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a b s t r a c t

To assess the potential of calcium sulfoaluminate cement to solidify and stabilize wastes containing high
amounts of soluble zinc chloride (a strong inhibitor of Portland cement hydration), a simulated cemented
waste form was submitted to leaching by pure water at a fixed pH of 7 for three months, according to
a test designed to understand the degradation processes of cement pastes. Leaching was controlled by
diffusion. The zinc concentration in the leachates always remained below the detection limit (2 �mol/L),
showing the excellent confining properties of the cement matrix. At the end of the experiment, the solid
aste management
alcium sulfoaluminate cement
inc chloride
eaching

sample exhibited three zones which were accurately characterized: (i) a highly porous and friable surface
layer, (ii) a less porous intermediate zone in which several precipitation and dissolution fronts occurred,
and (iii) the sound core. Ettringite was a good tracer for degradation. The good retention of zinc by the
cement matrix was mainly attributed to the precipitation of a hydrated and well crystallized phase with
platelet morphology (which may belong to the layered double hydroxide family) at early age (≤1 day),
and to chemisorption onto aluminum hydroxide at later age.
. Introduction

It has long been common practice to stabilize low-level radioac-
ive wastes with cement. However, some waste components may
eact with cement phases, thus reducing the quality of the product.

For instance, ashes resulting from the incineration of techno-
ogical wastes with neoprene and polyvinylchloride may contain
ubstantial amounts of soluble zinc chloride [1]. This compound is
nown to have deleterious effects on hydration of Ordinary Port-
and cement (OPC). Setting is strongly delayed, and can even be
nhibited at high zinc loadings [2,3], while hardening is slowed
own [4–7]. Moreover, zinc in its ionic form is an environmental
ollutant [8]. In humans, its prolonged and excessive intake (refer-
nce dose for chronic oral exposure of 0.3 mg/kg/day [9]) may lead
o toxic effects, such as carcinogenesis, mutagenesis and teratoge-
esis, as a result of its accumulation [10].
One approach to limit adverse interactions is to select a binder
howing a better compatibility with the waste. It has been recently
hown that calcium sulfoaluminate (CSA) cements prepared from

∗ Corresponding author. Tel.: +33 4 66 39 74 50; fax: +33 4 66 33 90 37.
E-mail address: celine.cau-dit-coumes@cea.fr (C. Cau Dit Coumes).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.102
© 2011 Elsevier B.V. All rights reserved.

clinkers in which ye’elimite (or tetracalcium trialuminate sulfate,
C4A3S1) predominates over belite (C2S) exhibit a much better com-
patibility with zinc chloride than OPC [11,12]: their setting is never
inhibited, even at high concentration of ZnCl2 (0.5 mol/L) in the
mixing water, and zinc is readily insolubilized. The zinc concen-
tration in the pore solution extracted from CSA cement pastes
is already below the detection limit (2 �mol/L) of the analytical
method (ICP-AES) after one day of hydration [12]. Blending the CSA
clinker with 20% gypsum offers several advantages: (i) no hydration
delay, contrarily to a gypsum-free binder, (ii) reduced temperature
rise and cumulative heat produced during hydration, (iii) improved
compressive strength of the hardened materials and limited expan-
sion under wet curing, and (iv) mineralogy less dependent on a
temperature rise and fall at early age, as may occur in a large-
volume drum of cemented waste.

At 20 ◦C, the hydration progress of a CSA cement containing

20% gypsum and mixed with a 0.5 mol/L ZnCl2 solution (water
to cement ratio (w/c) = 0.55) occurs by the initial precipitation of
amorphous aluminum hydroxide (AH3), gypsum and an unidenti-

1 Shorthand cement notations are used in this article: C = CaO, S = SiO2, S = SO3,
A = Al2O3, H = H2O, T = TiO2.

dx.doi.org/10.1016/j.jhazmat.2011.07.102
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Mineralogical composition of the investigated CSA clinker (KTS 100 provided by
Belitex).

Minerals C4A3S C2S C12A7 CT Periclase CS Quartz Othersa
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ed compound, referred to as “phase �”, which exhibits a platelet
orphoplogy. Ettringite then precipitates while gypsum is rapidly

epleted. Phase � is fully consumed beyond one day of hydra-
ion. From 7 d to 360 d, the phase assemblage evolves very slowly
nd comprises ettringite, AH3, and small amounts of Friedel’s
alt, an AFm phase in which the positively charged main layers
re balanced by the insertion of chloride anions in the interlayer
C3A·CaCl2·10H2O). Fully hydrated materials contain ettringite,
H3, strätlingite (C2ASH8), Friedel’s salt and Kuzel’s salt, another
Fm-structured compound containing ordered chloride and sulfate
nions (C3A·1/2CaSO4·1/2CaCl2·10H2O) in its interlayer. From 1 d
nd the depletion of phase �, crystallized zinc-containing phases
an no longer be detected in the material. However, zinc is very
fficiently insolubilized, as shown by analyses of the pore solution
xtracted from cement pastes at various ages, and of the curing
olution of mortars kept one year under water: the zinc concentra-
ion is always below the detection limit (2 �mol/L) [12].

This work complements our previous study and aims at eluci-
ating the mechanisms of zinc retention by a CSA cement paste.

n this purpose, a CSA cement paste containing zinc chloride was
ubmitted to leaching by pure water according to a test developed
y the CEA [13] in order to understand the degradation processes of
he cement hydrates. Unlike previous work mainly focussed on the
nalysis of the leachates [14], particular attention was also brought
o the mineralogical evolutions caused by the leaching process in
he cement matrix.

. Experimental

.1. Materials and specimen preparation

CSA cements were prepared by mixing a ground industrial
SA clinker (the composition of which is summarized in Table 1;
10 = 2.67 �m, d50 = 17.6 �m, d90 = 50.8 �m, BET specific surface
rea = 1.3 m2/g) with 20% (by weight of cement) of analytical grade
ypsum (d10 = 5.4 �m, d50 = 19.6 �m, d90 = 50.3 �m, BET specific
urface area = 0.4 m2/g) for 15 min. In the clinker, ye’elimite pre-
ominated over belite and mayenite. The other minor constituents,

ainly phases containing titanium and iron, could be regarded as

ydraulically inactive. A cement paste (w/c of 0.55) was prepared
ith a standardized laboratory mixer (following European standard

N 196-1) by mixing cement and a solution of zinc chloride (con-

Fig. 1. Leachin
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centration of 0.5 mol/L) at low speed for 3 min, and at high speed for
2 min. The ZnCl2 solution was obtained by dissolving the appropri-
ate amount of analytical grade salt in distilled water. The 0.5 mol/L
concentration was representative of the concentration released in
the mixing water by actual radioactive incinerator ashes. The paste
was then cast into airtight polypropylene boxes, submitted to a
brief thermal excursion at early age in an oven (Memmert UFP
500), as may occur in a 200-L drum filled with cemented waste,
and subsequently cured for three months at 95% relative humid-
ity and 20 ◦C. The thermal cycle was previously described in [12]
(sample Z2t): the maximum temperature (79 ◦C) was reached 5 h
after mixing, the sample was maintained over 70 ◦C for 9 h, and
the cooling to ambient temperature took 6 days. Application of the
thermal treatment was justified by previous results showing that
the physico-chemical evolution of CSA cement-based materials can
be dependent on their thermal history at early age [15].

2.2. Leaching test

After 3 months of curing (20 ◦C, 95% R.H), two cylinders (5 cm
in diameter, 3 cm high, protected against lateral degradation by a
polymer coating) of the cement paste were leached in deionized
and decarbonated water thermo-regulated at 20 ± 1 ◦C, and kept
under N2 atmosphere to avoid carbonation. A sketch of the device
is given in Fig. 1. The ratio between the sample surface area and the
solution volume was fixed to 0.46 dm2/L. This ratio represented a
good compromise between the frequency of the leaching solution
renewals, and the level of concentrations to be measured in the
leachates. The composition of the leaching solution remained con-
stant during the test, with a pH maintained at 7.0 by adding nitric
acid (0.25 mol/L) in the reactor. The leaching solution was renewed
when the volume of added nitric acid reached 1% of the solution vol-
ume. After each renewal, the solution was sampled and analysed by
ionic chromatography (SO4

2− and Cl− concentrations determined
with an accuracy of ±5%) and ICP-AES (Ca, Al, Si and Zn concentra-
tions, measured with an accuracy of ±3%). The mineralogy of the
leached zone was assessed by progressively scraping the samples
from the external surface to the sound core using a micromilling
machine. With the help of XRD, TGA, and SEM/EDX, it was possible
by this way to determine the phases within slices approximately
100 �m thick, parallel to the leached surface.

2.3. Characterization methods

Crystallized phases were identified by X-ray diffraction
(Siemens D8 – Copper anode �K�1 = 1.54056 Å generated at 40 mA

and 40 kV) on pastes ground to a particle size of less than 100 �m.
The acquisition range was from 5◦ to 60◦ 2� at 0.02◦ 2� steps with
integration at the rate of 50 s per step. Thermogravimetric analy-
ses were carried out under N2 atmosphere on 50 ± 2 mg of sample

g device.
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ig. 2. Cumulative amounts of Ca2+, SO4
2− , Cl− and OH− ions released during leach-

ng of the cement paste in deionized water (pH 7, 20 ◦C).

sing a TGA/DSC Netzsch STA 409 PC instrument at 10 ◦C/min up
o 1000 ◦C.

The microstructure and chemical composition of the cement
astes was investigated using SEM (JEOL JSM-5910 LV with a
ungsten filament, or ESEM XL30-FEI microscope equipped with a
hermal field emission gun). X-ray microanalyses were performed
sing an energy dispersive X-ray system (EDX EDAX type). In the
TEM-in-SEM mode (FEI ESEM XL-30), a 3 mm diameter TEM cop-
er grid with the sample was placed on the head of a TEM sample
older fixed on a vertical axis set to the stage of the SEM. The inci-
ent electron beam passed through the sample. The signal was then
ollected by an annular semi-conductor detector, classically used
or the collection of backscattered electrons. In our experiments,
he detector was located below the sample and enabled to collect
lectrons that were scattered by the sample, transmitted electrons
assing through the hole located at the center of the STEM detec-
or. Using this method, a large fraction of the scattered electrons
as available to form an image and high contrast dark field images

ould be obtained.
Additional observations were performed with a 200 kV field

mission gun transmission electron microscope (JEOL 2010F)
quipped with an energy dispersive spectrometry system (INCA-
XFORD EDX) with a detector dedicated to light element detection.

All samples observed by STEM-in-SEM or TEM were prepared
sing the following procedure: some hydrated cement particles
ere scrapped from the specimen using a scalpel. Then, they were
ispersed in methanol using an ultrasonic bath. Several dilutions
ere performed to obtain a very low material concentration. A drop

f suspension was then laid down on a 200 mesh copper grid, cov-
red on the back with a holey carbon film. The excess of methanol
as soaked away using filter paper.

. Results

.1. Characterization of the leachates

Fig. 2 presents the cumulative quantities of OH−, Ca2+,
O4

2− and Cl− released in the leaching solution as a function
f the square root of time. They increased linearly, showing
hat leaching was controlled by diffusion. The correspond-
ng fluxes were respectively 9.03 ± 0.04 mmol/dm2/day0.5 (OH−),
.63 ± 0.03 mmol/dm2/day0.5 (Ca2+), 1.82 ± 0.01 mmol/dm2/day0.5

SO4
2−), and 1.59 ± 0.01 mmol/dm2/day0.5 (Cl−). Silicates and alu-

inates were not detected in the solution. However, an amorphous
hite compound, identified as aluminum hydroxide by EDX micro-

nalysis, precipitated in the leachates. The zinc concentration

lways remained below the detection limit of the ICP method
2 �mol/L), meaning that, for the whole test (18 renewals), the
eached fraction of zinc was less than 0.1%. The cement matrix thus
rovided good confinement of zinc.
Materials 194 (2011) 268–276

3.2. Characterization of the degraded solid

We tried to estimate the position of the degradation front in the
cement paste after 3 months of leaching. For OPC-based materials,
such a period of leaching is long enough to get a significant depth of
degradation, and the dissolution of portlandite is a good indicator
for the location of the degradation front [13]. However, the tracer
for the degradation of CSA-based materials was unknown. Differ-
ent techniques were thus combined: SEM observations and X-ray
microanalysis, as well as X-ray diffraction.

The first approach was to use chemical contrast from SEM/BSE
images, the density of the degraded zone being lower than that
of the sound core due to decalcification. A sharp transition was
effectively observed between a bright zone (sound core) and a
dark one (degraded material) (Fig. 3). The degradation depth was
around 700 �m. Ca- and S-mapping clearly showed the decalcifica-
tion and sulfur loss from the cement paste near the surface exposed
to leaching, in a zone with a thickness of 700 �m, which was in
good agreement with the estimation derived from the BSE image.
The silicate density in this zone appeared to increase slightly. The
Cl-mapping revealed however that chlorides were leached within
a larger domain, up to a depth of 1600 �m from the surface. The
alumina and zinc content appeared to remain relatively constant
whatever the considered depth.

In a second approach, XRD analyses were carried out on the
samples surface which was scrapped off step by step (thick-
ness ≈ 100 �m for each step) to obtain XRD profiles (Fig. 4). The first
signs of alteration were noticed from a depth of 2500 �m. Several
processes were observed:

- dissolution of the Friedel’s salt (from 2500 �m to 1900 �m) and of
the Kuzel’s salt (from 1900 to 1500 �m) which released chlorides,

- transient precipitation of monosulfoaluminate (from 2100 to
1300 �m),

- dissolution of monosulfoaluminate (from 1500 to 1300 �m) and
of residual ye’elimite (from 1300 to 1100 �m),

- dissolution of ettringite (from 1500 to 700 �m).

The surface layer, with a depth of 700 �m (consistent with the
SEM observations), was mainly composed of perovskite, of poorly
crystallized aluminum hydroxide which was clearly evidenced by
TGA thanks to its water loss at 262 ◦C (Fig. 5c), and probably of
C–A–S–H. These latter were not identified with certainty, but the
leached silicate flux was below the detection limit and STEM anal-
yses performed on the surface layer showed the presence of small
amounts of calcium and silicon, together with aluminum (Fig. 5a
and b). In addition, TGA curves exhibited a weight loss at 98 ◦C
which could correspond to C–A–S–H (Fig. 5c). This surface layer
was highly porous and friable.

To summarize, examination of the cement paste after three
months revealed three zones:

- the surface layer, with very low mechanical strength, composed
of aluminum hydroxide, perovskite and C–A–S–H, which could
be easily detected from BSE images, Ca- and S-mapping (EDX
analysis), and X-ray diffraction (disappearance of the ettringite
signal),

- a less porous intermediate zone, in which several precipitation
and dissolution fronts occurred, as shown by X-ray diffraction
and Cl-mapping (EDX analysis),

- the sound core.
Zinc was homogeneously distributed in all the three zones,
which rules out the assumption of dissolution in the intermediate
zone, followed by reprecipitation in the surface layer.
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Fig. 3. SEM characterization of the cement paste after 3 months of

. Discussion

Zinc was efficiently immobilized by the CSA cement matrix, as
hown by the leaching test performed on the cement paste. This
aised the question of its speciation in the solid phase.

.1. Zinc speciation in the CSA matrix at early age
As mentioned in Section 1, in the cement pastes prepared with
ZnCl2 solution, transient precipitation of phase � was observed
uring the first hours of hydration, and was responsible for a rapid

Fig. 4. XRD pattern of the degraded zone of the cement paste (from the surface (botto
ing (pure water, pH 7, 20 ◦C): BSE picture and elemental mapping.

stiffening of the grout [11,12]. This phase was no longer detected in
the absence of zinc (cement mixed with pure water, or with a CaCl2
solution – Fig. 6a). Moreover, its formation was promoted by the
addition of gypsum to the binder and strongly limited the precipita-
tion of aluminum hydroxide at early age, as compared to reference
materials prepared with pure water [12]. These results suggest
that phase � may contain zinc, aluminum and possibly sulfates.

It was characterized by two X-ray diffraction peaks at d1 = 11.26 Å
(main intensity) and d2 ≈ d1/2 = 5.64 Å. It also exhibited water loss
around 95 ◦C, and possibly 195 ◦C, indicating that it was a hydrated
phase. SEM observations of the CSA cement paste just after stiffen-

m) to the sound core (top)) after 3 months of leaching (pure water, pH 7, 20 ◦C).
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ig. 5. Characterization of the leached surface of the cement paste: (a) particle obser
omes from the sample holder, Cu from the copper grid, and Cr from the detector), (
: perovskite, Q: quartz).

ng showed the precipitation of hexagonal platelets at the surface of
he clinker grains (Fig. 6b, and [12]). The crystals were too fine to be
ccurately analysed by EDX. Their morphology is typical of layered
ouble hydroxides (LDH). [Zn–Al–Cl] LDHs or Zn/Al hydrotalcite
Zn6Al2(OH)16CO3·4H2O) were excluded because of their very dif-
erent diffraction patterns [16–18]. A possible candidate might be
inc aluminum sulfate hydrate 5ZnO·Al2O3·ZnSO4·15H2O, which,
ccording to JCPDS file number 44-0600, has a hexagonal lattice,
nd gives by X-ray diffraction a strong line at d = 11.13 Å (diffraction
lane (0, 0, 6)), and two less intense lines at d = 5.57 Å (diffraction
lane (0, 0, 12)) and d = 3.72 Å (diffraction plane (12, 0, 0)). We syn-
hesized this compound according to the protocol of Pollmann and
ogel [19] by dissolving aluminum in 1 mol/L NaOH, and mixing
t with aqueous ZnSO4·7H2O in stoichiometric ratio with excess
ater at 25 ◦C. Precipitation occurred almost instantaneously. The

olid crystallized as small hexagonal platelets and exhibited the
xpected diffraction pattern (strong line at d = 11.13 Å, and two

ig. 6. Precipitation of phase � at early age in ZnCl2-rich samples. (a) Comparison of the
ith pure water, CaCl2 (0.5 mol/L), or ZnCl2 (0.5 mol/L) solution 1 h after mixing (Y: ye’eli

ew minutes after mixing.
STEM-in-SEM (secondary electron image), (b) corresponding EDX analysis (carbon
analysis of 50 mg of powder scraped from the surface, (d) XRD pattern (A: gibbsite,

secondary lines at d = 5.59 Å and d = 3.72 Å). Three weight losses
were recorded by thermogravimetry at 79 ◦C (main variation), and
176 and 277 ◦C. These characteristics differed slightly from those
of phase �, and it could not be concluded with certainty that phase
� was a zinc aluminum sulfate hydrate.

4.2. Zinc speciation in the CSA matrix at later age

Although zinc was efficiently insolubilized, crystallized Zn-
containing phases could not be detected beyond one day. Several
uptake mechanisms could be considered, including, incorporation
in mineral structures through coprecipitation or lattice diffusion,
precipitation, and adsorption on mineral surfaces.
4.2.1. Incorporation in the structure of AFm or AFt phases
The Zn2+/Ca2+ substitution in the structure of ettringite is often

postulated to account for the good retention of zinc by cement

XRD patterns recorded on cement pastes (80% CSA clinker + 20% gypsum) prepared
mite, G: gypsum, �: phase �). (b) SEM observation of phase � over a clinker grain a
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Fig. 7. STEM-in-SEM/EDX microanalysis of ettringite (carbon comes f

astes containing this hydrate [14,20–25]. However, some of our
xperimental results contradict this assumption.

(i) Some particles of hydrated cement were observed using the
TEM-in-SEM (scanning transmission electron microscopy in the
canning electron microscope) technique and analysed by EDX. The
uch lower electron energy (30 kV) in the STEM-in-SEM versus

EM presented two main advantages for this study. First, the degra-
ation of fragile phases such as ettringite under the electron beam
26] was limited. Second, the contrast enhancement was improved,
hich limited the excited volume and increased the electron scat-

ering cross-section. Numerous particles of ettringite from the

ement paste were characterized (Fig. 7), but none of them con-
ained zinc. Similar results were obtained for AFm phases.

(ii) Elemental mapping was performed using SEM/EDX on a pol-
shed section of the sound core of the cement paste. Zinc was absent

Fig. 8. SEM observation of a polished section of the sound cement paste (6
e sample holder, Cu from the copper grid, and Cr from the detector).

from the zones rich in sulfur (ettringite and calcium monosulfoa-
luminate) or chloride (Kuzel’s or Friedel’s salt) (Fig. 8).

(iii) We tried to synthesize ettringite with partial (molar ratio
Zn/(Zn + Ca) of 0.1 or 0.75) or total substitution of Ca2+ ions by
Zn2+ ions. Two methods are commonly used to synthesize pure
ettringite. The classical method [27] consists in mixing calcium
oxide and aluminum sulfate or gypsum and tricalcium aluminate
in stoichiometric ratio with excess water, and stirring the suspen-
sion for several weeks, before filtering. In the saccharose method
[28], precipitation of ettringite is strongly accelerated. Calcium
oxide is first dissolved in a solution containing 10% (by weight)

of saccharose. Aluminum sulfate is then added and ettringite forms
almost instantaneously. Both methods were tested in this study.
In the syntheses aiming at a total substitution of calcium by zinc,
calcium oxide was replaced by ZnSO4, ZnO, ZnCl2 or Zn(NO3)2.

-month old): BSE image, S, Zn and Cl-mappings using EDX analysis.
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Fig. 9. TEM characterization of a particle from the surface layer o

o obtain only partial substitution, zinc sulfate was substituted
or calcium oxide with Zn/(Zn + Ca) molar ratios of 0.1 or 0.75.
n this case, sulfate exceeded the stoichiometry of ettringite. The
H was adjusted between 10 and 12 by adding sodium hydrox-

de. All the experiments were performed at 25 ◦C under nitrogen
tmosphere with decarbonated water and lasted from 1 min to
weeks. When calcium was totally substituted by zinc, precip-

tation of an AFt phase did not occur. Zinc was insolubilized as
inc oxide (ZnO), zinc hydroxide (Zn(OH)2), zinc sulfate hydrate
[Zn(OH)2]3·ZnSO4·3H2O or [Zn(OH)2]3·ZnSO4·5H2O), and/or zinc
luminum sulfate hydrate (5ZnO·Al2O3·ZnSO4·15H2O). When cal-
ium was partly substituted by zinc, ettringite was precipitated
ith zinc aluminum sulfate hydrate (5ZnO·Al2O3·ZnSO4·15H2O)

nd/or calcium zincate (Zn2Ca(OH)6·2H2O). The ettringite crystals
ere free of zinc, as shown by SEM/EDX analyses and by their
iffraction pattern which corresponded perfectly with that of pure
ttringite.

.2.2. Precipitation as an amorphous compound or as
anocrystals undetectable by X-ray diffraction

Precipitation of zinc hydroxide or calcium zincate has already
een reported in a Portland cement paste [29–33]. Other phases
hould also be considered in our systems.

Simonkolleite Zn5(OH)8Cl2 has been observed in zinc rusts
formed under marine atmosphere [34] and is stable in slightly
alkaline medium. It was transiently detected by X-ray diffraction

instead of phase � at early age in a cement paste (20% gypsum)
prepared with a 2 mol/L ZnCl2 solution. Its TGA diagram showed
significant weight loss around 500 ◦C. Such a variation was how-
ever never observed in the pastes prepared with a 0.5 mol/L ZnCl2
ement paste after 3 months of leaching (pure water, pH 7, 20 ◦C).

solution. Precipitation of simonkolleite in those materials thus
seemed rather unlikely.

- Basic zinc sulfates ZnSO4·Zn(OH)2·nH2O have been identified
during the cementation process of lead metal from lead sulfate
slurries, zinc being used as the precipitant [35]. Such compounds
also formed during the attempted syntheses of Zn-AFt phases.

- LDHs consist in a stacking of positively charged octahedral sheets
with [MII

1−xMIII
x(OH)2]x+ composition. They can be prepared

with Zn2+ and Al3+ as the divalent MII and trivalent MIII metal
ions [36]. The net positive charge, due to substitution of divalent
by trivalent metal ions, is balanced by an equal negative charge of
the interlayer solvated anions [Xx/m

m−·nH2O]x−. [Zn–Al–Cl] LDHs
have been synthesized by coprecipitation in aqueous solution
with a pH ideally comprised between 9 and 12, ZnO becom-
ing predominant at higher pH [16,17]. These compounds seem
however to be unstable in the presence of sulfates: their layered
structure is damaged by ion exchange with SO4

2− and precipita-
tion of basic zinc sulfates is observed [18].

The relatively low zinc content (1.2 weight % Zn) of the cement
paste and its large number of phases made the detection of zinc
precipitates difficult. However, after 3 months of leaching by pure
water, this sample exhibited a simplified mineralogy in its degraded
zone which still contained zinc, as shown by EDX elemental map-
ping (Fig. 5). Particular attention was thus paid to the surface layer.
None of its X-ray diffraction peaks or weight losses by TGA could
be ascribed to one of the above-mentioned zinc species. In particu-
lar, the absence of any weight loss at 155 ◦C or 290 ◦C excluded the

occurrence of zinc hydroxide [37] or basic zinc sulfates [35].

Zinc did not precipitate as a crystalline phase and its occurrence
as a specific amorphous or nanocrystalline product did not seem
very likely.
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.2.3. Adsorption on mineral surfaces
The hypothesis of zinc adsorption on anhydrous cement

hases can be ruled out for the following reasons. (i) Most
f them were rapidly consumed in the cement paste. (ii) Per-
vskite was unreactive, but elemental mapping using EDX analysis
id not show any concentration of zinc in the titanium-rich
ones. Particular attention was paid to the surface layer, which
till contained perovskite, but which exhibited a simpler min-
ralogy than the sound core. Even under these conditions
avourable to observation, zinc was not associated with titanium,

aking the assumption of zinc sorption onto perovskite very
nlikely.

Sorption of zinc onto C–S–H has already been described at
ow zinc concentrations [38]. The most probable mechanism is an
ncorporation of Zn(II) in the interlayer of C–S–H [39,40], rather
han an exchange for Ca2+ [41]. Precipitation of C–S–H in the
ound paste was not clearly evidenced, the Si-bearing phase being
ather strätlingite. However, the formation of C–A–S–H was sus-
ected in the degraded materials after leaching. EDX analyses
erformed on the surface layer showed the simultaneous presence
f Ca, Al, Si and Zn (Fig. 5). If we assume a complete hydration
f belite into C–S–H with a Ca/Si ratio of 2/3, and if we suppose,
s shown by Stumm et al. [42], that the maximum zinc incor-
oration rate in such hydrates is 1/6, the fraction of zinc sorbed
nto C–S–H in the cement paste could not exceed 36%, which is
nsufficient to explain the excellent retention of zinc by these mate-
ials.

The other candidate for zinc sorption is aluminum hydrox-
de which is formed in significant amounts by hydration of CSA
ement. The most likely form is poorly crystallized gibbsite, as
hown by the XRD pattern recorded on the surface layer of the
eached sample (Fig. 5d). Sorption of zinc onto metal oxyhydroxides
as been thoroughly investigated since the process is of impor-
ance to understand the migration of potentially toxic metal ions
n soil and sediments environments [43]. According to Pokrovsky
t al. [44], the threshold pH for zinc adsorption on gibbsite is
bout 6, and adsorption increases abruptly above this pH. More-
ver, Chlorides promote the sorption of chloro-complexes (such as
nCl+), while sulfates enhance the cationic adsorption by making
he surface potential more negative, as shown by Micera et al. [45]
or amorphous aluminum hydroxide. Extended X-ray absorption
ne structure spectroscopy has been used to probe the Zn atomic
nvironment at the metal/gibbsite interface, showing that at low
orption densities, Zn(II) forms predominantly inner-sphere biden-
ate surface complexes with AlO6 polyhedra, whereas at higher
orption densities the formation of a mixed-metal Zn(II)–Al(III)
oprecipitate occurs with a layered double hydroxide structure
46,47].

STEM-in-SEM and TEM were used to characterize cement parti-
les from the sound core and leached surface of the cement paste.
-ray microanalyses confirmed that zinc was always associated
ith a significant amount of aluminum attributed to aluminum
ydroxide. In TEM, it was shown that the Zn-rich zones exhib-

ted poor crystallinity (Fig. 9). LDHs phases being well crystallized,
heir presence seemed unlikely. Moreover, the aluminum hydrox-
de content (around 30 molar%) was much higher than that of
inc (less than 1 molar%) in hydrated cement pastes, which sug-
ested a low Zn(II) sorption density and a sorption mechanism
nvolving the binding of Zn(II) to AlO6 in an edge-sharing biden-
ate geometry. Besides, a parallel may be drawn between the
recipitation of phase � occurring in our materials at early age,
hen the zinc/hydrates ratio is high, and the situation described
y Trainor et al. [46] at high Zn(II) sorption densities, leading
o the dissolution of the aluminum substrate and the repre-
ipitation of a mixed Zn-Al hydroxide coprecipitate with LDH
tructure.

[

[
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5. Conclusion

The main conclusions of this work can be summarized as fol-
lows.

1. A simulated cemented waste form (cement paste prepared with
a binder containing 20% gypsum and a 0.5 mol/L ZnCl2 mixing
solution, and submitted to a thermal cycle at early age) was
submitted to leaching by pure water (fixed pH of 7) for three
months. The cumulative quantities of Ca2+, OH−, Cl− and SO4

2−

ions in the leachates increased linearly versus the square root
of time, showing that leaching was controlled by diffusion. Zinc
was never detected, showing the excellent confining properties
of the cement matrix. Examination of the solid sample at the end
of the experiment revealed three zones: (i) the surface layer,
highly porous and friable, composed of aluminum hydroxide,
perovskite and probably C–(A)–S–H (thickness: 700 �m), (ii) an
intermediate zone, less porous, in which several precipitation
and dissolution fronts occurred (thickness: 1800 �m), and (iii)
the sound core. Ettringite was a good tracer for the degradation
of CSA-cement based materials submitted to leaching by pure
water.

2. The confinement of zinc by the cement matrix was attributed at
early age (<1 day) to the precipitation of phase �, a hydrated and
well crystallized compound with platelet morphology, possibly
a layered double hydroxide, the stoichiometry of which remains
unidentified. At later age, the most probable mechanism was
sorption of Zn2+ onto aluminum hydroxide (which involved the
binding of Zn2+ to AlO6 in an edge-sharing bidentate geometry),
rather than a Zn2+ ↔ Ca2+ substitution in the structure of ettrin-
gite or AFm phases, as previously postulated in the literature.
Sorption of Zn2+ onto C–(A)–S–H could also occur, but could not
explain by itself the good retention of zinc.
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