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Abstract

The stability of the cement minerals ettringite, monosulfate, and calcium silicate hydrate (C-S-H) was investigated to better understand the
uptake of contaminants in waste—cement mixes. Suspensions were spiked with radioisotopes of components (**Ca and **SO for ettringite and
monosulfate and **Ca and >2Si for C-S-H) to observe their uptake behaviour within 0—70 days. A physical model was applied to determine
dissolution-precipitation rates. An initial fast uptake was observed to occur in most systems, so the data obtained between 7 and 70 days were
chosen for analysis. Dissolution-precipitation rates were in the range of 10 ~ "> to 10 = '*? mol m ~ > s ~ ! for all minerals. The whole solids
would be dissolved and reprecipitated within 1—4 years. The measured dissolution-precipitation rates of pure cement minerals give the
maximum rate for ion substitution processes with contaminants and are distinguishable from faster processes such as surface complexation and

ion exchange processes.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of cement to stabilise waste and to immobilise
contaminants is common practice for the disposal of many
inorganic waste types. The chemical properties of cement
systems, such as high pH, and gels and minerals with
structures that may accommodate foreign ions are ideal for
the immobilisation of many heavy metals and metalloid
species. The major cement hydration products, calcium
silicate hydrate (C-S-H) and calcium (sulfo)aluminate
hydrates, are important for sorption and substitution [1,2].
Amorphous C-S-H may comprise >60% (w/w) of a cement
[3] and has a high sorption potential because of its high
specific surface area and variability in structure and compo-
sition [1]. Ion exchange reactions seem to be of little
importance compared with the overall sorption on C-S-H
phases [4].

The crystalline calcium sulfoaluminate hydrates, ettringite
(3Ca0-Al,03-3CaS04-32H,0, an AFt phase), and monosul-
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fate (3Ca0-Al,03-CaS04-12H,0, an AFm phase) favour
crystallochemical substitution reactions [1]. Ettringite is
formed as one of the first products during cement hydration
[3]. Available solubility constants indicate that, in cement
porewater, ettringite should be the more stable form of
calcium sulfoaluminate hydrate. However, a mature cement
paste may contain AFt or AFm or both phases. Both AFt and
AFm phases have the ability to accept substitution of a
number of anions and cations. The AFt phase is described
by the general formula Ce(4,F)X3H, (C=Ca0, 4= Al03,
F=Fe,05, H=H,0), where X represents one formula unit of
a doubly charged anion or, with reservations, two formula
units of a singly charged anion [3]. In addition to the SO3 ~
end member ettringite, anionic substituted ettringites have
been reported and synthesised for AsO; ~, B(OH)y4,
CO;~, CrO3 ~, NO*~, OH ™, SeO; ~, SOF ", and
VO3~ [5-9]. Such extensive substitution and solid-solu-
tion formation is possible because of the column and
channel-like structure of AFt [10] (Fig. 1). In contrast,
AFm forms lamellar structured, hexagonal, or pseudohex-
agonal plates, with the general formula C4(4,F)X>H,, (Fig.
1). Many different anions can serve as X, of which the
most important for Portland cement hydration are Cl~
(Friedel’s salt), OH ~, SOF ~ (monosulfate), and CO3 ~
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Fig. 1. Schematic representation of the lamellar AFm phase [3] and the
column-like AFt phase [11].

[3]. In cementitious material, B(OH); , CrO?f, MoOj; —,
SeO7 ~, and SO3 ~ also have been shown to serve as
interlayer anions [11—14]. Cation substitution for both AFt
and AFm has been reported for AP with C® ", Mn®*, and
Ti* " [15].

Although C-S-H, ettringite, and monosulfate have been
shown to be important cement constituents for the immobi-
lisation of hazardous components, their long-term leachabil-
ity remains unclear. The binding of hazardous species can
occur by ion exchange, by desorption, or, in the case of ion
substitution, by dissolution-precipitation processes. The
rates of these different processes vary. lon exchange and
sorption-desorption reactions usually occur within minutes
to hours [16,17]. In contrast, dissolution-precipitation pro-
cesses are much slower. They are likely to be particularly
important for the soluble cement minerals according to the
Ostwald Step Rule [18]. Dissolution rates reported in the
literature for several minerals, including C-S-H, feldspars,
and clays, are around 10~ '%to 10 = * mol m ~% s~ ' at pH
11-12 [19-21]. Under common experimental conditions
and assuming that, at equilibrium, the dissolution rate equals
the precipitation rate and the surface area remains un-
changed, the time for a solid to be completely replaced
(reconstruction time) will be weeks to years.

According to these considerations, knowledge of the
dissolution-precipitation rates would be helpful for inter-
preting data obtained from sorption studies and, as a
consequence, for predicting the long-term stability of ion-
substituted cement minerals. However, such rates have not
been determined for the above solids. In this paper, the
dissolution-precipitation behaviour of pure ettringite,
monosulfate, and C-S-H(I) phases at saturation was inves-
tigated by the use of radiotracers. Furthermore, a physical
model was used to determine dissolution-precipitation
rates.

2. Experiment
2.1. Materials
All chemicals were at least of p.a. grade. To prevent CO,

contamination, all handling of material, the sampling, and the
pH measurements were undertaken in a glovebox equipped

with a CO, scrubber (pCO, <1 ppm). Solutions were pre-
pared using boiled ultrapure water (Millipore). Polyethylene
(PE) bottles used for mineral synthesis were leached with acid
(~ 0.1 M, diluted from concentrated HNO;) for at least
24 h and rinsed with ultrapure water. The same procedure,
but with a more diluted HNOj; solution (pH ~ 4), was used to
leach and rinse 0.45-pum nylon filters (Whatman).

2.2. Mineral synthesis

The C-S-H(I) phase (a structurally imperfect form of 1.4-
nm tobermorite) was synthesised according to Atkins et al.
[22] to achieve a Ca/Si ratio of 1. Ettringite was prepared by
adding a solution of Al,(SO4);-18H,0 to a slurry of a
stoichiometric amount of CaO in water at 4 °C in a 1-1 PE
bottle [23]. After a month of curing at room temperature, the
solid phase was washed by centrifugation (10 min at
9000 rpm) and resuspension in water three times. The
suspended solid was then subsequently filtered through
0.45-pm nylon filters and the filter cakes were dried in a
CaCl,-containing desiccator under continuous evacuation.
For the synthesis of monosulfate, stoichiometric amounts of
(Ca0);-Al,03 (prepared freshly according to Ref. [23]) and
CaS0,4-2H,0 were mixed, cooled down to 4 °C, and
suspended in cooled water (4 °C) at a water/solid ratio of
12 in a 1-1 PE bottle. This slurry was shaken at 4 °C on a
rotary shaker at 200 rpm for 48 h before curing for 5 months
at room temperature. The washing procedure was the same
as described for the ettringite, while the drying step of the
monosulfate was gentler: the solid was filtered on a glass
filter funnel. When the water suction was complete, acetone
was filled into the funnel, mixed with the solid, and sucked
off. This procedure was repeated three times. For the experi-
ments only, the size fractions <0.125 mm for AFt and AFm
and <63 pum for C-S-H(I) were used. The dried solids were
stored in a desiccator over silica gel and soda lime.

2.3. Analytical methods

X-ray powder diffraction of the ground samples was
performed with a Scintag XDS 2000 diffractometer (CuKo
radiation). The carbonate content of the solids was measured
coulometrically [24]. Their stoichiometric composition was
determined by X-ray fluorescence (Spectro X-lab 2000,
S.D.<0.5%). Aqueous Al and Ca concentrations were
measured in acidified samples (1% [v/v] 65% HNO;) by
inductively coupled plasma-optical emission spectroscopy
(ICP-OES; Spectroflame, Spectro Analytical Instruments,
S.D.<1%) and sulfate was measured using ion chromato-
graphy (Sykam) with a Sykam (AO4) column (S.D. <2%).
Scanning electron microscopy (SEM) investigations were
performed with a Philips XL-30 (running at 25 kV, LaB6
filament). Before analysis, the specimens were coated with a
platinum film. The specific surface area of the freshly
prepared solids was determined by the BET method with a
Carlo Erba Sorptomatic 1900 instrument [25]. Changes in
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surface area of the hydrated phases under vacuum cannot be
excluded.

2.4. Tracer experiments

The radiotracers >>SO, (as Na,SO, in water) and **Ca (as
CaCl, in water) were obtained from NEN Life Science and
32Si (as SiOF ~ in 0.3-M NaOH) was from Los Alamos
National Laboratory (USA). *°S, **Ca, and **Si have half-
lives of 87.5 days, 162.2 days, and ~100 years, respectively.
The AFt and AFm suspensions were prepared at liquid/solid
ratio (LS) of 500. Preliminary experiments have shown that
equilibrium of AFt and AFm in water is reached after 7 days.
To avoid major changes in the surface structure and the
stoichiometry of the mineral phases during the equilibration
process, the solids were suspended in 90% presaturated
solutions with regard to AFt and AFm, respectively. The
presaturated solutions were prepared by equilibrating sus-
pensions (0.7 g1~ " AFtand 1.1 g1~ "' AFm) for 7 days at
room temperature on a rotary shaker (150 rpm), filtering
through 0.45-pum nylon filters, and diluting to 90%. For the
calcium sulfoaluminate hydrates, experiments with >>SO,
and **Ca were performed in parallel. For C-S-H(I) experi-
ments, presaturated solutions were prepared from CaCl,,
SiCly, and NaOH and the ionic strength was adjusted to
0.1 M using NaCl. The procedure is described in detail by
Ref. [26]. To avoid unforeseen problems, the LS applied in
this study (25,000) was the same as in the experiments of
Ref. [26]. For C-S-H(I), the radiotracers **Ca and **Si were
used. In a first series of experiments performed with the
calcium sulfoaluminates only, radiotracers were added to
presaturated solutions. To start the experiments at ¢y, 25 ml of
a tracer solution were added to 0.05 g of samples in 50-ml PE
bottles. For blanks, no solid was added to labelled solutions.
Both samples and blanks were performed in triplicate. In a
second series of experiments, portions of solid (0.05 g) were
suspended in 25-ml 90% presaturated solutions before the
addition of the radiotracers and equilibrated at 22 £ 0.5 °C
on a rotary shaker (150 rpm) for 7 days. To start the
experiments at #,, 1 ml of a tracer solution was added to
samples (equilibrated suspensions) and blanks (only presa-
turated solutions), each in triplicate. Tracer solutions were
diluted before the experiments to keep the addition of SOy,
Ca, and Si as small as possible ( <0.005% of the total amount
in solution for SO, and Ca and <1% for Si) but still
sufficient to detect the tracer. After between 1 and 70 days
(first series) and 1 and 44 days (second series) at 22 + 0.5 °C
on a rotary shaker (150 rpm), 20 ml of sample were removed
by a syringe and filtered through a 0.45-um nylon syringe
filter (25 mm, TITAN). A portion of the filtrate (5 ml) was
then mixed with 10-ml scintillation cocktail (Insta-Gel Plus,
Packard) in 20-ml HDPE scintillation vials (986710,
Wheaton) and counted in a liquid scintillation analyser
(Tri-Carb 2200CA, Packard). The measured activity corre-
sponded to the total amount of tracer added, so sorption to
reaction vessels was not significant. The percentage uptake

(U;) of a radiotracer of the component i by the solid was
calculated as follows:

1 ni(aq)(S) % %

where 7,,q)(S) and 7,,q)(B) are the counts (in cpm) of the
component i in the samples and the corresponding blanks,
respectively. In the second series, two extra samples were
performed for each suspension without tracer addition. They
were filtered at ¢, and after 44 days, respectively. The filter
cakes were air-dried and stored in a desiccator before
analysis by SEM and XRD.

2.5. Determination of dissolution-precipitation rates

In the case of a congruently dissolving solid in equilib-
rium with a solution, the ratio r of each of its components i
in the solid, c;s), to the total amount in the batch, c;qy, is
constant for all components:

=[] @)

When an amount of radiotracer of a component, n;, is
added to this system, its distribution in the solid and solution
will, after infinite time, equal r; at equilibrium. To describe
the processes when a radiotracer is added to a batch, we used
the following physical model:

k2
Nj(aq) %) Mj(s) [Cpm] (3)
where 7;,q) and 7, are the amounts of tracer in solution and
in the solid, respectively (in cpm), k; is the dissolution coef-
ficient (cpm days ~ '), and k, the tracer uptake rate (days ~ ).
The change of 7,,q) with time depends on k;; and £; »:

ani a _
a(tq) = ki1 —kip - Miag)(¢)  [cpm days™'] (4)
For ((07aq))/(01))=0 follows:
ki
Nj(aq),eq = k—2 [Cpm] (5)

where 7;(,q)cq 1S €qual to the amount of tracer in solution,
when equilibrium is reached. 7;(q)oq is related to 7; by:

Nj(aq).e
r=1- 0[] (6)
Mi(aq),0
where 7;(,q) 0 is the amount of tracer in solution in cpm at the
beginning (¢).
Integrating and solving Eq. (4) for n,(7) gives:

ki kit\ 4 .
Ri(aq) (1) = or + (n,-(aq),o - kz>e 2t or, using Eq. (5),

1,
) y

Ni(aq) (1) = Miag)eq + (Mi(aq).0 = Mitagyeq)e > [cpm]  (7)
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Taking the natural logarithm of Eq. (7) results in a linear
relation:
In(Riaq) (1) = Mitag)eq) = IN(Miaq).0 = Mifaq).eq) — Kizt — (8)

The decrease in tracer counts of the measured values
Niaq)(S;) was corrected with the ratio of the counts in the
blank at #, to the counts at the time of sampling:

Ni(aq) (Bo)
ni(aq) (Bt)

Plotting the left term of Eq. (8) against time results in a
linear relation with the slope —k;,, the tracer uptake rate.
k;» was determined from the linear regression of the data
set. The dissolution rate at saturation, k;;, was calculated
based on Eq. (5) and converted to mol m ~ s~ ! by use of
the specific activity (cpm mol ~ ') and the specific surface
area (m>).

Nj(aq) (t) = Ni(aq) (St) [cpm] (9)

3. Results and discussion
3.1. Phase characterisations

The XRD spectra of the synthetic phases indicated that a
pure ettringite had been obtained, while the synthetic mono-
sulfate contained some ettringite impurity (Fig. 2). The data
of the synthetic C-S-H(I) phase were in good agreement with
those published in Ref. [3]. In all three solids, a small
carbonate contamination on the order of <0.05% C (w/w)
was measured. Specific surface areas for ettringite, mono-
sulfate, and C-S-H(I) were 9.8, 5.7, and 41.0 m* g~ ',
respectively (S.D.<3%). The elemental composition of the
solids is stoichiometric (Table 1). Table 1 also gives the
solubility data for the solids. The determined ratios 7; for the
given experimental conditions (Eq. (2)), are presented in
Table 2. In ettringite, rc, and rgo4 agree, as it was assumed
for a congruently dissolving solid (Eq. (2)), whereas the
ratios r; for the components of the noncongruently dissolving

‘2\ 4
B
c
5
e . .
= %\_J ettringite
2
£
H o
| monosulfate
S M
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

degrees 260

relative intensity
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Table 1
Elemental composition of the synthetic ettringite, monosulfate, and C-S-H(I)
and their concentrations (mmol 1~ ') in solution at equilibrium (7=25 °C)
Ca Al SO, pH at
equilibrium
Ettringite
Theoretical 6 2 3
In solid 6 1.94+0.01 3.11+0.19
In solution 6 2144013  3.19+£0.17 11.02+£0.02
2.06+0.13 0.735+£0.045 1.14+0.13
Monosulfate
Theoretical 4 2 1
In solid 4 1.93+0.03 1.16+£0.16
In solution 4 2,69+ 037  0.02+£0.002 11.69+0.04
Concentration 4.75+0.49 3.20+0.28 0.024 +0.002
Ca Si pH at
equilibrium
C-S-H(I)
Theoretical 1 1
In solid 1 0.98 +0.003
In solution 1 0.04 +£0.02 11.76 £ 0.05

2.754+0.12 0.12 £+ 0.006

The data are normalised to 6 moles of Ca for ettringite, 4 moles of Ca for
monosulfate, and 1 mole of Ca for C-S-H(I). The uncertainty indicates the 2¢
error of the measurements.

solids, monosulfate and C-S-H(I), differed significantly. The
dissolution of the thermodynamically unstable monosulfate
led to the precipitation of ettringite as described by Atkins et
al. [23], clearly illustrated in the SEM micrograph of
equilibrated monosulfate as needles among monosulfate
platelets (Fig. 3B). These ettringite precipitates were also
observed in XRD spectra taken of the equilibrated samples
by the intensified peaks at 9° and 15.8° 20 (d-spacings 9.7
and 5.6 A; data not shown) compared with the nonequili-
brated monosulfate spectrum (Fig. 2).

3.2. Tracer uptake behaviour and dissolution-precipitation
rates

Because of their larger specific surface area, finely
divided solids have a greater solubility than large crystals

C-S-H(l)

DL NN B L L B B B |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
degrees 20

Fig. 2. XRD pattern of the synthetic ettringite, monosulfate, and C-S-H(I). The arrows mark the ettringite peaks at 9° and 15.8° (20 d-spacings 9.7 and 5.6 A)

found in the monosulfate pattern (CuKa radiation).
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Table 2
Determined ratios 7; for the amount of component i in the solid, ¢;), to the
total amount of i in the batch, ¢y, in ettringite, monosulfate, and C-S-H(I)

i= 7= Cits)/ Citot)
Ca SO, Si
Ettringite 0.83+0.01 0.81 £0.02
Monosulfate 0.72 £ 0.02 0.99 + 0.004
C-S-H(I) 0.10 £ 0.004 0.72 +0.01

The uncertainty indicates the 2¢ error of the measurements.

[27]. As a consequence, small crystals are thermodynam-
ically less stable and should recrystallise into large ones.
However, the crystal size and surface structure at 7, and
t44 appear to be very similar in the SEM micrographs
taken of the second series of samples (Fig. 3). It is
possible that the shaking of the samples inhibited the
growth of larger crystals. In consequence, it was assumed

that the overall surface area stayed constant during the
second series of experiments. In the first series of experi-
ments, constant surface area can be assumed similarly for
the time from 7 days after suspending the solid in the
labelled solution (#;), when equilibration was reached.
However, the specific surface areas of the freshly syn-
thesised solids were used as conversion factors for &, (see
Section 2.4) and possible methodological errors in deter-
mining these values or changes with time cannot be
accounted for.

During the first days of equilibration, tracer uptake was
much higher than afterwards (Fig. 4). This indicates fast
processes at the beginning, such as rapid dissolution-precip-
itation rates due to the dissolution of fine particles or
adsorption-desorption. In the second series of experiments,
started with already equilibrated suspensions, the initial fast
uptake was much lower but still evident. It seems that the

Fig. 3. SEM micrographs of the dried solids taken at the beginning (7, left) and the end (44, right) of the sampling period of the second series of experiments.
There appears to be no change in crystal size and surface structure. A, ettringite; B, monosulfate; C, C-S-H(I).
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Fig. 4. Percentage radiotracer uptake from solution, U = (1 — (((aq) (S))/ (niaq) (B))) x 100, against time into solid in equilibrated ettringite (A), monosulfate
(B), and C-S-H(I) (C) suspensions (pH 11.02, 11.69, and 11.76, respectively), showing the measured values in the first series of experiments (A ), the measured
values in the second series of experiments (M), and the data points not included in the fitting (A, O). The solid line represents the fitted model to first series of
data points and the dashed line represents the fitted model to second series of data points. The errors (20) are shown.

added amount of tracer, although small, disturbed the equi-
librium and caused a precipitation. As a consequence, only
the data points after #; were used in both experimental series
to model the tracer uptake rates, k», and the dissolution
coefficients, k. The modelled curves are presented in Fig.
4. The calculated values k, and k;, as well as the predicted
reconstruction time of the solids, the time when the whole
solid will have undergone dissolution and reprecipitation, are
presented in Table 3. The model fits the data points well in the
case of the calcium sulfoaluminates. The determined rates for
the first and second series of experiments seem different for
Ca and SOy in ettringite. Different components in the same
solid should behave identically in a congruent dissolution-
precipitation process. However, the values are in the same
order of magnitude, and taking into account the error bars of
the data points in Fig. 4, the differences seem to be a result of
the uncertainty of the measurements. The determined recon-
struction time for ettringite lay within 1.2—4 years, which
resulted in a dissolution-precipitation rate of 10~ '*? to

10 =" mol m ~? days ~ '. For monosulfate, the data for
the two series for **Ca agreed well, both resulting in a
reconstruction time around 500 days. The dissolution-pre-

Table 3
Determined tracer uptake rates, ;,, and dissolution-precipitation rates, k;
i ki log k;; Reconstruction
(10> days ") (molm ~?s~ ") time (days)
Ettringite Ca(l) 326%1.15 —12.15+0.15 1445+ 552
Ca (2) 6.60%0.03 —11.86£0.02 736+ 108
SO4 (1) 9.38+2.56 —11.65+0.12 459+ 142
SO4 (2) 325+ 1.51 —12.124+0.20 1348 +£ 656
Monosulfate Ca (1) 5.31+0.10 —11.17+£0.03 501 +69
Ca (2) 4.65%+0.17 —11.23 £0.03 575 +81
C-S-H(I) Si (2) 3.23 £4.67 —11.56 £0.63 789+ 1139

The reconstruction time represents the predicted time when 100% of the solid
has undergone dissolution and reprecipitation for the components of
ettringite, monosulfate, and C-S-H(I). (1) First series of experiments. (2)
Second series of experiments. The uncertainty indicates the 2¢ error of the
measurements.
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cipitation rate presented in Table 3 for monosulfate must,
however, be considered with care because ettringite forms
during suspension with an accompanying change in specific
surface area. The *>SO, uptake in monosulfate was very fast
and reached rgo4 ( ~ 99%) in both series within 1 day. Thus,
the *°SO, dissolution-precipitation rate could not be mod-
elled. This immediate uptake of *>SO, was most probably
caused by ion exchange with the weakly bound interlayer
sulfate.

The **Ca uptake for C-S-H(I) was not modelled, because
it was so low relative to the uncertainty of the data points. In
addition, for 3281, the uncertainty of the measurements was
high, resulting in a dissolution-precipitation rate with a
considerable error. Schweizer [21] determined a C-S-H(I)
dissolution rate of 10 ~ '* mol m ~ 2 days ~ ' using a flow-
through experiment far from equilibrium at pH 12 and
congruent dissolution. The dissolution-precipitation rate
modelled in this study is one order of magnitude lower.
However, this value is determined at saturation, where rates
are expected to be lower [27].

The results presented give a good overview over the
stability of the solids and the dissolution-precipitation
processes occurring in suspension. The dissolution-precipi-
tation rates obtained for ettringite and monosulfate, which
represent a maximum rate for ion substitution processes
with contaminants, can be used to distinguish this processes
from comparably fast reactions, such as surface complexa-
tion and ion exchange, from ion substitution in sorption
studies. It should be noted, however, that only C-S-H with a
Ca/Si ratio of 1 was investigated. Because C-S-H has such a
large structural flexibility, it is possible that dissolution-
precipitation rates vary quite strongly with Ca/Si ratio. In
addition, as has been shown for Zn>* [26], ions may slowly
diffuse into interlayers or internal surfaces without Ca®"
release. Such a diffusion process would be difficult to
discern from the dissolution-precipitation reaction rate for
C-S-H(D).

In summary, the dissolution-precipitation rates can be
distinguished from ion exchange and adsorption, but not
necessarily from rates, where a contaminant diffuses into a
solid phase, where it may undergo incorporation into a
crystal structure. However, for a contaminant to be built into
a crystal structure as a consequence of dissolution-precipi-
tation processes, the resulting mineral must be thermody-
namically more stable than the original cement mineral. Both
kinetic and thermodynamic approaches must be considered
for each contaminant species to understand its binding
mechanism.
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