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Abstract

The efficiency of innovative matrices for immobilizing cesium is presented in this work. The matrix formulation included the use of fly ash
belite cement (FABC-2-W) and gismondine-type Na-P1 zeolite, both of which are synthesized from fly ash of coal combustion. The efficiency
for immobilizing cesium is evaluated from the leaching test ANSI/ANS 16.1-1986 at the temperature of 40 °C, from which the apparent diffusion
coefficient of cesium is obtained. Matrices with 100% of FABC-2-W are used as a reference. The integrity of matrices is evaluated by porosity and
pore-size distribution from mercury intrusion porosimetry, X-ray diffraction and nitrogen adsorption analyses. Both matrices can be classified as
good solidify systems for cesium, specially the FABC-2-W/zeolite matrix in which the replacement of 50% of belite cement by the gismondine-
type Na-P1 zeolite caused a decrease of two orders of magnitude of cesium mean Effective Diffusion Coefficient (D) (2.8e—09 cm?/s versus

2.2e—07 cm?/s, for FABC-2-W/zeolite and FABC-2-W matrices, respectively).

© 2006 Elsevier B.V. All rights reserved.

Keywords: Fly ash belite cement; Diffusion; Cesium; Gismondine-type Na-P1 zeolite

1. Introduction

The Portland cement is the material more extensively used
in the technologies of solidification and immobilization of the
toxic wastes and low and medium level wastes (LLW) and
(MLW). The main solidification mechanism in the above men-
tioned systems is based on the precipitation of the corresponding
hydroxides due to the highly alkaline pore solution of hydrated
Portland cement. Nevertheless, this mechanism is not valid in
the case of cesium, and, therefore, its degree of retention, in the
traditional Portland cement matrices, is low and, consequently,
its diffusion towards the biosphere is high [1-3].

By this, it is necessary to introduce in the matrices other com-
ponents that avoid the above mentioned lacks as for example,
resins with capacity of ionic exchange, fly ash, slags, zeolites,
etc. [4-19].
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The belite cements are good candidates for the formulation of
confining matrices of radioactive liquid wastes, due to its specific
characteristics. First, they present a slow hydration rate, for what
the heat that is liberated is more gradual, there being avoided
retraction problems, circumstance that makes it suitable for the
manufacture of the above mentioned matrices. Secondly, during
its hydration minims amounts of Ca(OH), are produced, assur-
ing a good durability in the aggressive atmospheres in which
expansive reactions with Ca(OH); could take place, as it is the
case of the attack by sulphates, present in great amount in the
radioactive liquid wastes [20-26].

The reactive fly ash belite cements (FABC) obtained by
means of low energy processes constitute an alternative to tra-
ditional Portland cement, no single by the potentiality of its
technological applications and durability, but, in addition, by the
advantages of the manufacture process. These advantages then
suppose a sustainable and eco-efficient alternative with reduc-
tion of the environmental impact: the temperature of synthesis
is reduced drastically (800 °C versus 1450 °C); the CO; emis-
sion during the process of the furnace, being able to arrive at
emission 0; and a waste is eliminated and the associated land-
fill. The expectations of demand of energy in a near future (the
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world-wide fly ash production is around 600 million tonnes)
will imply serious environmental problems derived from their
storage. Everything which, it has an important repercussion, in
addition, economic by the reduction in price of implied costs.

This cement is obtained after a hydrothermal activation of
fly ash, and is constituted mainly by the phase a/ of bicalcium
silicate [27-29].

The aim of this work is to study the efficiency for immobiliz-
ing cesium of belite cement and zeolite. Both cement and zeolite
will be synthesized in our laboratory from industrial by-products
like fly ash of the coal combustion, contributing therefore, from
the point of view of the waste management to the elimination of
these by-products and their landfills; to the preservation of the
natural resources and to its revaluation and incorporation in the
market.

2. Experimental
2.1. Synthesis of fly ash belite cement and zeolite

Two Spanish coal fly ash, ASTM class F and C, denomi-
nated FA-0 and FA-2, respectively, were used as secondary raw
materials. Gismondine-type Na-P1 zeolite was synthesized from
FA-0, which was hydrothermally treated at 150 °C in an alka-
line solution 1 M NaOH, according to the procedure described
in reference [19] but with the following differences: solution-
to-fly ash ratio of 3:1 by weight instead of 10:1; heating at
150°C with stirring for 2h instead of 12h. The solid phase
was washed three times with demineralized water, and dried to
a constant weight at 50 °C. The main objective of these changes
was to increase the efficiency of the zeolite synthesis process
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Fig. 1. X-ray diffraction patterns of the starting materials: (a) fly ash class F
(FA-0); (b) zeolite type gismondine; (c) fly ash class C (FA-2); (d) fly ash belite
cement FABC-2-W.

by using the maximum amount of fly ash or minimum amount
of alkaline solution and minimum heating time. For that, dif-
ferent heating time: 2, 4 and 6 h and solution-to-fly ash ratio:
3:1, 5:1 and 10:1 were explored. The temperature was fixed
at 150°C because at higher values zeolite analcime-C-type is
formed, which has lower selectivity for cesium than gismondine,
as was concluded in a previous work [19]. The XRD character-
ization results showed that gismondine-type Na-P1 zeolite is
formed when the solution-to-fly ash ratio was 3:1 and at the
minimum heating time of 2 h (Fig. 1).

Fly ash belite cement, denominated FABC-2-W, was syn-
thesized from FA-2 by the hydrothermal-calcination route

Table 1
Chemical composition of the starting fly ashes and FABC-2-W (% by weight)
LOI* CaO SiO; (total) Fe, 03 Al O3 MgO SO3 Na,O K,O Si0," (reactive) BET (m%/g)
A-0 5.6 4.6 48.9 7.5 26.8 1.9 - 0.7 3.7 35.8 0.79
FA-0 4.0 32.0 32.8 42 19.3 2.2 2.8 0.44 1.6 25.2 3
FABC-2 W 14 48.3 28.7 2.3 15.2 14 1.7 0.25 0.5 28.6 6.4

2 LOI, loss on ignition.
b Silica reactive according to Spanish standard UNE-80-224.

Table 2
Proves carried out for the mix design of the matrices

Zeolite—-FABC-2-W (g) CsCl solution/mixture

0.9 1 1.1 1.2
70-30 No workability Good workability Good workability Good workability
No hardened No hardened No hardened
60-40 No workability Good workability Good workability Good workability
No hardened No hardened No hardened
50-50 No workability Good workability Good workability Good workability
Hardened Hardened No hardened
40-60 No workability Small workability Good workability Good workability
Hardened Hardened No hardened
0-100 No workability Small workability Good workability Good workability
Hardened Hardened Hardened
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described in a preliminary paper [27]. The chemical and miner-
alogical compositions of FA-0, FA-2 and FABC-2-W appeared
in Table 1 and Fig. 1, respectively.

2.2. Fabrication of matrices: mix design

For the mix design of matrices, a preliminary optimization
study was carried out by using 10 g of a mixture of zeolite and
FABC-2-W cement in proportions ranging from 0:100 to 70:30
and CsCl solution to solid mixture ratios ranging from 0.9 to
1.2. The solidification of mixtures was observed after a curing
period of 7 days at 60 °C. As can be seen in Table 2, for waste
solution to solid ratio values lower than 1.1, the workability is
very low, whereas for values higher than 1.1, the mixtures did
not harden. The optimum zeolite/cement ratio was 50:50, for
more zeolite amount the mixture not hardened.

Matrices were fabricated without and with a 0.1 M CsCl solu-
tion, FABC-2-W and zeolite in the following proportions (by
weight of mix): solution/cement/zeolite: 52.4/23.8/23.8. After
mixing, samples were molded into cylinders of 5cm x 10cm
and demolded after 7 days of curing at 60 °C and >95% relative
humidity. Equivalent matrices were fabricated with plain FABC-
2-W as reference. Analytical reagent grade CsCl, was used to
prepare the solution. The criteria for the formulation of matrices
were the following: maximum volume of CsCl solution to be
immobilized and maximum zeolite to FABC-2-W ratio.

2.3. Leaching test

The leaching test was the ANSI/ANS-16.1-1986 [30]. The
leachant was demineralised water with a conductivity <5 u€2/cm
in which the specimens, with a volume of leachant to external
geometric surface area of the specimen (196.35 cm?) ratio of
10cm, were immersed in individual plastic containers at the
temperature of 40 °C. The leachate analyses were carried out on
duplicate specimens.

2.3.1. Test parameters

A considerable amount of experimental data obtained from
the samples, which maintained their dimensional integrity dur-
ing leaching, indicated that internal bulk diffusion is the most
likely rate-determining mechanism during the initial phases of
the leaching process. Although additional mechanisms probably
do occur to some degree, they are more likely to become rate-
determining only during later ages of leaching (19, 47 and 90
days). Thus, the recommended data handling procedure of the
standard is permissible, due to simplification of mass-transport
theory (second Fick law at non-stationary state), for the purpose
of classifying and ranking solidified wastes, according to leach-
ability. The solution of the mass-transport equations (second
Fick law), for a specimen that may be considered as a semi-
infinite medium, permit the effective diffusivity to be computed
by:

2 2
De =7 |:(CI‘L/C0):| |:V:| T (1)
(A1), S

1 2
T = La,i/z + z,i/j)} )

where ¢, is the activity or concentration released from the spec-
imen during the nth leaching interval; C, is the total activity or
concentration of a given ion at the beginning of the first leaching
interval; (Af), is the duration of the nth leaching interval in sec-
onds; Vis the volume of the specimen in cm?; Sis the geometric
surface area of the specimen in cm?; and, T is the cumulative
leaching time representing the “mean time” of the nth leaching
interval for a semi-infinite medium.

Generally, this method for calculating “D.” is valid up to
5 days of leaching time (abbreviated test), where diffusion is
the rate-determining mechanism. At this point in the test, the
specimen acts like a semi-infinite medium. From 5 days, the
specimens, generally, acts like a finite medium, being the cumu-
lative fraction leached higher than 20%, and other methods to
calculate “D” must be used. So, for example a graphical method
or interpolation, from which the parameter “G” can be obtained,
in this case:

d2

D.=G
(AD),

3

where d is the diameter of the specimen in centimeter, and G a
dimensionless factor.

As far as the leachability index “L” is concerned, it is a nor-
malization factor, which is related to the specific material tested:

L =log (g) )

where f is a defined constant (1.0cm?/s). “L” also depends
on the leaching conditions and the leachant renewal schedule.
Leachabilty studies, therefore, consider all these variables and
the results are applicable only to cases where all these factors
are the same within certain error ranges.

2.4. Equipments

The cesium concentration was determined by optical emis-
sion spectrometry (OES) with inductively coupled plasma (ICP)
by means of a Perkin-Elmer Optima 3300 D/V. XRD analy-
ses were recorded on a Philips PW 1730 diffractometer making
use of a graphite monochromator and Cu Koy radiation. Poros-
ity and pore-size distribution of matrices were investigated by
mercury intrusion porosimetry carried out with a Micromerit-
ics Pore Size 9310. SEM analysis was performed with an Jeol
5400 instrument equipped with an energy dispersive X-ray spec-
troscopy module (EDS) Oxford ISIS model. Metallized samples
were prepared with carbon sputtering. SEM/EDX semiquanti-
tative analyses were made at 20 KV and a reference current of
300 wA on powder samples. The EDX microanalysis have been
carried out in spot mode over each different crystalline phase,
being the limit detection of 0.2%. Specific surface area mea-
surements were made with the multipoint BET technique using
aMicromeritics ASAP 2010 analyzer, previous sample degasifi-
cation at 50 °C for 24 h up to a pressure of 5 wm Hg and N; gas as
the adsorptive. Specific surface area values were calculated from
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the isotherm data using the Brunauer—-Emmett—Teller (BET) [31]
equation in a relative pressure range of 0.003-0.3. Pore size dis-
tributions were found with the Barret—Joyner—Halenda (BJH)
method [32]. For the BET surface area and pore-size distribu-
tion analysis, monolithic pieces of about 7 mm were previously
dried at room temperature in desiccators with silica gel, up to a
constant weight, to eliminate free water (evaporable water) and
then about 0.5 g of sample was degasified at 50 °C (to prevent
decomposition of C—S—H gel) under vacuum up to reach 5 pm
Hg pressure. In the case of X-ray diffraction analysis, a part of
sample was grounded to particle size in the range of 75 pwm and
dried at room temperature in desiccators with silica gel, up to a
constant weight.

3. Results and discussion
3.1. Characterization of starting materials

The chemical compositions of starting fly ashes and FABC-
2-W, determined according to the Spanish standard UNE-EN
196-2, are given in Table 1. The FA-0 is in accordance with
the requirements of ASTM class F and the EN-UNE 450
specifications: SiO; + Al O3 + Fe;O3 content of over 70% and
a low CaO content. On the contrary, the FA-2 is in accor-
dance with the requirements of ASTM class C specifications:
SiO, + AlpO3 + Fe, O3 content lower than 70% and high CaO
content; its CaO/SiO, molar ratio is 1. The majority crystalline
phases in the starting FA-0 (Fig. 1(a)) were quartz (a-SiO5), mul-
lite (AlgSi»013) and hematite (a-Fe,03); the amorphous halo
between 15 and 35 in the 26 angular zone corresponds to the
vitreous component of fly ash. The XRD pattern of gismondine-
type Na-P1 zeolite (NagAlgSij9O32-12H,0) obtained from FA-
0 can be seen in Fig. 1(b).

In the case of FA-2 (Fig. 1(c)), beside mullite and quartz,
free lime (CaO) and anhydrite (CaSQOy) are present. The anhy-
drous FABC-2-W, obtained from FA-2 (Fig. 1(d)), showed broad
reflections appeared at 32-33 (26) angular zone, which corre-
spond to oy -Ca,SiOy belite variety of poor crystallinity; traces

Table 3
Leaching analyses of FABC-2-W and FABC-2-W/ZEOLITE matrices

1.0

1 -o—-FABC-2-W
081 —o—FABC-2-W/ZEOLITE

0.6

0.4

Cumulative fraction leached (CFL)

Square Root of Time (days)

Fig. 2. Cumulative fraction leached (CFL) of cesium versus the square root of
time.

of gehlenite (CazAl,SiO7) appeared; the absence of free lime
suggested a 100% of reaction. Calcite content was 1.1% (deter-
mined from thermogravimetric analysis).

3.2. Leaching analyses

The effective diffusion coefficient (D.), together with other
measured parameters for each leaching interval are given in
Table 3, for the two matrices studied. The cumulative fraction
leached of cesium is presented in Fig. 2. As can be seen, the
matrix fabricated with FABC-2-W/zeolite has values of cesium
cumulative fraction leached (CFL) near two orders of magnitude
lowers than those of the plain FABC-2-W matrix. The mean
effective diffusion coefficient (D.), up to 5 days of leaching
(abbreviated test), is 2.2e—07 cm?/s for FABC-2-W matrix and
that of FABC-2-W/zeolite matrix, 2.8e—09 cm?/s. The kinetic
of the process is slower at longer leaching time, decreasing the
corresponding D, values after 90 days of leaching up to 4.2e—8
and 1.1e—10 cm?/s, for the FABC-2-W and FABC-2-W/zeolite
matrices, respectively. In the later case, the decrease of D, can
be attributed to the formation of a carbonated film which cover
the external surface of matrix (see Fig. 4).

Matrix FABC-2-W (C, =6.97 g/Kg) FABC-2-W/ZEOLITE (C, =6.81 g/Kg)
(A, (8) cn (g/kg) F, F D. (cmzls) L R, cn (g/kg) F, F D (cmz/s) L R,
enlCo Y cnlCo Ful(AD)y nlCo > calCo Ful(A)y
7.2e03 0.39 0.056 0.056 3.4e—07 6.5 7.7e—06 0.015 0.0022 0.0022 5.4e—10 9.3 3.1e—07
1.8e04 0.35 0.050 0.11 3.6e—07 6.4 2.8e—06 0.023 0.0033 0.0055 1.6e—09 8.8 1.8e—07
6.1e04 0.50 0.072 0.18 2.2e—07 6.6 1.2e—06 0.068 0.0099 0.016 4.3e—09 8.4 1.6e—07
8.6e04 0.33 0.047 0.23 1.2e—-07 6.9 5.5e—07 0.053 0.0078 0.023 3.2e—09 8.5 9.0e—08
8.6e04 0.20 0.029 0.25 7.7e—08 7.1 3.4e—07 0.038 0.0055 0.029 2.8e—09 8.6 6.4e—08
8.6e04 0.15 0.022 0.28 6.1e—08 7.2 2.5e—07 0.038 0.0055 0.034 3.9¢e—09 8.4 6.4e—08
8.6e04 0.13 0.019 0.30 5.8e—08 7.2 2.2e—07 0.030 0.0044 0.039 3.2e—09 8.5 5.1e—08
1.1e06 1.1 0.15 0.45 5.1e—08 7.3 1.3e—07 0.083 0.012 0.051 3.4e—10 9.5 1.1e—08
2.4e06 1.4 0.20 0.65 5.6e—08 7.2 8.3e—08 0.068 0.0099 0.061 1.4e—10 9.9 4.1e—09
4.0e06 1.3 0.19 0.84 4.2e—08 7.4 4.8e—08 0.068 0.0099 0.071 1.1e—10 9.9 2.5e—09

FABC-2-W (C, =6.97 g/kg): mean D, =2.2e—07(abbreviated test), mean leachability index, L; = 6.7 (abbreviated test), standard deviation, o = 0.3; FABC-2-W/Zeolite
(Co=6.81 g/kg): mean D, =2.8e—09 (abbreviated test), mean leachability index, L; = 8.6 (abbreviated test), standard deviation, o =0.3; C, is the initial Cs concen-

tration, expressed as g of Cs/kg of matrix.
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3 CzSHo.35; 4 monosulfo C4AsHyo; Al aluminium from porta

Fig. 3. X-ray diffraction patterns of: (a) anhydrous FABC-2-W; (b) after 7 days
of curing at 60 °C, without Cs (c)) after 7 days of curing at 60 °C, with Cs; (d)
after 90 days of leaching.

The mean leachability index (L) is used to catalogue the
efficiency of a matrix material to solidify a waste, being the
value of 6 the threshold to accept a given matrix as adequate
for the immobilization of nuclear wastes [30]. As it is shown in
Table 3, the mean leachability index (L), during the first 5 days,
is 6.7 and 8.6 for the FABC-2-W and FABC-2-W/zeolite matri-
ces, respectively, consequently, both matrices, and specially the
FABC-2-W/zeolite matrix can be catalogued as efficient mate-
rials for immobilizing cesium from nuclear wastes.

It is necessary to mention the difficulty that represents the
comparison of the results of diffusion of the cesium obtained
in this work with the published ones by other authors. This is
due to differences in: types of leaching tests; matrix geometries
and compositions; concentration of cesium; types of evaporator
concentrates, temperature, etc.

Taking this into account, the effective diffusion coefficient
of cesium obtained from the abbreviated test (up to 5 days),
in the case of the plain belite cement matrix (2.2e—07 cm?/s),
is quite similar to those obtained for matrices fabricated by the
authors with Portland cement type I-35A (2.0e—07 cm?/s), Port-
land cement type IV-35A (5.9e—07 cm?/s) and by using the same
geometry of matrices, the same leaching test and the same tem-
perature of 40 °C [3].

3.3. Characterization of matrices

3.3.1. X-ray diffraction

Figs. 3 and 4 show the changes of the X-ray diffraction
patterns of plain FABC-2-W and FABC-2-W/zeolite matrices
before and after leaching attack. The XRD results of equiva-
lent matrices mixing with demineralised water instead of CsCl
solution have been included for comparison.

In the case of plain FABC-2-W matrix (Fig. 3(b)),
the main hydrated compounds formed were C;SHy3s
(CaSi04-0.35H,0), C-S-H gel (Ca; 55103 5-xH>0), hydrated
calcium monosulpho aluminate (CagAly(SO4)Og-10H,0) and
katoite (Caz Al»(Si04)(OH)g). No significant changes were pro-

FABC-2-W / ZEOLITE matrix H

c

5 10 16 20 25 30 35 40 45 50
(20)

Z zeolite; M mullite; Q quartz; C calcite; o o'L-C,S; C4AsH40; 1 Ca455i035.xH;0;
2 C4AClzH1q; 3 C2SHo.3s; 4 monosulfo CsAsHyp; St Stratlingite.

Fig. 4. X-ray diffraction patterns of: (a) anhydrous FABC-2-W/ZEOLITE mix-
ture; (b) after 7 days of curing at 60 °C, without Cs (c)) after 7 days of curing at
60 °C, with Cs; (d) after 90 days of leaching; (e) external carbonated film.

duced neither by the presence of CsCl solution (Fig. 3(c)) nor
by the leaching attack (Fig. 3(d)).

For FABC-2-W/zeolite matrix (Fig. 4), the main differ-
ences observed in the hydrated compounds are the follow-
ing: the absence of katoite; the formation of strattlingite
(CayAl;Si07-8H20) (from the hydration of gehlenite) and
the higher intensity of CagAl>(SO4)O¢-10H,0 reflections (see
Fig. 4(b)). In the presence of CsCl solution, the intensity of
the aforementioned hydrated compounds decreased; traces of
the B-Cas Al>(Cl»)Og-10H7 O appeared from the combination of
chlorides with Cag Al»(SO4)Og-10H,0. No significant changes
were produced after the leaching attack (Fig. 4(d)). As it has
been commented previously, an external carbonated film was
formed after leaching (see Fig. 4(e)).

It should be mentioned that crystalline cesium compounds
were not formed neither in the FABC-2-W nor in the FABC-
2-W-zeolite matrices, suggesting that cesium is not chemically
combined. Nevertheless, from the low cesium diffusion coeffi-
cient obtained for FABC-2-W-zeolite matrix, one can deduce
that the zeolite is clearly a host phase for cesium which is
strongly immobilized. In the case of FABC-2-W matrix, the
cesiumis detected mainly in the C—S—H gel (see the X-ray micro-
analyses of Table 4), but its degree of immobilization is clearly
much lower than that of zeolite.

3.3.2. Pore structure

The differential pore size distribution and total porosity of
matrices, determined from mercury intrusion porosimetry and
the changes introduced by leaching attack are depicted in Fig. 5.
As shown, the porosity of FABC-2-W/zeolite matrix (73% by
weight) is 30% higher than that of FABC-2-W matrix (51%),
with a very homogeneous pore size distribution with a maximum
centred at 0.1 wm of diameter. The pore structure of this matrix
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Table 4
X-ray microanalyses of starting zeolite and matrices (%atom).
Si Al Fe Ca Na K S Cs Na/Al  Si/Ca Al/Ca S/Ca
Zeolite Fig. 7(b) 090 050 0.024 0.020 045 0.076  0.001 - 0.9 52 28 0.07
Fig. 7(c) mark 1 098 045 0.022 0.001 047 0.050 0 - 1.1 1092 502 0
FABC-2-W unleached Fig. 8(a) mark 1 057 0.18 0015 091 0.015 0.018 0.014 0.010 0.09 0.62 0.19 0.015
Fig. 8(a) mark 2 048 0.16 0.019 1.00 0.026 0.017 0.019 0.011 0.16 0.48 0.16 0.019
Fig. 8(b) mark 3 025 045 0.014 094 0.013  0.007 0.058 0.006 0.03 0.26 0.48  0.062
Fig. 8(b) mark 4 028 045 0.011 0.81 0.010 0.010 0.020 O 0.02 0.35 0.55  0.025
Fig. 8(c) mark 5 053 028 040 0.09 0.17 0014 0 0 0.6 5.65 294 0
FABC-2-W leached Fig. 9(a) mark 1 061 023 0.030 0.82 0.025 0.012 0.016 0.004 0.11 0.75 0.28  0.019
Fig. 9(a) mark 2 0.60 026 0.016 0.83 0.025 0011 0.019 0 0.09 0.73 031 0.023
Fig. 9(b) mark 3 023 048 0.015 093 0.044 0.011 0.047 0.001 0.09 0.25 0.51  0.050
Fig. 9(b) mark 4 0.15 052 0.003 1.01 0.014  0.007 0.048 0.001 0.03 0.15 0.51  0.047
FABC-2-W/Z unleached  Fig. 10(a)mark 1  0.89 040 0.028 0.11 0.34 0.086 0.003 0.024 0.83 8.2 371 0.024
Fig. 10(b)mark2  0.82 0.37 0.029 0.22 0.21 0.10 0.004 0.039 0.58 3.71 1.67  0.016
Fig. 10(b)mark3  0.26 031 0.025 098 0.06 0.025 0.038 0.014 0.20 0.27 032  0.039
Fig. 10(c) mark4 050 047 0.016 0.60 0.12 0.042 0.024 0.013 0.26 0.84 0.79  0.040
FABC-2-W/Z leached Fig. 11(a)mark I 085 046 0.019 0.14 0.27 0.075  0.005 0.027 0.59 5.98 319  0.033
Fig. I1(bymark2 0.59 0.13 0.020 0.94 0.033 0.016 0.020 0.001 025 0.63 0.14  0.021
Fig. 11(b) mark3 028 046 0.018 0.86 0.051 0.011 0.060 0.005 0.11 0.32 0.54  0.070
Fig. I1(cymark4 033 041 0.015 096 0.043 0.022 0.011 0.003 0.10 0.34 042 0012

is not affected by leaching attack. In the case of FABC-2-W
matrix, the mayority of pores also have diameters of 0.1 wm; the
leaching caused the appearance of pores of 2.5 wm of diameter.

The high total porosity of both matrices caused a low
bulk density: 1.0 and 0.83 g/mL for FABC-2-W and FABC-2-
W/zeolite matrices, respectively.

The BET surface area and differential pore size distribution
of matrices, obtained from nitrogen adsorption, and the changes
introduced by leaching attack are depicted in Fig. 6.
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The surface area of FABC-2-W/zeolite matrix (109 m2/g) is
21% higher than that of FABC-2-W (86 m?/g), due to the con-
tribution of starting zeolite (40 m?/g) versus 6.4 m?/g of starting
cement. After leaching attack, the surface area of FABC-2-
W/zeolite matrix sligthly decreased (from 109 to 102 m?/g),
whereas, in the case of FABC-2-W matrix sligthly increased
(from 86 to 91 m2/g).

The differential pore size distribution of unleached FABC-2-
W/zeolite matrix showed a peak centred at about 4 nm, which
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Fig. 5. Pore size distribution and porosity of matrices determined by mercury intrusion porosimetry: influence of leaching.
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Fig. 6. Pore size distribution and BET-N surface area of matrices determined by nitrogen adsorption: influence of leaching.

Fig. 7. SEM images of fly ash class F (FA-0) after hydrothermal treatment in NaOH at 150 °C.

indicates a much higher proportion of pore volume in pores 3.3.3. Scanning electron microscopy analyses

having diameters of 4nm. In the case of unleached FABC- SEM analyses were conducted on the starting zeolite (Fig. 7);
2-W matrix, two maxima are detected at 3nm and about unleached and leached FABC-2-W and FABC-2-W/zeolite
10 nm. matrices (Figs. 8—11). The percentage of the main elements

The leaching attack produced an increase in the volume of  analysed is given in Table 4. The zeolite obtained from FA-

pores of diameters higher than 40 nm for the FABC-2-W/zeolite 0 appeared in large clusters of tetragonal prisms (Fig. 7(a)),

matrix. which can be seen at a higher magnification in Fig. 7(b)), large

Fig. 8. SEM images of unleached FABC-2-W matrix.
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Fig. 10. SEM images of unleached FABC-2-W/zeolite matrix.

cubic crystals of gismondine-type Na-P1 zeolite were observed
(Fig. 7(c)).

In the case of unleached FABC-2-W matrix (Fig. 8), fibrous
C-S-H gel is detected in Fig. 8(a) marks 1 and 2, which con-
tained considerable amount of Na, K, Fe, Al, S and Cs, their
Si/Ca atom ratio were 0.62 and 0.48 for mark 1 and 2, respec-
tively (see Table 4). Plates with high S and Al content and
compositions between monosulfo and monocarbo hydrated cal-
cium aluminate can be seen in Fig. 8(b) mark 3; small particles
of mark 4 have high amount of Al and composition consistent
with katoite. In Fig. 8(c), cenospheres of unreacted FA-2 can be
observed. As shown in Table 4, the majority of cesium is in the
C-S—H gel (Fig. 8(a)).

After leaching attack, the more relevant change is observed
in the C-S-H gel morphology, which appeared more dense
(Fig. 9(a)); the corresponding Si/Ca and Al/Ca atom ratios are
higher compared with those of C—S—H gel of unleached FABC-

5 o

2-W matrix of Fig. 8(a). This increase is caused by Ca leaching
over time. The cesium content in the C—S—H gel also decreased as
aresult of leaching. The plates of high S and Al content appeared
deformed in Fig. 9(b) as a result of a partial dissolution caused
by leaching. That dissolution could be the reason of increasing
the amount of pores in the range of 2.5 pm of diameters (see
Fig. 5).

In the case of unleached FABC-2-W/zeolite matrix (Fig. 10),
cenospheres covered by small zeolite crystals appeared in
Fig. 10(a); zeolite also appeared like in (b) mark 2, in which
the content of cesium is the higher (see Table 4).

Plates rich in Ca corresponds to mark 3 in Fig. 10(b) and
plates rich in Al (Fig. 10(c) mark 4) appeared bigger than
those of FABC-2-W matrix of Fig. 8(b). The cesium content
of zeolite particles almost did not change after leaching attack
(Fig. 11(a) mark 1); more remarkable effect of leaching is that
showed in Fig. 11(c), where small plates of similar composi-

Fig. 11. SEM images of leached FABC-2-W/zeolite matrix.
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tion than that of mark 3 in Fig. 11(b) appeared growing in a big
pore.

4. Conclusions

e Both matrices studied can be classified as good solidify sys-
tems for cesium, according to the leaching test ANSI/ANS-
16.1-1986. Specially the FABC-2-W/zeolite matrix in which
the replacement of 50% of belite cement by the gismondine-
type Na-P1 zeolite caused a decrease of two orders of
magnitude of cesium mean Effective Diffusion Coefficient
(De) (2.86—09 cm?/s versus 1.8e—07 cm?/s, for FABC-2-
W/zeolite and FABC-2-W matrices, respectively).

e According to the EDX microanalyses, in the case of plain
belite cement matrix (FABC-2-W), cesium is mainly trapping
by C-S-H gel and by zeolite for FABC-2-W/zeolite matrix.

e The pore size distribution (determined by mercury intrusion
porosimetry) of both matrices is very homogeneous, hav-
ing practically all pores diameters of 0.1 pwm. It should be
mentioned the high total open porosity of both matrices but
specially that of the zeolite matrix (73 and 51%), which is
caused by the high contain of liquid waste. In spite of that,
cesium is efficiently retained.

e The high surface area of both matrices, and especially zeolite
matrix are due to the C—S—H gel (interlayer spaces) and zeolite
cavities, in which cesium is mainly trapped. Therefore, the
surface area of a matrix could be another valuable tool for
evaluating its efficiency as immobilization system.

e The high resistance of matrices to the leaching attack at 40 °C
is manifested by the small changes in their pore structure and
surface area.
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