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Abstract

The role of silica-fume agglomerates, found in densified silica-fume (DSF) pastes, in the immobilization mechanism of Cs ions was studied.
Samples of cementitious pastes containing two different forms of silica fume – DSF and raw silica fume (RSF) – were prepared. Leaching
experiments showed that both additives reduced the leachability of the metal ion, but the effect of the DSF paste was much stronger. Scanning
Electron Microscopy, together with Differential Thermal Analysis, proved that no agglomerated particles were present in the RSF pastes and that
the extent of pozzolanic reactivity was higher. We therefore believe that unreacted silica within the DSF agglomerates adsorbs Cs ions and
consequently increases their immobilization. Furthermore, this work suggests that during the pozzolanic reaction, a hydrated rim develops around
the agglomerate that acts as an additional diffusion barrier for the Cs ions, resulting in an increased efficiency of Cs immobilization.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Immobilization of cesium (Cs) ions in cementitious pastes has
been studied extensively, mainly with respect to their leaching
behaviour [1,2]. In cases in which soluble species such as Cs are
incorporated in cementitious pastes, relatively high leaching
rates have usually been reported [3,4]. Binding of Cs to the
cementitious paste was studied by various researchers [5–7] and
was found to have an insignificant effect on the immobilization of
the ion. Glasser and Hong [8,9] showed that the binding capacity
and bond strength of Cs ions to cementitious pastes are enhanced
as the Ca/Si ratio in the paste decreases.
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In order to improve the immobilization of this highly soluble
ion, pozzolanic additives are commonly used [8,10,11]. During
the pozzolanic reaction, amorphous silica originating from the
additive, reacts with portlandite, Ca(OH)2, a product of cement
hydration, to form additional CSH gel, which has a slightly lower
Ca/Si ratio than does the CSH originating from the hydration of
cement [12]. The consumption of portlandite does not necessarily
result in cessation of reaction. C–S–H is still capable of reacting
with silica fume resulting in production of more C–S–H albeit of
lower Ca/Si ratio. Excess unreacted silica fume may undergo
hydrolysis as well, in which Si–O–Si bond are broken and
replaced with Si–OH–Si bonds. This has a potential to generate
silica gel, also known to be a strong sorber for Cs.

We have previously shown [13] that the immobilization of
Cs ions in cementitious pastes greatly improved due to the
addition of densified silica fume (DSF). The combined results
from leaching and diffusion tests indicated that the immobili-
zation mechanism is of a chemical nature. Scanning Electron
Microscopy (SEM), together with Energy Dispersive Spectros-
copy analysis (EDS), revealed the presence of large unreacted
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Table 1
Mineral composition of the materials — OPC (ordinary Portland cement), DSF
(densified silica fume), RSF (raw silica fume) (wt.%)

OPC DSF RSF

CaO 63.23 0.48 0.33
SiO2 19.15 91.7 92.01
Al2O3 5.47 0.75 0.40
Fe2O3 2.89 2.33 0.91
MgO 1.32 0.85 1.25
TiO2 0.40 – –
K2O 0.46 1.16 1.40
Na2O 0.20 0.30 0.39
P2O5 0.51 – –
Mn2O3 0.04 – –
SO3 2.97 0.25 0.33
Cl 0.01 0.07 0.13
LOI total 3.17 1.78 1.70
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silica-fume agglomerates (typical diameter ∼100 μm) in the
silica-fume blended cement paste, and EDS analysis showed
that the Cs concentration within the agglomerates was sig-
nificantly higher than in the surrounding paste.

The appearance of such agglomerated particles of silica fume
has been already reported in several publications [14,15]. It has
been shown that in some cases, the presence of such particles can
reduce the positive effect of the silica fume on the microstructure
and mechanical properties of the pastes [16]. Furthermore, the
presence of silica-fume agglomerates can result in matrix ex-
pansion due to the alkali–silica reaction [15,17]. The mechan-
isms that control the accumulation of Cs ions in the silica-fume
agglomerates and their encapsulation are described hereafter.

2. Experimental program

The objective of the present study was to study the role
of the agglomerated unreacted silica-fume particles found
previously in DSF cementitious pastes [13], in the immobili-
zation mechanism of Cs ions. To achieve this goal, we com-
pared cementitious pastes containing either raw silica fume or
densified silica fume. Raw silica fume (RSF) is unprocessed
silica-fume particles, roughly 0.1 μm in diameter. To ease
handling and avoid health problems, raw silica fume is ag-
glomerated into larger particles, measuring several tenths of a
millimeter, designated as densified silica fume (DSF). Batch
adsorption tests and leaching tests were performed to com-
pare the binding and immobilization capability of the Cs ions;
Single Differential Thermal Analysis (SDTA), Scanning
Electron Microscopy (SEM) and Energy Dispersive Spectros-
copy analysis (EDS) were used to characterize the composition
and microstructure of the pastes.

In order to determine whether the immobilization mechanism
is controlled by the adsorption of Cs ions to the silica, i.e. whether
it depends on the amount of unreacted silica present in the paste or
is controlled by some other mechanism, a paste containing an
overdose of raw silica fumewas prepared (30%mass replacement
of cement). A residual amount of evenly dispersed unreacted
silica is expected to remain in this paste upon completion of the
pozzolanic reaction with all the portlandite present in the paste.
This unreacted silica fume can serve as adsorption sites for the Cs
ions and is comparable to the DSF paste in which unreacted silica
was found to be present within the agglomerates [13].

2.1. Materials

The cement used was Ordinary Portland cement (OPC) CEM
I 52.5N, conforming to EN 197 (Nesher, Israel). The two forms
of silica-fume (DSF and RSF) were products of Scancem
Chemicals, Norway. Table 1 presents the mineral composition of
the different materials used.

2.2. Paste preparation

A series of cementitious pastes blended with either densified
or raw silica fume was prepared and compared with unblended
Portland cement paste. DSF replacement was 20% by weight,
while RSF replacements were 20% and 30%. All pastes were
prepared at a constant water to binder (w/b) ratio of 0.45.

The components were mixed in a 5-liter Hobart mixer. Non-
radioactive Cs ions (representing the waste ions to be immobi-
lized) were added during paste preparation as a solution of the
nitrate salt, CsNO3 (Aldrich chemicals). Pastes of similar com-
position, excluding the addition of Cs ions, were prepared and
used in the batch adsorption experiments.

Specimens prepared for the leaching experiments were cast
in plastic molds (diameter 40 mm, height 100 mm), sealed and
rotated for the first 24 h to prevent bleeding and segregation. After
setting, the samples were removed from the molds, inserted into
polypropylene bags, sealed again (to prevent exposure to the
atmosphere) and allowed to self-cure at room temperature for
28 days. After curing, the specimenswere sliced into 15-mm thick
disc shaped samples used for the leaching experiment.

Specimens prepared to study compositional changes during
the initial stages of hydration were cast in 25-mm diameter plastic
molds. After a desired hydration period, the samples were frac-
tured into small pieces (suitable for the microscopy analysis) and
the hydration process was quenched by immersing the samples in
isopropanol for an initial 24-hour period, followed by removal of
the solvent and a second 5-hour period of immersion in fresh
solvent. The samples were then oven-dried at 105 °C for 2 h and
the fractured facewas gold-coated and prepared for SEManalysis.

2.3. Leaching tests

Leaching tests were performed according to the ANSI/ANS-
16.1 (1986) procedure [18], using deionized water as the
leachant. The samples contained cesium concentrations of
2.9 mg Cs/g paste. Since the ions were added during the paste
preparation stage and the pastes were cured for 28 days prior
to the leaching tests, it was assumed that the ions were evenly
dispersed and had sufficient time to interact with the paste; i.e. to
become chemically bound or incorporated by other effects. The
leaching tests were performed using duplicate samples of each
of the pastes. Analysis of the leached Cs ions was performed
using Inductive Coupled Plasma-Mass Spectroscopy (ICP-MS).

It is assumed that if less than 20% of the leachable species is
leached from a uniform, regularly shaped solid, then its leaching



Fig. 1. The cumulative fraction of Cs ions from cementitious pastes blended with
DSF and RSF as derived from leaching experiment results.
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behavior approximates that of a semi-infinite medium [18].
Under these conditions, the apparent diffusivity of the ion
(Da[Cs]) is calculated using the following equation:

Da ¼ p
an=Aoð Þ
Dtð Þn

� �2 V
S

� �2
T ; ð1Þ

where:

Da apparent diffusion coefficient [cm2/s]
an concentration of the ion released from the specimen

during leaching interval n
Fig. 2. SDTA results for cementitious pastes blended with silica fume and unblended
30%RSF).
A0 total concentration of the ion in the specimen at the
beginning of the test

(Δt)n duration of the nth leaching interval [s]
V volume of the specimen [cm3]
S geometric surface area of the specimen [cm2]
T cumulative leaching time representing the mean time

of the nth leaching interval [s] calculated from Eq. (2):

T ¼ t1=2n þ t1=2n�1

2

" #2

ð2Þ

In cases in which the cumulative fraction exceeds 20%, Da

can be calculated from the shape-specific solution of the mass
transport equations using a tabular method given by ANSI/
ANS-16.1(1986) [18].

2.4. Batch adsorption experiments

Batch adsorption experiments of Cs ions from a saturated
solution of Ca(OH)2 (representing the pore solution) were per-
formed on samples of neat cement paste, blended pastes and neat
silica fume (as-received) in its two forms. Cured pastes were
grinded and sieved to yield specified particle size (10–20 mesh,
i.e. 0.84–2.00 mm).

Samples were allowed to equilibrate for 3 weeks with a
saturated solution of Ca(OH)2 containing 1 g/l of Cs ions (as
the nitrate salt), at a constant temperature of 30 °C in a closed
vessel.
paste (black —unblended paste, red — 20% DSF, blue — 20% RSF, green —



Table 2
Calculated areas of the Ca(OH)2 decomposition peak (normalized to cement
weight in the sample) and relative pozzolanity of the different pastes

Integral normalized
(ks °C/g cement in sample)

Relative pozzolanity

No additives 9.72 0
DSF 20% 5.11 0.47
RSF 20% 0.96 0.90
RSF 30% 0 1.0

670 G. Bar-Nes et al. / Cement and Concrete Research 38 (2008) 667–674
The high concentrations used in the adsorption experiments
are mostly due to limitations of the analytical methods used.
Even though the difference in the concentrations used in
leaching and adsorption experiments is large, we believe that
within our experimental concentration ranges the Kd values
should not vary significantly with the ion concentration since the
concentration of Cs in the pore water of the pastes prepared for
the leaching tests increases sharply as water is consumed for the
hydration process. Therefore, this difference should not affect
our results.

After equilibrium was reached, the liquid phase was sep-
arated from the solids by decantation, Cs concentration of the
solution was determined and the distribution coefficient (Kd)
was calculated.

The distribution coefficient (Kd), describing the ratio be-
tween the ion's mass content in the solution and its mass
content in the solid phase, was calculated from the following
Eq. (3):

Kd ¼ C0 � Csol

Csol
� V
M

ð3Þ

where:

C0 initial ion concentration
C sol measured equilibrium concentration of the ion in

solution
V solution volume
M adsorbent mass
Fig. 3. Kd values for Cs ions in different cementitious pastes and siliceous
additives as obtained from batch adsorption experiments.
2.5. Paste characterization

Single Differential Thermal Analysis (SDTA) using Mettler
TGA/SDTA851e was used to determine the calcium hydroxide
(CH) content in each of the cured pastes.

In order to quantify the extent of the pozzolanic reaction
for each sample as well as the amount of unreacted silica fume
remaining in the paste we defined in our work the relative
pozzolanicity or the RPR (relative pozzolanic reactivity). The
RPR was defined as the relative consumption of CH in the SF
blended pastes compared with the unblended paste, as calculated
from Eq. (4):

RPR ¼ CHOPCð Þ− CHSFpaste

� �� �
CHOPCð Þ ð4Þ

where CHOPC represents the integrated area of the Ca(OH)2 peak
obtained from the SDTA results for the unblended Portland
cement paste andCHSFpaste represents the integrated area of the Ca
(OH)2 peak in the SF blended paste.

SEM analysis, together with EDS, was employed to char-
acterize both the local morphology and chemical composition of
the different paste samples. This kind of measurement assists in
mapping the location of immobilized ions within the paste,
provided their local concentration is above the detection limit. In
order to study changes in the chemical composition throughout

Fig. 4. SEM image of DSF particles.
Fig. 5. SEM image of RSF particles.



Fig. 6. SEM image of DSF blended paste.
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hydration, the hydration of different samples was stopped after
5, 12, and 31 days from the beginning of hydration.

3. Results

3.1. Leaching results

Fig. 1 presents the leaching curves obtained for Cs ions
immobilized within the different cementitious pastes blended
with SF. A previous study [13] showed that the leachability of
Cs ions from unblended cement pastes is quite high, yielding
an accumulated released ion fraction of 0.8 at the end of the
leaching test (90 days). Fig. 1 shows that in the presence of
either forms of SF, leaching of Cs ions is much more restrained.
The DSF paste exhibited the highest reduction in Cs leach-
ability, with a released accumulated fraction of less then 0.03 at
the end of the experiment. The effect of a 20% addition of RSF
Fig. 7. (a) SEM image of a silica-fume agglomerated cluster. (b) EDS analysis of th
was also marked compared with the unblended paste (a released
accumulated fraction of 0.12), although less pronounced com-
pared with the DSF blended paste. Leachability values of Cs
ions from cementitious samples blended with 30% raw silica
fume were in between those of the two other pastes (released
fraction of 0.06).

3.2. Thermal analysis results

The different cement pastes were characterized by SDTA to
determine the content of CH. Fig. 2 presents SDTA curves for
the different pastes (paste composition is indicated on the right
hand side of each curve). The wide peak in the temperature range
90–150 °C corresponds to the loss of water from the CSH gel
and sulfoaluminates. The peak around 500 °C corresponds to the
decomposition of CH [19]. The area under the peak at 500 °C
provides a quantitative measure of the extent of the pozzolanic
reaction. As can be seen, the 30% RSF paste exhibits no peak in
this range, indicating that all of the CH content in this paste has
been consumed by the pozzolanic reaction. Table 2 presents the
integrated areas under the decomposition peaks, normalized to
the cement content in the sample, together with the calculated
relative pozzolanity of the pastes.

3.3. Batch adsorption results

Batch adsorption experiments were performed in order to
evaluate the Kd values of Cs ions for the cementitious pastes,
with andwithout SF, and for the neat silica-fume additives. Fig. 3
presents the evaluated Kd values. The adsorption of Cs ions by
the cementitious paste seems to improve following the addition
of both forms of SF. The relatively similarKd values obtained for
the two forms of SF indicate that the SF particles' capability to
bind the Cs ion is not affected by their morphology.
e Cs ion concentration (at.%) and Ca/Si atomic ratio across the cluster (A–A).



Fig. 8. (a) SEM image of the interface between a silica-fume agglomerated cluster and the paste. (b) EDS analysis of the Cs ion concentration (at.%) and Ca/Si atomic
ratio vs. distance from interface.

Fig. 9. Ca concentration (at.%) vs. distance from interface towards the center of
the DSF agglomerate for different hydration times.
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3.4. Scanning electron microscopy results

Figs. 4 and 5 present SEM images of the two forms of silica
fume. The DSF is composed of large agglomerated clusters
(with an average diameter of approximately 100 mm) that seem
to be tightly packed (Fig. 4). As for the RSF, the individual
silica-fume particles are much smaller and even when some
agglomeration is observed, the particles still seem to be very
loosely bound (Fig. 5).

The SEM image of the DSF blended paste (Fig. 6) shows that
the large spherical DSF clusters have not disappeared during
paste preparation and are evenly dispersed in the cementitious
paste. Such clusters were not detected in the pastes blended with
RSF.

Fig. 7a presents the SEM image of a single agglomerated
cluster. EDS analysis along line A–A (Fig. 7b) reveals that the
particle is composed mainly of silica, with calculated Ca/Si
values near 0.2 at the interior of the agglomerated cluster. In
comparison, Ca/Si values of 1–2, typical for C–S–H, were
measured at different locations of the bulk matrix outside the
cluster.

The Cs concentration seems to be inversely proportional
to the Ca/Si ratio, with low ion concentrations in the bulk
matrix that increase sharply upon entering the agglomerate
(Fig. 7b).

Fig. 8a presents an enlargement of the interface between the
agglomerated silica-fume cluster and the bulk matrix. A line
scan EDS elemental analysis of this interfacial zone (Fig. 8b)
shows the presence of a distinct transition zone between the
bulk matrix and the silica-fume agglomerate, in which the Ca/
Si ratio varies significantly. The Ca/Si ratio increases from
∼1.2 in the bulk matrix to ∼3 at the interface and then
decreases sharply to ∼0.2 over a short distance of 5–6 μm
upon entering the agglomerate (Fig. 8b.) This relatively high
Ca concentration within the transition zone can be related to
the accumulation of calcium hydroxide around the SF ag-
glomerate reacting with the silica and leading to the formation
of a hydrated rim on the agglomerate surface. The occurrence
of hydrated rims with relatively high calcium content sur-
rounding the silica agglomerates has been previously reported
by Diamond et al. [17]. This effect could not be checked for
systems where the Ca(OH)2 has been totally consumed since
for those pastes no agglomerated particles were found and the
Ca/Si ratio was found to be constant throughout the paste.

SEM, together with EDS, was used to examine the build-up
of this hydrated rim, for 5, 12 and 30-day old partially hydrated
pastes. Fig. 9 presents the variation in atomic concentration of
Ca as a function of the distance from the agglomerate surface
towards its center. Relatively high values of Ca atomic con-
centration (14–19 at. %) were found near the agglomerate-bulk
interface at all ages. This high concentration of Ca at the
interface has already been demonstrated for the mature paste in
Fig. 8b. In the paste hydrated for 5 days, the Ca concentration
decreased sharply to a constant value (4–6 at. %) over a short
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distance of 2–3 μm from the agglomerate surface inward.
In pastes hydrated for 12 and 30 days, the Ca concentration
gradient was more moderate, reaching a constant Ca concen-
tration at a distance of 6–10 μm inward from the interface.

4. Discussion

The addition of DSF to cementitious pastes was found to be
more effective in the immobilization of Cs ions, than the addition
of a similar amount of the raw additive (RSF).

SEM observations, together with EDS analysis, revealed the
presence of agglomerated silica-fume clusters in the DSF paste,
whereas similar clusters were not found in the RSF pastes. The
Cs ion concentration was found to increase sharply from low
concentrations in the bulk cement to high concentrations in the
center of the silica-fume agglomerated clusters. The accumu-
lation of Cs ions within the DSF clusters can be explained in
terms of adsorption to the silica, which becomes significant as
the Ca/Si ratio decreases, as previously reported by Glasser and
Hong [8,9].

A series of experiments was performed in order to de-
termine whether this adsorption is indeed the mechanism that
leads to improved immobilization of Cs ions in the DSF
blended paste.

Examination of the extent of the pozzolanic reaction in
the different pastes (Table 2) shows that an addition of 20%
and 30% RSF to the paste results in 0.90 and 1.00 relative
pozzolanic reactivity (RPR), respectively. Assuming that the
extent of the reaction is linearly dependent on the amount of
silica present in the paste and that all of the RSF has reacted,
then an addition of 30% RSF leads to a residual amount of∼8%
unreacted silica in the paste. The amount of unreacted silica
present in the 20% DSF paste was calculated based on the
difference between the relative pozzolanity of the 20% RSF and
DSF pastes and was found to be ∼9.6%, quite similar to that of
the 30% RSF paste.

Batch adsorption results show that the distribution coeffi-
cients (Kd) of Cs for DSF and RSF (in either neat or blended
cementitious pastes) are very similar, indicating that the dif-
ferences in morphology between the two forms of additive do
not seem to have an effect on the binding capability to the ionic
species.

Despite the similar contents of unreacted silica, the accu-
mulated leaching fraction of the RSF paste was much larger than
that of the DSF paste. This finding suggests that adsorption of Cs
ions to the unreacted silica is not the only immobilization
mechanism of the ions in the paste, since both the amount of
unreacted silica and the binding capabilities of the two pastes are
quite similar. Therefore, the large decrease in leachability of the
ion from the DSF paste must be the result of a different or an
additional mechanism.

EDS results showed the presence of a hydrated rim,
formed around the agglomerated clusters of DSF during the
hydration of the paste. Based on the measured values of Ca
concentration, it seems that the thickness of the hydrated rim
increases during the initial days of hydration and then stops
growing. Wild et al.[20] showed that at extended curing
times, the pozzolanic reaction in DSF pastes seems to be
controlled by the build-up of an inhibiting layer of reaction
products around the DSF particles, leaving residual unreacted
silica in the paste. Even though this end state is probably
metastable, we believe that the environmental conditions
would not favor the continuation of the pozzolanic reaction.
With time the paste is expected to undergo further dehy-
dration which will further slow the diffusion process and
inhibit the reaction.

We suggest that Cs ions are adsorbed during the paste prep-
aration (high Cs concentrations were measured within the ag-
glomerates early on in the hydration process), followed by the
build-up of a hydration rim surrounding the agglomerated SF
particle. This hydration layer, evidenced in this study by EDS
analysis, inhibits the completion of the pozzolanic reaction,
resulting in a significantly lower relative pozzolanic reactivity for
the DSF paste (RPR of 0.47), compared with the 20% RSF paste
(RPR of 0.90). We believe that this inhibiting layer can act as an
additional diffusion barrier for the chemisorbed Cs ions as well,
leading to a significant improvement in the immobilization of Cs
ions in the DSF blended cementitious paste compared with the
RSF paste.
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