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The potential of calcium sulfoaluminate (CSA) cement was investigated to solidify and stabilize wastes
containing large amounts of soluble zinc chloride (a strong inhibitor of Portland cement hydration).
Hydration of pastes and mortars prepared with a 0.5 mol/L ZnCl, mixing solution was characterized over
one year as a function of the gypsum content of the binder and the thermal history of the material. Blend-
ing the CSA clinker with 20% gypsum enabled its rapid hydration, with only very small delay compared
with a reference prepared with pure water. It also improved the compressive strength of the hardened
material and significantly reduced its expansion under wet curing. Moreover, the hydrates assemblage
was less affected by a thermal treatment at early age simulating the temperature rise and fall occurring
in a large-volume drum of cemented waste. Fully hydrated materials contained ettringite, amorphous
aluminum hydroxide, stratlingite, together with AFm phases (Kuzel’s salt associated with monosulfoa-
luminate or Friedel’s salt depending on the gypsum content of the binder), and possibly C-(A)-S-H. Zinc
was readily insolubilized and could not be detected in the pore solution extracted from cement pastes.

1. Introduction

Cementitious materials intended for radioactive waste solidi-
fication and stabilization usually include substantial amounts of
ordinary Portland cement (OPC) in their formulation. However,
wastes produced by nuclear activities are very diverse and some
of their components may chemically react with cement phases or
mixing water, thus reducing the quality of the product. For instance,
ashes resulting from the incineration of technological wastes with
neoprene and polyvinylchloride may contain substantial amounts
of soluble zinc chloride [1]. This compound is known to have dele-
terious effects on OPC hydration. Setting is strongly delayed, and
can even be inhibited at high zinc loadings [2,3], while harden-
ing is slowed down [4-7]. Moreover, zinc in its ionic form is an
environmental pollutant. Acute and chronic effects of zinc have
been widely described for different aquatic organisms and expo-
sure routes [8]. In humans, a prolonged and excessive intake of
zinc may lead to toxic effects, such as carcinogenesis, mutagenesis
and teratogenesis, as a result of its accumulation [9].

The reactivity of Zn(Il) in a cementitious system depends both
on pH and concentration. At low Zn(II) concentrations (<1 mmol/L),
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and pH within the range 11.7-12.8, sorption of Zn(Il) to calcium
silicate hydrate (C-S-H) is observed [10-14]. At high Zn(II) con-
centrations, the precipitation of [3,-Zn(OH), (pH<12) or calcium
zincate Zn,Ca(OH)g-2H,0 (pH>12) is observed. The preferential
formation of the former [15,16] or latter phase [17-19] on the
cement particles has been postulated to explain the delay in cement
hydration. Ettringite may also be involved in the retention of Zn(II).
By investigating the leaching of cement pastes prepared with a
2 g/L Zn(II) solution, Poon et al. [20] noticed that zinc release and
ettringite destabilization occurred simultaneously.

Two approaches may be considered to reduce adverse
waste—cement interactions. The first one is to perform a chem-
ical pre-treatment of the waste to convert interfering species to
compounds that are stable in cement. Various treatments have
been investigated, aiming at precipitating Zn(Il) as a phosphate,
silicate or calcium compound. The reactions with phosphates and
silicates are slow at ambient temperature, and only calcium pre-
cipitation would meet industrial requirements [21]. However, the
pre-treatment step increases the complexity and cost of the pro-
cess. The second approach, which is investigated in this article,
aims at selecting a binder having improved compatibility with the
waste.

Calcium sulfoaluminate (CSA) cements can have highly vari-
able compositions, but all of them contain ye’elimite, also called
Klein’s compound or tetracalcium trialuminate sulfate, in their
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Table 1

Mineralogical composition of the investigated CSA clinker (KTS 100 provided by Belitex).

Minerals C4A3S C,S Ci2A7

Periclase (& Quartz Others?

wt% 68.5 159 9.5

1.5 0.5 0.5 24

2 Include 1.2% of iron oxide.

clinker [22-25]. In this article, we will consider only sulfoalumi-
nate belite cements in which ye’elimite (C4A3S!) predominates
over belite (C,S) [26]. A wide range of gypsum contents (typically
from 10 to 25%) can be ground with CSA clinker to produce different
CSA cements, ranging from rapid-hardening (at low gypsum con-
tent) to shrinkage-compensating, and eventually to self-stressing
(at high gypsum content) [27]. The hydration progress of CSA
cement pastes occurs by the initial precipitation of ettringite
and aluminum hydroxide, followed by the precipitation of cal-
cium monosulfoaluminate hydrate once calcium sulfate has been
depleted [28-30]. The contents of ettringite and calcium mono-
sulfoaluminate hydrate are very sensitive to the amount of added
sulfate: the former dominates in a gypsum-rich environment,
whereas the latter tends to increase in a gypsum-deficient system
[31]. Depending on the composition of the minor phases, other
hydration products may also precipitate, such as C-S-H [28,32],
stratlingite [33-35], siliceous hydrogarnet [34] and/or hemi- or
monocarboaluminate [36].

CSA cements may present at least two advantages to stabilize
ZnCl,-rich wastes. Their hydration is much less retarded by zinc
chloride than that of OPC [37]. Moreover, their two main hydrates,
ettringite and calcium monosulfoaluminate hydrate, are expected
to provide good Zn%* confinement due to their flexible structure
[38-44].

This work aimed at assessing the potential of CSA cement to
stabilize wastes with high contents of soluble zinc chloride. A
cement matrix material intended for immobilisation has to meet
a number of requirements. The cemented waste form should set
within a reasonable period of time and remain a stable monolith
thereafter. Excessive heat generation during hydration should be
avoided, as well as segregation of water. Moreover, the pollutants
from the waste should be insolubilized. This work had thus three
main issues:

- supplement the data concerning hydration at early age of CSA
cements by a ZnCl, solution by following their mineralogical evo-
lution over one year,

- assess the influence on hydration of a brief temperature rise and
fall at early age, as it may occur in a 200L drum filled with a
cemented waste,

- investigate the strength development and volume change of
ZnCl,-rich mortars as a function of their gypsum content.

2. Experimental
2.1. Materials and specimen preparation

CSA cements were prepared by mixing a ground industrial
CSA clinker (composition in Table 1; dyp=2.67 um, dsp=17.6 um,
dgo =50.8 wm, BET specific surface area= 1.3 m2/g) with the appro-
priate amount of analytical grade gypsum (from 0 to 20% by weight
of cement; d1p=5.4 um, dso=19.6 pm, dgp =50.3 um, BET specific
surface area=0.4m?/g) for 15min. In the clinker, ye’elimite pre-
dominated over belite and mayenite. The other minor constituents,
mainly phases containing titanium and iron, could be regarded

! Shorthand cement notations are used in this article: C=Ca0, S=SiO,, S=S03,
A=Al,03, H=H;0, T=TiO,.

as hydraulically inactive. Both cement pastes and mortars were
made with the same w/c ratio of 0.55 for an easier comparison
of their hydration rate. The selected ratio (0.55) resulted from a
compromise. It enabled the preparation of mortars with an accept-
able workability, while the corresponding cement pastes did not
exhibit any bleeding. Moreover, the water content was slightly
higher than the chemical water demand of the binder comprising
80% clinker and 20% gypsum, as assessed in a previous work [47]
(water demand corresponding to a w/c ratio of 0.54). Ablend of two
siliceous sands (0.1-1.2 mm), with a sand to cement weight ratio of
3, was used to optimize the workability and limit the heat release of
fresh mortars during hydration. The mixing solution was prepared
by dissolving analytical grade salt into distilled water (ZnCl, 0 or
0.5 mol/L, which was representative of the concentration released
in mixing water by actual incinerator ashes). Mixing was performed
in a standardized laboratory mixer (following European standard
EN 196-1) at low speed for 3min and at high speed for 2 min.
Cement pastes were cast into airtight polypropylene boxes (7 mL
of paste per box), and cured at 20 °C for one year, or submitted to
a thermal treatment in an oven (Memmert UFP500) for 7 d before
being cured at 20°C. Mortars were cast into 4cm x4cm x 16cm
moulds and cured for 7d at 20+ 1°C and 95 + 5% R.H., or submit-
ted to a thermal treatment. The specimens were then demoulded,
weighed, measured, and kept at room temperature in sealed bag
or immersed under water at 20 + 1 °C. Mortars were also used for
semi-adiabatic calorimetry investigation.

Shorthand notations were used to refer to the different investi-
gated compositions, as summarized in Table 2.

Complementary experiments were performed on cement sus-
pensions (w/c ratio=10) stirred under nitrogen atmosphere at
room temperature for 7 d. The objective was to reach higher degrees
of hydration than in cement pastes.

2.2. Thermal cycles

Thermal cycles were applied on pastes and mortars just after
mixing with the objective to reproduce the temperature rise and fall
occurring in a massive mortar block. In a preliminary study, it was
shown that the temperature evolution in the heart of a 200 L metal-
lic drum filled with a cemented waste (mortar with typical w/c
and s/c ratios of 0.55 and 3) could be reasonably well assessed by
recording the temperature during hydration of 800 mL of the same
mortar sample placed in a semi-adiabatic Langavant calorime-
ter. Such curves were thus recorded for each investigated cement
composition (Fig. 1). Temperature profiles were then defined by
interpolating the curves as closely as possible. Since cement pastes
produced more heat than mortars, some corrections were imple-
mented when necessary to keep similar temperature evolutions in
the heart of mortars and their corresponding pastes with the same
gypsum content.

2.3. Characterization methods

Hydration of mortars was followed by calorimetry according
to the semi-adiabatic method (European standard EN 196-9). This
latter consisted in introducing 1575+ 1g of fresh mortar into a
cylindrical container, which was then placed into a calibrated
Langavant calorimeter to determine the quantity of heat emitted
versus the temperature evolution.



Table 2
Shorthand notations of the investigated compositions.

Gypsum content (% by [ZnCl; ] in mixing water Paste

Mortar

weight of cement) (mol/L)
Curing at 20°C Thermal treatment Curing at 20°C Thermal treatment
at early age at early age
0 0 CEO CEOt MEO MEOt
0.5 CZ0 Czot MZ0 MZ0t
20 0 CE2 CE2t ME2 ME2t
0.5 Cz2 Cz2t MZ2 MZzZ2t

The core temperature of pastes and mortars was measured with
waterproof penetration probes (type K TC) and recorded with a
Testo 735-2 thermometer.

Hydration was stopped after fixed periods of time (from 5 min
to 1 year) by successively immersing the crushed pastes into iso-
propanol and drying them in a controlled humidity chamber (with
20% relative humidity at 22 +2°C).

Crystallized phases were identified by X-ray diffraction
(Siemens D8 — copper anode Agq =1.54056 A generated at 40 mA
and 40 kV) on pastes and mortars ground to a particle size of less
than 100 wm. Concerning mortars, the samples were first crushed
coarsely and a part of the sand grains was removed by sieving at
200 wm before the grinding step to a particle size below 100 pm.
The acquisition range was from 5° to 60° 26 in 0.02° 20 steps with
integration at the rate of 50 s per step. The evolution of the amounts
of reactants and products over time was qualitatively assessed from
XRD patterns by measuring the areas of corresponding reflections
using the EVA software (© 2005 Bruker AXS). Thermogravimetric
analyses were carried out under nitrogen on 50 4 2 mg of sample
using a TGA/DSC Netzsch STA409 PC instrument at 10 °C/min up to
1000°C.

The compressive strength of mortar prisms cured in sealed bag
or under water was measured following European standard EN 196-
1after1d,7d,28d,90d, 180d and 360 d. Triplicate specimens were
used at each testing age.

Expansion under water was assessed on mortar bars placed
into cells filled with 700 mL of demineralised water (one sample
per cell). Their length change was measured with displacement
gauges (linear variable differential transducers, measurement
range +1 mm, resolution 1 wm). A sketch of the device is given in
[45]. Measurements were recorded every hour over approximately
one year, which allowed an accurate monitoring of the samples
evolution. Mass gain was assessed on additional specimens kept
under water at room temperature after 7d, 28d, 90d, 180d and
360d.
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Fig. 1. Thermal cycles applied to pastes and mortars as a function of the initial gyp-
sum content of the cement (0, 0% gypsum; 2, 20% gypsum) and zinc concentration
(E, 0mol/L; Z, 0.5 mol/L) in the mixing solution.

Total water porosity @, was estimated by measuring the total
water amount removed from water-saturated mortar samples after
drying at 60°C (to limit ettringite degradation) until stable mass
loss (Eq. (1)).

P (%)= T4

= e > 100 1)

where my and m,, are the water-saturated sample mass values mea-
sured in air and under water, respectively, and m, the mass of the
dried sample measured in air.

The pore solution composition of cement pastes was deter-
mined by extracting their interstitial solution using high pressure.
A crushed sample (~300g) was placed in the cavity of the pore
pressing device. Pressure was then applied to the piston at a rate of
20 MPa/min, with plateaux at 110, 225 and 340 MPa, until a max-
imum load pressure of 450 MPa (Walter Bai 102/3000-HK4). The
pore solution was collected in a plastic tube maintained in slight
depression. At the end of the experiment the sampling tube was
transferred into a N, glovebox, and the collected solution was fil-
tered at 0.2 wm before analysis by ICP-AES.

Thermodynamic calculations were carried out using the CHESS
software [46]. The solubility constants of CSA cement hydrates were
previously givenin [47], those of the Kuzel’s and Friedel’s salts were
taken from [48]. The data relative to zinc-containing phases are
summarized in Table 3.

3. Results
3.1. Rate of hydration

The rate of hydration of the cement pastes prepared with a
0.5 mol/LZnCl; solution was investigated as a function of their gyp-
sum content. The core temperature of the materials either cured at
20°C or in a semi-adiabatic Langavant calorimeter was recorded
versus time, and the residual ye’elimite content of the pastes was
assessed from their XRD patterns (Fig. 2). Hydration of the gypsum-
free cement at room temperature was retarded by almost 70 h
compared with a reference prepared with pure water (Fig. 2a). After
1d, only 18% of ye’elimite were depleted, versus 83% for the refer-
ence. Simulating a temperature rise up to 85 °Cstrongly reduced the
hydration delay. The heat flux reached its maximum after 14.3 h,
instead of 12.1 h for the reference with pure water cured under the
same conditions, and ye’elimite was almost fully consumed after
24 h (residual of 2%) (Fig. 2b). Raising the gypsum content of the
binder to 20% was another way to increase the rate of hydration.
The maximum temperature was reached after 8.3 h in sample CZ2,
instead of 79 h for sample CZ0 (Fig. 2a and c). Similarly, with a ther-
mal cycle, the heat flux reached its maximum after 3.2 h in sample
CZ2t instead of 14.3 h in sample CZOt (Fig. 2d). With 20% gypsum,
the retardation induced by zinc chloride was almost suppressed:
pastes CE2 and CZ2 exhibited rather similar ye’elimite depletion
rates (Fig. 2c). The origin of the retardation induced by ZnCl, on
gypsum-free CSA cement was discussed in a previous work [37].
Unlike what would be expected for OPC, the delay results from the



Table 3

Solubility data (T=25°C, 1 bar) of the zinc-containing phases considered for thermodynamic modelling.

Mineral Formation reaction LogK
CaZn;(OH)s Ca®* +2Zn?* +6H,0 — CaZny(OH)g + 6H* —44.56
Zny(OH);Cl 2Zn%* +Cl~ +3H,0 — Zny(OH)3Cl +3H* —15.2921
Zns(OH)sCl, 5Zn?* +2Cl~ +8H,0 — Zns(OH)gCl, + 8H* —38.5000
ZnCl, Zn%* +2Cl- — ZnCl, —7.088
Zincite Zn?* +H,0 — ZnO + 2H* —11.2087
Zn(OH); (beta) Zn?* +2H,0 — Zn(OH); pega + 2H* -11.9341
Zn(OH), (epsilon) Zn** +2H,0 — Zn(OH); epsiton + 2H* —11.6625
Zn(OH), (gamma) Zn?* +2H,0 — Zn(OH); gamma + 2H* —11.8832
ZnS04-7H,0 Zn?* +5042~ + 7H,0 — ZnS04-7H,0 1.8683
ZnS04-6H,0 Zn?* +S042~ +6H,0 — ZnS04-6H,0 1.6846
ZnS04-H,0 Zn?* +5042~ +Hy0 — ZnS04-H,0 0.5383
ZnS04 Zn?* +S04%~ — ZnS0y4 —3.5425
Zn;S04(0OH), 2Zn2* +5042%~ +2H;0 — Zn,S04(0OH), + 2H* -7.5816
Zn30(S04 )2 3Zn%* +25042~ +Hy0 — Zn30(S04), + 2H* -19.1188
Zny(OH)6SO4 47Zn?* +5042~ + 6H,0 — Zny(OH)sS04 + 6H, 0 —28.4000

Data from the Minteq database [52] and from [53].

strong retardation caused by chloride anions, which is partly bal-
anced by an accelerating effect due to zinc cations. Sulfates also
strongly accelerate hydration and, when gypsum is added to the
binder at a level of 20%, the delay is almost compensated.

3.2. Mineralogical evolution over one year
The mineralogical changes of the cement pastes with ongoing
hydration were determined by XRD and TGA (Figs. 3-7). Fig. 8 sum-

marizes the evolution over time of the hydrate assemblage in the
four investigated materials (CZ0, CZ0t, CZ2, CZ2t).

(a)

100% By w - 24
\
+235
= 80% - P
£ 23 P
(4]
E 60% - 225 5
i 2 5
- g
5 0% F215 g
% 1
2 r21 2
e 0% £
20,5
0% - T T T T 20
0 20 40 60 80 100
Time (h)
(c)
235
I3 +23 =
Py g
= +225 o
£ El
5 T2 @
> 1 a
3 25 E
z [ T2 =
-]
a B —— =
4 T205 E
0% T : ; T T 20
0 5 10 15 20 25 30

Time (h)

3.2.1. Paste CZ0

During the first 5min of hydration, a rapid stiffening of the
paste occurred simultaneously with the precipitation of gyp-
sum and of an unidentified compound, subsequently referred to
as “phase A”, which was responsible for two diffraction peaks
at 26=7.8° (most intense) and 15.7°, and for weight losses
at 95°C and 195°C by TGA. SEM observations of the paste
showed the formation of crystals with platelet morphology, which
were too fine to be analysed by EDX (Fig. 9). Up to 24h,
only small amounts of hydrates precipitated, mainly ettringite,
which replaced gypsum, phase A, amorphous aluminum hydrox-
ide (AH3), and Friedel’s salt, an AFm phase in which the positively
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Fig. 2. Influence of the composition of the mixing water, gypsum content of the binder and curing conditions on the hydration rate of CSA cements (dots, ye’elimite
content; curves, temperature). (a) Gypsum = 0%; curing at 20 °C; mixing solution =water or ZnCl2 0.5 mol/L. (b) Gypsum = 0%; curing at 20 °C or thermal treatment; mixing
solution=ZnCl, 0.5 mol/L. (¢) Gypsum =20%; curing at 20 °C; mixing solution = water or ZnCl, 0.5 mol/L. (d) Gypsum = 0% or 20%; thermal treatment; mixing solution =ZnCl,

0.5 mol/L.
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charged main layers are balanced by the insertion of chloride
anions in the interlayer (C3A-CaCl,-10H,0). After 7 d, phase A was
no longer detected and the phase assemblage had significantly
evolved. The main hydrates were ettringite and Kuzel’s salt, an
AFm-structured compound containing ordered chloride and sul-
fate anions (C3A-1/2CaS04-1/2CaCl,-10H,0). Smaller amounts of
CAH{o, monosulfoaluminate and Friedel’s salt were also observed.
At later age, from 7d to 1 year, the paste exhibited only minor

mineralogical evolutions. The residual amount of ye’elimite slightly
decreased (from 13% to 7%) while the amount of Kuzel's salt tended
to increase at the expense of Friedel’s salt. CAH{¢ is usually known
to be formed mainly at low temperature (below 15 °C) during the
hydration of calcium aluminate cement. However, its formation
has already been reported at 20-25°C during the hydration of
CSA clinker [37,49]. Nevertheless, CAH;g is a metastable phase at
ambient temperature and is expected to be transformed at later
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Fig. 7. Thermogravimetry analysis of cement pastes CZ0 (a), CZ2 (b), CZO0t (c) and CZ2t (d) after increasing periods of hydration. E, ettringite; G, gypsum; A, aluminum

hydroxide; M, calcium monosulfoaluminate hydrate; K, Kuzel’s salt; F, Friedel’s salt.
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Fig. 9. SEM observation of phase A in paste CZ0 after 5 min of hydration.

age. To assess the long term evolution of paste CZ0, the cement
was hydrated using the suspension technique (w/c=10) with the
same [ZnCl,]/cement ratio as in the cement paste (the ZnCl, con-
centration in the solution was thus decreased to 0.0275mol/L
to take into account the dilution factor of the suspension). After
one week of mixing, the reactive anhydrous phases of the clinker
(ye’elimite and mayenite) were totally depleted. The water loss
determined by TGA reached 32%, which corresponded to a w/c ratio
of 0.47. The chemical water demand of the clinker was thus lower
than the investigated w/c ratio (0.55). The phase assemblage com-
prised monosulfoaluminate and Kuzel’s salt, ettringite, AH3 and

strdtlingite (Fig. 10). Crystallized Zn-containing phases were not
detected. In addition to the precipitation of CI-AFm phases, the CSA
clinker hydrated with a ZnCl, solution differed from a reference
prepared with pure water by its higher ettringite content, and lower
strdtlingite content. As chloride ions partly replaced sulfates in the
structure of the AFm phases, more sulfates were available for ettrin-
gite precipitation in CZ0 than in CEO. Precipitation of strdtlingite is
well predicted by thermodynamic calculations simulating the addi-
tion of belite to a phase assemblage resulting from the hydration
of ye’elimite [34,47]. Strdtlingite is formed according to balance
equation C;S+AH;3 + 5H — C,ASHg as long as AHj is present in the
system. Precipitation of C-S-H requires an excess of belite over
ye’elimite. Two assumptions may be considered to explain the low
content of strdtlingite in suspension CZ0:

- the local precipitation of C-S-H near C,S grains could not be
excluded,

- or more likely, belite was not fully reacted, its hydration being
strongly delayed by zinc chloride.

3.2.2. Paste CZ0t

The temperature in paste CZ0t exceeded 70 °C from 14 to 26 h. As
already observed for CSA cement pastes prepared with pure water
[37], high temperatures promoted the precipitation of monosulfoa-
luminate instead of ettringite, which had a smaller stability domain
under these conditions [50]. After 1d, the amount of monosulfoa-
luminate tended to decrease, together with that of Friedel’s salt, to
form Kuzel’s salt. This evolution was consistent with the results of
Glasser et al. [51] and Balonis et al. [48], showing that the binary
monosulfoaluminate/Friedel’s salt system is unstable and leads to
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Fig. 10. X-ray diffraction and thermogravimetry analysis of cement suspensions prepared from CZ0 and CZ2 (w/c ratio increased to 10, constant Zn/c ratio) after one week
of stirring at 20 °C under nitrogen atmosphere. E, ettringite; F, Friedel’s salt; K, Kuzel’s salt; M, calcium monosulfoaluminate hydrate; S, stratlingite; A, AH3.



the formation of Kuzel’s salt and monosulfoaluminate (respectively
Friedel's salt) if the [SO4]/[Cl;] ratio is above (respectively below)
1. The temperature rise also induced a faster consumption of phase
A, which could no longer be detected beyond 5h (instead of 24h
for the paste cured at room temperature), and CAH;g was never
observed (whereas it persisted from 7 d to 1 year in paste CZ0).

3.2.3. Paste CZ2

When the CSA clinker was blended with 20% gypsum, precipi-
tation of phase A at early age increased. However, this compound
could not be detected beyond 1d. The main hydrates were then
ettringite and AHs. The gypsum addition clearly promoted the
precipitation of AFt instead of AFm phases as already observed
for pastes prepared with pure water [47]. Only small amounts of
Friedel’s salt were detected after 7d, and increased slightly over
one year, meaning that a significant fraction of chlorides should
remain insolubilized. The pore solutions of 1d, 7d, and 28d old
cement pastes (w/c raised to 0.75 to collect enough solution) were
extracted using pressure, and analysed (Table 4). As expected,
their chloride concentrations were important, ranging from 150
to 250 mmol/L, and counterbalanced by high concentrations of
calcium, sodium and potassium. Conversely, their zinc concentra-
tion always remained below the detection limit (<2 pmol/L). The
long-term evolution of cement paste CZ2 was assessed from the
analysis of a cement suspension (w/c=10, [ZnCl;]=0.0275 mol/L in
the solution to maintain a constant [ZnCl, ] to [cement] ratio). After
one week of stirring at room temperature, ye’elimite and mayen-
ite were totally consumed. The precipitated hydrates were mainly
ettringite and AHs, with smaller amounts of stratlingite, Friedel’s
and Kuzel’s salts (Fig. 10). For comparison, the hydrate assemblage
of a reference prepared with pure water contained ettringite, AHs,
stratlingite and monosulfoaluminate which formed once gypsum
was depleted. In the presence of ZnCl,, monosulfoaluminate was
replaced by the Kuzel’s salt given the instability of the monosulfoa-
luminate/Friedel’s salt system.

3.2.4. Paste CZ2t

Paste CZ2t exhibited very rapid hydration. After only 5h, gyp-
sum was almost totally consumed and the residual ye’elimite
content reached 7%. Phase A briefly precipitated at early age, but
was rapidly depleted: it was no longer detected after 2h. The
hydrates assemblage observed from 5h to one year comprised
ettringite, Friedel’s salt and AHs. Friedel’s salt was precipitated
in much higher amounts than in the paste cured at 20°C, while
the ettringite content was slightly lower. With rising temperature,
there was a drop in the thermodynamic stability of ettringite in
favour of Friedel’s salt. However, with the subsequent decrease in
temperature, ettringite could form again at the expense of Friedel’s
salt: between 7d and one year, the X-ray diffraction patterns
showed a slight increase in the ettringite peaks, and a decrease
in those corresponding to Friedel’s salt.

3.2.5. Modelling of the mineralogical evolution

The chronological evolutions of the phases precipitated dur-
ing hydration in pastes CZO and CZ2 were in fairly good
agreement (excepting the Zn-containing phases) with thermo-
dynamic calculations simulating the hydration of ye’elimite, or
ye’elimite + gypsum, in a ZnCl, solution. Fig. 11a shows for instance
the modelling of the progressive hydration of ye’elimite in sam-
ple CZ0 with a w/c ratio of 10 (corresponding to the suspension
experiment). The calculation predicted the successive precipitation
of AH3, ettringite (pH>10), Friedel’s salt (pH>11.5), Kuzel’s salt
(pH > 11.8) with consumption of Friedel’s salt, and finally monosul-
foaluminate. The final phase assemblage (AHj3, ettringite, Kuzel’s
salt and monosulfoaluminate) was in good agreement with the
experiment (see Fig. 10). The same calculation performed at a lower
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Fig.11. Thermodynamic modelling of the hydrates assemblage with ongoing hydra-
tion. (a) Dissolution of ye’elimite (from 0 to 113 mmol/L) in a solution containing
initially 27.5 mmol/L of Zn®** and 55 mmol/L of CI- (simulation of the progressive
hydration of ye’elimite in sample CZ0 with a w/c ratio of 10). (b) Dissolution of
ye'elimite (from O to 90 mmol/L) in a suspension containing initially 27.5 mmol/L
of Zn?*, 55 mmol/L of CI~ and 116.2 mmol/L of gypsum (simulation of the progres-
sive hydration of ye’elimite in sample CZ2 with a w/c ratio of 10). (c) Dissolution of
ye'’elimite (from 0 to 90 mmol/L) in a suspension containing initially 27.5 mmol/L
of Zn?*, 55 mmol/L of Cl-, 116.2 mmol/L of gypsum and 5.5 mmol/L of C;2A7 (sim-
ulation of the progressive hydration of ye’elimite in sample CZ2 with a w/c ratio
of 10 - mayenite is considered as fully hydrated). The zinc-containing phases
were omitted for better clarity. The model predicted the successive precipitation of
simonkolleite (Zns(OH),Cl,) (pH < 8.5), Zn(OH)s (8.5 < pH < 11.7), and hydroxyzin-
cate (CaZn,(OH)g) (pH > 11.7). Zincite (ZnO) is more stable than zinc hydroxide, but
is known to precipitate with a slower rate. It was thus excluded from the database.

w/cratio, such as in the cement paste, showed that, in the very first
stages of hydration, the system was also oversaturated with respect
to gypsum. Gypsum was actually observed in paste CZ0 5 min after
the beginning of hydration. Simulating the complete hydration
of ye’elimite in sample CZ2 at a w/c ratio of 10 led to the total



Table 4

Composition of the pore solutions extracted from pastes CE2 and CZ2 (w/c=0.75) cured for 1d, 7d and 28 d at 20°C and 95% R.H. (total concentrations in mmol/L, conductivity

in mS).

CE2 CZ2

1d 7d 28d 1d 7d 28d
Zn?* - - - <0.002 <0.002 <0.002
K* 53 55 52 82 90 97
Na* 21 15 5.5 60 59 32
Ca** 0.47 0.25 0.20 250 140 82
Sr2+a <0.001 <0.001 <0.001 7.6 4.8 3.8
AP* 12 7.6 6.9 <0.001 <0.001 <0.001
Cl- 7 5 4 250 190 150
5042~ 1.3 0.82 24 0.89 0.44 0.77
pH 123 12.4 12.3 9.8 9.6 9.5
Conductivity 8.2 11 9.2 49 37 32

a Strontium was initially contained by the clinker (0.09 wt%).

consumption of gypsum, and to the precipitation of AHs, ettringite
and Friedel’s salt (Fig. 11b). In the suspension experiment, small
amounts of Kuzel’s salt were also noticed (Fig. 10). Precipitation
of Kuzel’s salt could be reproduced by the model by taking into
account the full hydration of mayenite, in addition to ye’elimite
(Fig. 11c).

For both systems (CZ0 and CZ2), the calculations overestimated
the amount of AH3 precipitated at the beginning of hydration. In
the cement pastes, the latter may have been limited by the incor-
poration of aluminum in transient phase A.

3.3. Compressive strength

The properties of hardened materials were investigated on heat-
treated mortars MZ0t and MZ2t to take into account the significant
temperature rise occurring in actual cemented waste drums as a
result of the heat generated by hydration. Fig. 12 shows the evo-
lution with time of their compressive strength, which increased
very rapidly. It already reached 89 + 5% of the one-year strength
after 1d, compared with 79 + 9% for mortars MEOt and ME2t pre-
pared with pure water. Hardening was thus accelerated by zinc
chloride. The compressive strength continued to increase at later
age, but much more slowly. This result is consistent with the rapid
hydration of the binders, which exhibited only small mineralogi-
cal evolutions beyond 1 d. Zinc chloride also improved the one-year
strength of the mortars, especially when the cement contained gyp-
sum (increase of 31 £ 7% for MZ2t compared to ME2t, and 13 +5%
for MZOt compared to MEOt). These results could not be simply
explained by differences in the total water porosity of the sam-
ples. For instance, mortars MZ2t and ME2t had almost the same
total porosity, but exhibited very different compressive strengths.
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Fig. 12. Compressive strength and water porosity of 4cm x 4cm x 16 cm mortar
specimens submitted to a thermal treatment at early age, and subsequently cured
in sealed bag at room temperature.

Possible modifications of the ITZ might be involved, as well as differ-
ences in the pore distribution. Preliminary attempts to characterize
this distribution using mercury intrusion porosimetry were not
successful. The total porosities measured with this technique were
unexpectedly high. We suspected that the high vacuum required
by the method damaged ettringite due to a strong dehydration,
and thus modified the microstructure.

3.4. Volume stability under water

The length change and mass gain of the mortars cured under
water are summarized in Fig. 13. The samples were immersed after
7 d and exhibited a rapid mass increase which may have had differ-
ent origins: water uptake due to capillary suction to compensate
for water depleted by hydration, water penetration due to osmosis
(the interstitial solution being more concentrated than the cur-
ing solution), and continued hydration. The mass gain was rapid
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mens submitted to a thermal treatment at early age, and subsequently cured under
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Fig. 14. X-ray diffraction patterns of one-year old mortars MZ0t and MZ2t cured under water or in sealed bag.

during the first 28 d and tended to stabilize after 90d for samples
ME2t and MZ2t, but not for the gypsum-free mortars which also
exhibited higher water uptake.

Swelling under water was also highly dependent on the initial
gypsum content of the binder and on the ZnCl, concentration in
the mixing solution. Mortar MZ2t exhibited the same behaviour
as reference ME2t, with a small length change which remained
below 400 wm/m after one year. On the contrary, the expansion
of mortar MZ0t (+4100 wm/m at 1 year) was almost twice that of
mortar MEOt (+2000 wm/m), which was itself characterized by high
swelling compared with gypsum-containing materials. This signif-
icant expansion did not induce any cracking of the samples at the
macroscopic scale. However, the wet curing decreased the com-
pressive strength of mortar MZ0t (24 MPa) by 42% and increased
its water porosity (15.8 +0.2%) by 12% compared with curing in a
sealed bag.

In order to understand the origin of the volume instability of
gypsum-free materials, one-year-old mortars MZ0t and MZ2t were
characterized by X-ray diffraction after their curing under water,
and their mineralogy was compared to similar samples cured in
sealed bags (Fig. 14). Mortar MZ0t exhibited significant miner-
alogical changes: under wet curing, precipitation of strdtlingite,
ettringite and monosulfoaluminate was observed, whereas the
amount of chloro-AFm phases (Friedel’s and Kuzel’s salt) tended
to decrease. This could result from the continuation of hydration,
but also from the leaching of chlorides. Their concentration in the
curing solution (750 mL for a 4cm x 4 cm x 16 cm specimen) after
one year reached indeed 19 mmol/L. Three main processes could
contribute to the volume change:

- the retarded ettringite formation, due to the restart of hydration
and/or to the reprecipitation of primary ettringite decomposed
by the thermal excursion,

- the precipitation of strdtlingite from C,S and AH3 (AV/V=+3.5%),

10

- the transformation of chloro-AFm phases into monosulfoalumi-
nate, the Friedel’s salt (268 mL/mol) and Kuzel’s salt (289 mL/mol)
having a smaller molar volume than monosulfoaluminate
(309 mL/mol).

By contrast, the mineralogy of sample MZ2t was less dependent
on the curing conditions. The ongoing hydration induced by wet
curing led to the precipitation of small amounts of stratlingite and
Kuzel’s salt, while Friedel’s salt was partly depleted. The amount
of ettringite did not exhibit noticeable variations. The leaching of
chlorides was reduced (11 mmol/L in the curing solution). Under
wet curing, the porosity of mortar MZ2t (12.2 £+ 0.2%) decreased by
10%, and its compressive strength (53 MPa) slightly increased (by
8%), as compared with curing in a sealed bag.

3.5. Zinc confinement by the cement matrix

The CSA cement matrix provided very good Zn%* confinement,
whatever its gypsum content.

(i) The zinc concentration in the pore solution extracted from paste
CZ2taged of 1d, 7d and 28 d always remained below the detec-
tion limit of the analytical method (2 wmol/L).

(ii) Mortars MZ0t and MZ2t were cured under water for one year
to investigate their volume stability. At the end of the exper-
iments, the solutions were analysed and were found free of
zinc.

4. Conclusion

The purpose of this work was to assess the potential of CSA
cements for ZnCl; stabilization/solidification. The main conclusions
can be summarized as follows.



1. CSA cements were interesting candidates. Their setting was
never inhibited, even at high ZnCl, (0.5mol/L) in the mixing
water, and zinc was readily insolubilized. Blending the CSA
clinker with 20% gypsum was recommended for several reasons.
(i) The hydration delay observed for a gypsum-free binder was
suppressed. The strong retardation caused by chloride anions
was indeed offset by the cumulative accelerating effects of zinc
and sulfate ions. (ii) The temperature rise and cumulative heat
produced during hydration were reduced. (iii) The compres-
sive strength of the hardened materials was improved and their
expansion under wet curing strongly limited. (iv) Their mineral-
ogy was less dependent on the thermal history at early age.

2. When the CSA cements were hydrated with a ZnCl, solution,
chloro-AFm precipitated. Fully hydrated materials contained
ettringite, amorphous aluminum hydroxide, stratlingite and
Kuzel’s salt irrespective of the gypsum content. In addition,
monosulfoaluminate was detected when a gypsum-free cement
was used, while Friedel’s salt precipitated when the cement ini-
tially contained 20% gypsum. Transient phases also formed with
ongoing hydration: an unidentified compound named phase A
and gypsum (binders with 0% or 20% gypsum), together with
Friedel’s salt and CAHo (binder with 0% gypsum). The latter
was however only observed when hydration occurred at ambient
temperature.

3. Hydration of CSA cement is more exothermic than that of OPC.
Since a significant amount of heat is released within the first
12 h, large-volume drums of cemented waste forms may exhibit
substantial temperature rise. With CSA cements, it is most
important, for laboratory studies on small scale samples, to take
into account this thermal evolution at early age in order to under-
stand how actual cemented waste forms will perform. Applying
acyclereproducing the temperature rise (up to 80-85 °C) and fall
in a massive mortar block accelerated the rate of hydration of the
cement-waste grout, especially in the absence of gypsum. More-
over, the hydrate assemblage was modified. When gypsum-free
cement was used, high temperatures promoted the precipitation
of monosulfoaluminate instead of ettringite, and CAH;g was no
longer formed. When the cement contained 20% gypsum, the
mineralogy was less dependent on the curing conditions and
only minor evolutions were observed (increased precipitation
of Friedel’s salt, slight decrease in the ettringite content).

Future work will be focussed on the behaviour under leaching
of a ZnCl,-rich waste stabilized with CSA cement, with two main
objectives:

- assess the degradation rates and the mineralogical evolutions
involved,

- determine the mechanisms of zinc retention by the solid matrix,
and the nature of phase A formed at early age.
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