at
30 °C using SEM (ESEMQuanta 50 FEImicroscope equippedwith a ther-
mal field emission gun) in the environmental mode at 5 °C and 650 Pa
(which corresponded to a relative humidity close to 95%). Its chemical
composition was determined by ICP-OES analysis. The powder was dis-
solved in a small volume of concentrated nitric acid (1 mol/L), and the
resulting solution was analyzed for Ca, Na, and B using ICP-OES (Vista
Pro Varian, standardization with matrix reconstitution, analytical error
±5%). Finally, the powder was also characterized using 11B-MAS NMR
according to the protocol described in Section 2.2.
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Fig. 2.Hydration of a CSA cementwith 10%gypsum(which corresponds to a concentration
of 970 mmol/L in the mixing water) in the presence of water (w/c = 0.6; T = 20 °C).
(a) Semi-quantitative evolution of the mineralogy inferred from XRD analysis.
(b) Thermodynamicmodeling of thehydrate assemblage formed by theprogressive disso-
lution of ye'elimite in an aqueous suspension initially containing 970 mmol/L of gypsum.
2.4. Thermodynamic modeling

Experiments were supported by thermodynamic equilibriummodel-
ing in order to predict the evolution of themineralogy and pore solution
composition of the cement pastes with ongoing hydration. Thermody-
namic calculations were carried out using the CHESS software which
works by minimizing the free energy of a pre-defined system [31].

The quality of modeling directly depends on the quality and com-
pleteness of the underlying database [32]. A review of the literature
was thus performed to identify the boron-containing aqueous species
and minerals relevant to the investigated systems [33]. They are sum-
marized in Table 2, together with their formation constants. These
data were added to the Cemdata07 database which contains thermody-
namic data for a number of cement phases [34].
3

Different forms of aluminum hydroxide were tested in the thermo-
dynamic model. With gibbsite (Al3+ + 3H2O → Al(OH)3 + 3H+, log
K = −7.756 at 25 °C) and bayerite (log K = −8.6 at 25 °C), the simu-
lationsfittedwell with the experiments (prediction of the phase assem-
blage and pH evolution). This was not the case for amorphous
aluminum hydroxide (log K = −9.1282 at 25 °C). Since the analysis
by XRD of cement pastes aged 3 months and 1 year showed the pres-
ence of broad peaks corresponding to poorly crystallized gibbsite, this
form was selected for the subsequent calculations.



3. Results and discussion

3.1. Heat production during cement hydration (conduction calorimetry)

The heatflux released during CSA cement hydration in the presence of
demineralized water or of a borate-containing solution ([B] = 1 mol/L,
pH = 11) was investigated using isothermal microcalorimetry (T =
25 °C) as a function of the initial gypsum content of the binder.

3.1.1. Hydration in the presence of pure water
When the mixing solution was pure water (Fig. 1-a), the heat flow

exhibited a first maximum just after the water addition, which resulted
from very early hydration reactions [35]. This heat output was too rapid
to be recorded with the type of calorimeter used in this study, and the
signalmeasured during the first 30minwas rather due to extra undesir-
able heat caused by the sample introduction in the calorimetric cham-
ber. It was followed by a period of low thermal activity, corresponding
to the slow dissolution of anhydrous phases and slow precipitation of
cement hydrates at the surface of the cement grains (mainly ettringite
and amorphous aluminum hydroxide) [29].

Afterwards, the heat flow increased again, indicating a strong accel-
eration of hydration, and reached a secondmaximumbeforedecreasing.
In agreementwith previous results [29,35,36], this heat event, responsi-
ble for setting of the paste, comprised at least two periods, as shown by
the shoulder on the left or right-side of the peak. In the first period, the
consumption of ye'elimite accelerated and ettringite precipitated
(a)

0

1

2

3

4

0 25 50 75

Am
ou

nt
 o

f p
ha

se
s 

(a
.u

)

Time

P

Y

G

P

U-phase

Et
tr

in
gi

te
B

-A
Ft

(B,S)-AFt

2 Theta (°)
8 9 10

In
te

ns
ity

 
(c

ou
nt

s)

Po
si

tio
n 

of
 th

e 
{1

00
} r

ef
le

ct
io

n

(c)(b)

Fig. 3. Hydration of a CSA cement with 10% gypsum in the presence of a sodium borate solution
mineralogy inferred from XRD analysis. (b) Shift of the {100} reflection of the precipitated AFt-
flection of the (B, S)-AFt phase during hydration.
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together with aluminumhydroxide according to Eq. (1). The second pe-
riod resulted from a deficit in gypsum, leading to the formation of a mix
of monosulfate and ettringite, for instance according to the balanced
Eq. (2).

C4A3Sþ 2CSH2 þ 34H→C3A � 3CS � 32Hþ 2AH3
C4A3Sþ 2−xð ÞCSH2 þ 34−8xð ÞH→ 1−0:5xð ÞC3A � 3CS � 32H

þ 0:5 xð ÞC3A � CS:H12 þ 2AH3

ð1Þ

with 0 b x ≤ 2: ð2Þ

The initial gypsum content of the binder not only influenced this
change in the thermal regime, but also the duration of the period of
low thermal activity. It was enhanced by the absence of gypsum, as
already noticed by Berger et al. [13].

3.1.2. Hydration in the presence of a sodium borate solution
On the contrary, when the mixing solution contained borates, de-

creasing the gypsum content shortened the period of low activity
(Fig.1-b). For instance, the heat flux reached its maximum after 28 h
for a gypsum-free binder, instead of about 80 h for a binder with 10%
gypsum. Borate ions also retarded hydration of the CSA cements what-
ever their gypsum content. In comparison, the maximum heat fluxes of
reference samples prepared with water were indeed recorded at 12 h
only in the absence of gypsum, and at about 3 h with 10% gypsum. It
should be noted however that the retardation caused by borate ions
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Fig. 4.Hydration of a CSA cement with 10% gypsum in the presence of a sodiumborate so-
lution ([B]tot = 1 mol/L, pH = 11, w/c = 0.6; T = 20 °C): TGA analysis of a 24 h-old
sample.
was much lower for CSA cements than for Portland cement (OPC):
under similar conditions, the maximum heat flux occurred after about
140 h for OPC [19].
3.2. Phase assemblage and pore solution chemistry during cement
hydration

The previous results raised some questions about the way borate
ions retarded CSA cement hydration, and about the variable effect of
gypsum on the early stages of CSA cement hydration depending on
the composition of themixing solution. The evolution of themineralogy
and pore solution composition with ongoing hydration was thus care-
fully investigated for two specimens prepared with CSA cement
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comprising 10% gypsum and water (reference) or the borate-
containing solution ([B]tot = 1 mol/L, pH = 11).

3.2.1. Hydration in the presence of pure water
As expected, the main crystallized hydrate precipitated in the refer-

ence sample was ettringite as long as there was enough gypsum in the
system (Fig. 2-a). Then,monosulfate formed. Aluminumhydroxide pre-
cipitated in an amorphous form andwas not detected by XRD, but could
be identified from the first characterization time by TGAdue to itswater
loss at 275 °C. The extracted pore solution had a pH of 10.5 until gypsum
exhaustion. Then, the pH increased to 12. These results were fairly well
reproduced by thermodynamic calculations simulating the hydration of
a simplified mixture of ye'elimite and gypsum (Fig. 2-b).

3.2.2. Hydration in the presence of a sodium borate solution
Adding sodium borate to the mixing solution had a strong influence

on the evolution of the mineralogy during the early age hydration. The
XRD patterns recorded up to 95 h showed that very few amounts of
ye'elimite dissolved until the depletion of gypsum (Fig. 3-a). Note that
the heat flow peak accompanying the acceleration of hydration was re-
corded about 10 h earlier in the calorimetric experiment (Fig. 1-b).
However, the samples for the mineralogical investigation were cured
at 20 °C, instead of 25 °C for the calorimetric study. This temperature dif-
ference could explain the slightly different rates of hydration in the two
experiments since it is well known that CSA cement hydration is highly
thermo-sensitive [29]. Consumption of mayenite was difficult to assess
from the XRD patterns because its diffraction lines had a weak intensity
and overlapped with those of other minerals (ye'elimite, AFt phase).

The slow dissolution of ye'elimite was accompanied by the precipi-
tation of an AFt-type phase. Its {100} reflection exhibited a small devia-
tion towards higher angles as compared with pure ettringite (Fig. 3-b).
This could be explained by the partial substitution of sulfate anions by
borate anions in the structure of ettringite. Wenda and Kuzel [20]
showed indeed that borate can completely substitute for sulfate in AFt
phases. Poellmann et al. [23] additionally demonstrated that a large
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Fig. 6. Thermodynamic investigation of the hydration of a CSA cementwith 10% gypsum (corresponding to 970mmol/L in themixing solution) in the presence of a sodiumborate solution
([B]tot = 1 mol/L, [NaOH]= 960mmol/L). (a) Modeling of the hydrate assemblage formed by the progressive dissolution of ye'elimite in an aqueous suspension initially containing 970
mmol/L of gypsum, 1mol/L of H3BO3, and 960mmol/L of NaOH. (b) Evolution of the saturation indexes of themain hydrates during hydration of the CSA cement paste (calculations based
on the experimental concentrations measured in the pore solution).
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Fig. 8. 11B-MAS NMR spectra of the cement paste hydrated in the presence of the sodium
borate solution.
range of solid solutions exists between ettringite and the AFt phase con-
taining boron. When the hydration degree increased, the amount of
AFt-type phase increased, and the angular position of its {100} reflection
approached that of pure ettringite (Fig. 3-c), which could be explained
by the progressive release of sulfates by the dissolution of the anhy-
drous phases. When gypsum was exhausted, the massive dissolution
of ye'elimite occurred, accompanied by the massive precipitation of
the AFt-type phase. Small amounts of U-phase were also evidenced by
XRD. It is an AFm-type phase, similar tomonosulfate, where some calci-
um cations are substituted by sodium cations [37]. Its precipitation
could be expected given the very high concentration of sodium (960
mmol/L) in the mixing solution due to the pH set to 11 with sodium
hydroxide. No other AFm-type phases could be detected.

Thermogravimetry analysis performed on a 1d-old paste confirmed
the presence of residual gypsum and of small amounts of an AFt-type
phase (Fig. 4). An additional important weight loss was also recorded
Fig. 9.Hydration of a CSA cement without gypsum in the presence of a sodium borate solution
X-ray diffraction. (b) TGA analysis of two samples aged 6 h and 30 h. (c) Evolution of the pore s
the progressive dissolution of ye'elimite in an aqueous suspension initially containing 1 mol/L

7

at 80 °C, corresponding to a compound not detected by XRD, and thus
amorphous or poorly crystallized.

3.2.3. Identification of the amorphous borate mineral precipitating at early
age

Complementary experiments were performed in order to identify
this compound. The pore solutionwas extracted by pressing the cement
paste and characterized for its pH and chemical composition (Fig. 5).
After an abrupt decrease from 11.6 to 11.0 at the very beginning of hy-
dration, the pH showed little variation as long as gypsum was present,
slightly decreasing from 11.0 to 10.75. About nine tenths of the borate
ions were rapidly depleted. The solution also comprised high contents
of sulfates (between 300 and 400 mmol/L), resulting from the progres-
sive dissolution of gypsum, but its calcium concentration remained
much lower (close to 20 mmol/L). The precipitation of an amorphous
or poorly crystallized borate mineral containing calcium could be as-
sumed from these results. It could also explain the rapid stiffening of
the cement paste observed experimentally shortly after mixing.

The formation of a calcium borate with possible C2B3H8 stoichiome-
try has already been postulated to explain the strong retarding effect of
borate ions on OPC hydration [26]. However, the cement paste investi-
gated in this study also comprised high sodium contents and thermody-
namic calculations of themost stable phase assemblage rather predicted
the precipitation of ulexite, a mixed borate mineral containing sodium
and calcium (NaCa[B5O6(OH)6](H2O)5). The modeled phase evolution
occurring when a simplified cement comprising ye'elimite and gypsum
only was hydrated in the presence of the sodium borate solution is in-
deed shown in Fig. 6-a.

When ye'elimite began to dissolve, the pore solution pH dropped
from 12.2 to 10.8. Some gypsum was consumed and ulexite precipitat-
ed. Then, the pH remained stable at 10.8, AH3 and an AFt-type phase
(ettringite) precipitated while gypsum was progressively consumed. It
should be noted that the thermodynamic database did not include any
data concerning the solid solution between the 4Boro-AFt phase and
([B]tot = 1mol/L, pH= 11, w/c= 0.6; T= 20 °C). (a) Mineralogical evolution assessed by
olution pHwith time. (d) Thermodynamicmodeling of the hydrate assemblage formed by
of H3BO3, and 960 mmol/L of NaOH.
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ettringite, and only the pure phases could precipitate in this calculation.
Exhaustion of gypsum was accompanied by a pH increase up to 12.7,
and by the destabilization of ulexite which began to dissolve. Finally,
once ulexite was fully depleted, the U-phase formed and the pH stabi-
lized at 12.8. This simulation seemed rather consistent with the experi-
ment: the pH variationwaswell reproduced, aswell as the precipitation
of AH3 and the AFt-type phase, followed by the formation of the
U-phase.

Even if ulexite could not be identified with certainty in the cement
paste, assuming its transient precipitation during the period of low
thermal activity seemed realistic for three reasons.

(i) The saturation indexes of the solid phases were calculated using
the concentrations of the aqueous species measured in the ex-
tracted interstitial solutions (Fig. 6-b). As long as gypsum was
present, the aqueous phase was supersaturated with respect to
gypsum, aluminum hydroxide and ettringite. Among the borate
minerals (hexahydroborite, inyoite, borax, nobleite, sborgite,
ulexite), ulexite exhibited the highest saturation index which
was very close to zero, and thus to equilibrium, during this period.

(ii) Some ulexite was synthesized according to Casabonne's protocol
[27] bymixing calciumhydroxide and boric acid in demineralized
water with a B/Ca molar ratio of 9, and by setting the pH to 10 by
an addition of sodium hydroxide. A white and gel-like compound
precipitated instantaneously. Its X-ray diffraction pattern, directly
recorded on the suspension, mainly comprised two diffusion
peaks at 2θ = 29.2° and 42.9°, which confirmed its poor crystal-
linity (Fig. 7-a). However, some diffraction peaks of very weak in-
tensitywere also observed at 2θ=7.1°, 21.0° and 30.9°, indicating
the presence of ulexite traces. Drying the sample using
isopropanol mainly yielded well crystallized ulexite (Fig. 7-c),
with small amounts of portlandite (CH) and traces of pentahydro-
borite (CBH5) and frolovite (CBH4). The composition of the
gel-like compound was determined by mass balance from the
analysis of the aqueous phase in contact. The B/Ca and Na/Ca ra-
tios were found to be respectively 4.9 ± 0.1 and 0.98 ± 0.02,
which fits rather well with the stoichiometry of ulexite (NaCa
[B5O6(OH)6](H2O)5). ESEM observations revealed a fibrillar mor-
phology (Fig. 7-b), also reported for ulexite. The local borate orga-
nization in the gel-like product was also compared to that in well
crystallized ulexite (Fig. 7-d). Both compounds exhibited the
same 11B MAS-NMR spectra, with two main peaks for chemical
shifts in the range [18.5; 14] ppm and [3.5; 1.5] ppm which
were characteristic of tricoordinated and tetracoordinated boron
atoms respectively. 11B (80.22% naturally abundant) is a half-
integer nucleus (I = 3/2) that possesses a quadrupolar momen-
tum. This gives rise to a quadrupolar interaction, the amplitude
of which strongly depends on the distortion of the site compared
to the cubic symmetry. When this interaction is strong, the
second-order terms of the interactions are only partially averaged
by MAS, and this results in a characteristic lineshape that can be
seen in Fig. 7-d for the B[III] sites. The splitting of the signal in-
duces an experimental broadening and additionally shifts the
peak to the lower ppm region [38–40]. On the contrary, for
tetrahedral B[IV] sites, the higher symmetry corresponds to a
small quadrupolar coupling constant, and the signals are nearly
Gaussian [41,42]. The shoulder on the left side of the peak at
[3.5; 1.5] ppm indicated two types of B[IV] sites, which is in
good agreement with the structure reported for ulexite by Gode
and Kuka [28]. From these experiments, it was concluded that
the formation of well crystallized ulexite could be preceded by
the rapid precipitation of a compoundwith the same stoichiome-
try, but with very poor organization at long distance, making it
difficult to detect by X-ray diffraction. This compound was subse-
quently considered as ulexite.

(iii) The solid phase of the one-day old cement paste hydrated in the
8

presence of the sodium borate solution was analyzed by 11B
MAS-NMR (Fig. 8). As for ulexite, the spectrum exhibited two
peaks at [4;−1.5] ppm and [19; 13] ppm, showing the presence
of boron both in the tetrahedral and trigonal coordinations re-
spectively. The ratio between the tetrahedral and trigonal sites
was however much higher than that in ulexite. This could be ex-
plained by assuming the precipitation of two boron-containing
phases: ulexite, but also themixed AFt-type phase containing bo-
rate and sulfate anions, as previously evidenced by X-ray diffrac-
tion and thermogravimetry analysis (Figs. 3 and 4). Champenois
et al. [24] have shown indeed that boron is tetrahedrally four-
fold coordinated by oxygen in the crystal structure of the AFt
phase. In comparison, the spectrum of a one-year old sample
only exhibited one sharp peak characteristic of boron in tetrahe-
dral coordination in the AFt phase. This spectroscopic analysis
was thus consistent with the assumption of the transient precip-
itation of ulexite at early age in the cement paste hydrated in
the presence of the sodium borate solution.

3.3. Transient precipitation of ulexite and hydration delay

Is there a relationship between the transient precipitation of poorly
crystallized ulexite during the period of low thermal activity and the
hydration delay caused by borate anions? To answer this question, the
stability domain of ulexite was investigated as a function of two
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parameters: the initial gypsum content of the cement, and the amount
of sodium hydroxide added in the mixing solution.

3.3.1. Influence of the gypsum content on the stability of ulexite
A CSA cement paste free from gypsumwas hydrated in the presence

of the borate-containing solution. The precipitation of small amounts of
aluminum hydroxide and of a mixed AFt-type phase incorporating
sulfate and borate anions occurred during the period of low thermal ac-
tivity (Fig. 9-a and b), and the pH stabilized at a value close to 12.6
(Fig. 9-c). Then, the pH increased to 12.8 and the precipitation of the
U-phase was observed.

These experimental resultswerewell reproduced by thermodynam-
ic modeling of a simplified system in which ye'elimite was hydrated in
the presence of the borate solution (Fig. 9-d). In particular, the agree-
ment between the experimental and calculated pH values was excel-
lent. The model still predicted the precipitation of ulexite at an early
age, but this phase was more easily destabilized than in the presence
of gypsum: the amount of ye'elimite to dissolve until ulexite exhaustion
was 0.1 mol/L, instead of 0.8 mol/L when the system comprised 970
mmol/L gypsum (see Fig. 6-a). This decreased stability of ulexite in the
absence of gypsum could be explained by the higher pH of the system
during the first stage of hydration: instead of being buffered at 10.8,
the pH was rapidly raised to 12.5. From a kinetic point of view, it was
shown in Fig. 1 that the retardation of CSA cement hydration in the pres-
ence of borate anions was strongly reduced in the absence of gypsum.

3.3.2. Influence of the sodium hydroxide content on the stability of ulexite
The mixing solution which mimicked the radioactive waste was a

boric acid solution ([B]tot = 1 mol/L) with a pH set to 11 by adding so-
dium hydroxide. The influence of a variation in the NaOH content on
CSA cement hydration was investigated at a constant boron concentra-
tion. From the kinetic point of view, increasing the NaOH content
9

accelerated cement hydration, as shown by microcalorimetric experi-
ments (Fig. 10-a).

The duration of the period of low thermal activity was characterized
by defining parameter Tc as the intercept between the tangent to the
first inflexion point of the heat flow peak and the x axis. This character-
istic time Tc, which corresponded to gypsum exhaustion as shown in
Section 3.2, decreased linearly when the NaOH concentration increased
in the mixing solution (Fig. 10-b).

From the mineralogical point of view, the modeled phase evolution
with ongoing hydration (Fig. 11) showed that increasing the initial
NaOH concentration decreased the stability of ulexite: the amount of



ye'elimite to be dissolved to exhaust gypsum and start ulexite dissolu-
tion, represented by parameter Q in Fig. 11, decreased linearly when
the NaOH concentration increased in the mixing solution. The influent
factor was the sodium concentration of the mixing solution rather
than its hydroxide concentration. Fig. 11-c shows indeed that the pore
solution pH before the exhaustion of gypsum stabilized to the same
value of 10.7 whatever the initial pH: it was governed by the equilibria
between the solid phases and the solution. On the contrary, the sodium
concentration directly influenced the stability of ulexite and the
U-phase.

Plotting thermodynamic parameter Q versus kinetic parameter Tc
showed their strong correlation (Fig. 12),meaning that the transient pre-
cipitation of ulexite played a key role in controlling the reactivity of CSA
cement at an early age. The higher the amount of precipitated ulexite, the
higher the amount of ye'elimite needed to be dissolved for destabilizing
this phase, the longer the duration of the period of low thermal activity,
and thus the longer the hydration delay. The slope of the curves plotting
Q versus Tc represented the average dissolution rate of ye'elimite during
the period of low thermal activity. It remained constant, meaning that it
was controlled by a pseudo-stationary state. The latter depended on the
cement composition: the dissolution rate of ye'elimite was higher in the
absence of gypsum than with 10% gypsum.

4. Conclusion

Hydration of CSA cements containing 0 to 20% gypsum in the pres-
ence of a concentrated sodium borate solution was investigated at an
early age. The borate ions retarded CSA cement hydration, all the
more since the gypsum content of the binder was high. They were
shown to be rapidly partially depleted from the mixing solution and
precipitated into two hydrates: (i) ulexite with very poor crystallinity,
which formed transiently during the period of low thermal activity,
and (ii) a mixed AFt-type phase containing borates and sulfates, which
tended to get richer in sulfates with time.

The transient precipitation of ulexite revealed to play a key role in
the control of the cement reactivity at early age. The duration of the pe-
riod of low thermal activity increasedwith the amount of ulexite precip-
itated, and the acceleration of cement hydration occurred only when
this phase was destabilized and began to dissolve. It should be noted
that other processes, such as slowing down of the dissolution of
anhydrous cement phases, or poisoning of the precipitation of cement
hydrates, might also be involved in the hydration delay, and will have
to be investigated in a dedicated study.

Preventing, or limiting, the precipitation of ulexite was found to be
an efficient way to decrease the retardation of CSA cement hydration
due to borate ions. This could be achieved by decreasing the gypsum
content of the cement, or by increasing the sodium content of the
mixing solution. The next important stage will be to determine the
long-term properties of the resulting materials.
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