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Cementitious waste forms are being considered for immobilizing nuclear
waste before disposal. In earlier work, it was found that irradiation of a
mortar formulation consisting of slag, portland cement, fly ash, water, and
up to 10 wt % KCl-LiCl salt resulted in the generation of hydrogen. Yields
were relatively high and the rates of generation were constant for the
irradiation period investigated. The addition of small amounts of oxygert-
rich electron scavengers (NaN03, NaI04, KMnO4, or Ag20) to the mortar was
investigated as a means for reducing hydrogen yields. The addition of NaN03
reduced the hydrogen yield; changed the radiolytic products from hydrogen to
a mixture of hydrogen, nitrogen, and N2O; and reduced the pressurization
rate after exposure to 400 Mrads. The addition of NaI04 and KMnO4 reduced
hydrogen yields slightly while the addition of Ag20 increased the yield.
Moreover, the addition of FeS to a non-slag mortar changed the radiolysis
mechanism but the addition of FeO did not. The results of these experiments
provided an insight into the nature of the radiolytic reactions occurring in
the mortar formulations and indicated that the radiolytic generation of
gases might be controlled with the proper choice of additive.

INTRODUCTION

Much work has been done to demonstrate the viability of using
cementitious waste forms to immobilize nuclear waste. Although these waste
forms are stable to radiation exposure and have good leach resistance,
hydrogen nas is generated from the radiolysis of the water used in making
the mortar. In cements such as portland cement or high alumina cement, this
is not a serious disadvantage because hydrogen generation rates decrease
with time and equilibrium conditions are attained when relatively low
amounts of hydrogen are produced [1, 2].

On the basis of these results, the use of cementitious materials was
investigated as a possible waste form for immobilizing chloride salts
generated as a waste stream in the fuel recovery process for the integral
fast reactor (IFR), an advanced nuclear reactor concept being developed at
Argonne National Laboratory [3], The IFR waste salt will not contain
transuranic elements but will contain the IFR process salt, the chlorides of
the fission product alkali metals, alkaline earth metals, and some of the
rare earth metals and iodides. The anticipated initial self-irradiation
dose rate for a waste form with a 10% salt loading will be about 0.07 Mrad/h
and the internal temperature of the waste form may be as high as 120°C. The
total dose absorbed over 300 years will be on the order of 10 1 0 rad.

Mortar developmental work showed that a mortar consisting of slag, fly
ash, and portland cement is capable of immobilizing chloride salts [4]. The
effects of radiation were subsequently investigated [5]. The conclusions
from this work were that relatively large amounts of hydrogen gas were
generated, equilibrium conditions were not atta^ied, and the hydrogen yield,
G(H2), depended on salt concentration and temperature and varied between

*Work supported by the U.S. Department of Energy, Nuclear Energy Research &
Development Program, under Contract W-31-109-Eng-38.

MASTER
DISTRIBUTION OF THIS DOCUMENT IS UNUM»TED



0.02 and 0.2. A tentative explanation for these findings was that slag
mortars contained reduced species which reacted with the oxidizing radicals,
and that the recombination and b*ck reactions, which would lead to low
hydrogen yields and steady-state hydrogen pressures, were not competitive.

The primary objective of this work was to investigate the effect on
hydrogen yield of adding oxygen-rich electron scavengers to mortar
containing slag and chloridt salts. Since electrons are-the primary source
of hydrogen, scavenging of the electrons should reduce hydrogen yields [6].
The addition of oxidizers should promote the oxidation of the reduced
species and should, by lowering the concentration of the reduced species,
make the back reaction between molecular hydrogen and the oxidizing radicals
more competitive, thereby leading to steady-state hydrogen pressures [7, 2].

A second objective was to obtain further insight into the reactions
occurring between the constituents of the mortars and the radiolytic
decomposition products of water. If the important reactions can be
identified, it should be possible to control the radiolytic generation of
gases. To determine the important reducing species in slag-containing
mortar, the effects of adding FeS and FeO to a non-slag containing mortar
were investigated.

EXPERIMENTAL

Mortar samples were irradiated with 60Co gamma rays at dose rates
varying from 0.06 to 0.5 Mrad/h at 25°C. Samples were also tested at 75 and
120"C. The mortar was.prepared by following ASTM procedure C305 as closely
as possible [8].

Two types of mortar formulations were tested in the present
experiments. The baseline formulation, referred to throughout the text as
B-10, consisted of slag, fly ash, portland cement, 27 wt % water, and
10 wt % salt (KC1-44 wt % LiCl). The fly ash formulation, or FA-6,
consisted of fly ash, portland cement, 27 wt % water, and 6 wt % salt (KC1-
44 wt % LiCl). The slag used was Cleveland Ground Granulated Slag from the
Standard Slag Company, and the fly ash was Class F fly ash with a calcium to
silica ratio of 0.16. For experiments in which the effects of additives
(NaI04, Ag£O, NaN03, KMnO4, or MnO2) were investigated, the appropriate
amount of additive, typically 1 wt %, was mixed thoroughly into a smaller
portion of the prepared mortar. After the mortar was prepared, it was
poured into sleeves of quartz or 304 stainless steel. It was allowed to
cure overnight in a humid atmosphere. Each sample/sleeve was inserted into
a stainless steel vessel which had previously been leak checked. The
vessels were then resealed in air, leak checked again, and irradiated. One
B-10 sample was irradiated with the valves open for approximately 50% of the
irradiation period in order to determine if a longer curing period had an
effect. The apparatus in which each mortar sample was irradiated included
the stainless steel vessel, a gas sampling valve, and an Ashcroft pressure
gauge Model #1009 which had been cleaned for nuclear service. The pressure
was read periodically. At the conclusion of the irradiation period, the gas
phase was analyzed by mass spectroscopy. Several samples were analyzed to
ensure that the results were representative. The volume of the head space
was measured by expanding a known volume of air into the evacuated vessel.
Dose rates were measured using cobalt glass and Fricke solutions as
dosimeters. Compressive strengths were measured for some of the mortar
samples with ASTM procedure C109-77 [9],

RESULTS

The experimental conditions and test results for hydrogen yields and
compressive strengths are given in Table I . The mass spectroscopic results
appear in Table I I .



TABLE I. Experimental Conditions and Test Results for
Hydrogen Yields and Compressive Strengths

Formulation

B-10

B-10 •

B-10 +

B-10

B-10

B-10 +

B-10

B-10 +

B-10 +

B-10

B-10

B-10

B-10

B-10

B-10

FA-6

FA-6 +

FA-6 +

NaIO4«

A020»

NaN03a

MnO2*

KMnO4»

FeO«

FeS»

Irradiation
Temperature

(°C)

26

26

26

26

25

26

26

25

25

26

76

76

26

120

120

26

25

25

Dose Rate
Xl0"°
(rad/h)

0.6

0.6

0.6

0.6

3.5

3.1

3.3

2.9

2.4

0.7

0.7

0.7

1.6

1.3

1.3

3.0

3.9

2.9

Irradiation
Period
<h)

2359

2359

2359

Head
Space
Vo1ume
(cc)

26

26

24

1244(Open) 26

1116 (Closed)

1693

1693

1363

1363

1363

2397

2397

2397

22E4

2254

22E4

2683

2683

2683

23

21

21

21

17

21

22

21

17

24

23

35

23

24

Final
Pressure
(kPa)

266

193

345

255

876

442

G80

538

449

442

276

262

676

152

145

310

336

256

Wt of
Mortar
(9)

89.24

91.91

90.64

89.24

68.08

67.88

60.78

71.05

69.36

104.99

104.89

106.26

79.04

98.47

98.41

61.88

75.56

76.63

Calculated
C(H2)

0.27

0.20

0.31

0.26

0.21

b

0.18

0.19

0.1E

0.24

0.16

0.16

0.21

0.02

0.32

b

b

b

Compress! ve
Strength

(MPa)

43.4

64.8

60.8

-

-

-

-

...

-

40.6, 49.0

30.8

42.0

32.7, 43.3

46.1, 28.4

-

-

-

-

"Amount of additive is 1 wt %.

''Not calculated. Rate of pressurization was not constant.



TABLE

Formulation

II. Results of Mass

Irradiation
Temperature

Spectroscopi

Gas Phase

H2

c Gas Analyses

Composition (vol

N 2 0 2

%)a

N20

B-10 25
B-10 + NaI04

c 25
B-10 + Ag2O

e 25

B-10 25

B-10 25
B-10 + NaNO3c 25 60.3 32.8 BDL 6.8

B-10 25
B-10 + MnO2

c 25
B-10 + KMnO4

c 25

B-10 25
B-10 75
B-10 75

B-10 25
B-10 120
B-10 120

FA-6 25
FA-6 + FeOc 25
FA-6 + FeSc 25

85.8
80.3
87.0

67.1

93.8
60.3

92.4
89.1
86.9

87.3
80.4
84.7

94.4
62.2
63.1

75.4
75.5
85.6

13.5
18.8
12.1

32.5

6.1
32.8

7.1
10.3
11.2

12.5
18.3
14.1

5.4
35.8
35.4

13.3
9.4
13.8

BDLb

BDL
BDL

BDL

BDL
BDL

BDL
BDL
BDL

BDL
BDL
BDL

BDL
BDL
BDL

10.9
15.0
BDL

aSmall amounts of CH4, argon and helium were also detected.
bBDL = below detection limits.
cAmount of additive is 1 wt %.

The Effect of Additives

The first set of experiments investigated the effect of adding oxygen-
rich electron scavengers (NaI04, Ag20, NaM^, KMn04, and Mn02) to the B-10
mortar formulation at 25°C. Companion experiments were also done with a
B-10 formulation without any additives so that any differences in the
starting materials would not lead to erroneous conclusions. The range of
G(H2) values for the B-10 formulation without any additives was 0.18 to
0.27. The scatter is believed to be the result of variations in the
compositions of the starting materials.

The radiolytic pressurization versus time is shown in Figure 1 for
B-10, B-10 + NaI04, and B-10 + Ag2O. In the three cases, the rate of
pressurization was constant though the magnitude of the rate depended on the
additive. The addition of NaI04 and Ag20 to the B-10 formulation affected
the yield of hydrogen. The G(H2) values (the number of hydrogen molecules
formed per 100 eV absorbed dose) were 0.27 for B-10, 0.20 for B-10 + NaI04,
and 0.31 for B-10 + Ag20. The G(H2) values were calculated from the partial
pressure of hydrogen determined from the mass spectroscopic analyses and the
pressure-volume data. Other results from these measurements were that the
oxygen in the air initially present was entirely consumed while the nitrogen
was partially consumed, on the order of 30-40%.
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Radiolytic pressurization vo.
irradiation time for the B-10
(circle), the B-10 + Ag20
squares), and the B-10 + NaI04
triangles) formulations.
Volumes have been normalized.)

1000 2000 3000

HOURS

The addition of sodium nitrate to the baseline formulation, on the
other hand, affected the pressurization rate, the amount of hydrogen
generated, and the radiolysis products. As shown in Figure 2, the pressuri-
zation rate decreased when nitrate was included. Additionally, the mass
spectroscopic gas analysis results in Table II show an appreciable quantity
of nitrogen and N2O in the gas sample. It was, therefore, impossible to
calculate the G(H2) for the B-10 + NaN03 formulation. The G(H2) for the
companion B-10 was 0.21. The pressure-volume data in Table I indicate that
the amount of hydrogen generated from the B-10 + NaN03 formulation was
significantly smaller than that from B-10. The data in Table II indicate
that the amount of nitrogen was approximately double that originally
contained in the vessel. Thus, the nitrate decomposed under the influence
of the radiation fidd to nitrogen and N2O.
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Radiolytic pressurization vs.
irradiation time for the B-10
(squares) and the B-10 + NaN03
(circles) formulations.
(Volumes have been normalized.)
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The addition of KMnO4 to the B-10 formulation depressed the hydrogen
yield slightly while the addition of MnO2 had little effect.

Mechanistic Studies

The B-10 formulation was also irradiated at several temperatures: 25,
75, and 120°C. The data for these experiments are given in Tables I and II.
Additional data for experiments at 25 and 120°C were published previously
[5]. The rate of radiolytic pressurization was constant in all the
experiments with B-10, i.e., there was no attainment of an equilibrium
pressure. However, the hydrogen yields were significantly affected by the
temperature. The G(H2) was 0.21-0.2" at 25°C, 0.16 at 75°C, and 0.02 at
120°C. The higher temperature tests were conducted in duplicate, and the
G(H2) values were within 5 % of each other for the duplicate tests.



The G(H2) values were 0.27 and 0.25 for B-10 samples with curing
periods of 24 and 1244 hours, respectively. These data indicate that the
radiolysis reactions do not depend on curing time.

Another set of experiments was conducted to investigate which reduced
species in slag are important in controlling the radiolysis mechanism.
Analyses of the slag in the B-10 formulations showed that both reduced
sulfur and iron species are present in slag. For these experiments the FA-6
formulation (no slag) was used. The results of irradiating FA-6,
FA-6 + FeS, and FA-6 + FeO are given in Tables I and II and in Figure 3. As
shown in Table II, oxygen was detected in the gas phase when the FA-6 and
the FA-6 + FeO formulations were irradiated but not when the FA-6 + FeS
formulation was. These data suggest that reduced sulfur species are more
important in controlling the radiolysis mechanism than iron species in lower
oxidation states. The fall off in the radiolytic pressurization for FA-6 +
FeS shown in Figure 3 indicates the presence of back reactions.
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Figure 3.

Radiolytic pressurization vs.
irradiation time for the FA-6
formulation without additives
(circles) and with additives,
FeO (squares) and FeS
(triangles).
(Volumes have been normalized.)
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Compressive Strengths

Compressive strength data were collected for the irradiated B-10
samples containing NaKty and AgzO and for B-10 (no additives) irradiated at
25, 75, and 120°C. As shown in Table I, the addition of sodium periodate
and silver oxide increased the strength of the mortar. However, there is
sufficient scatter in the other results to suggest that the effect of
different additives and different test temperatures on compressive strength
was not large.

DISCUSSION

The most interesting results from the above irradiation experiments
were that the addition of 1 wt % sodium nitrate to B-10 reduced the hydrogen
yield, and that the pressurization rate started to fall after about 1000
irradiation hours. The first of these effects can be explained if nitrate
ion in the mortar acts as a scavenger of the hydrogen precursors. Nitrate
ion is a known electron scavenger in aqueous solution [10]. It is also
believed that the nitrate ions scavenge the precursors of molecular hydrogen
in cements. Bibier's irradiation studies of high alumina cement containing
5 wt % NaN03 showed a depression in hydrogen generation rates, the produc-
tion of small amounts of N2O, and no apparent change in nitrogen concentra-
tion for dose rates comparable to those used here [2]. The lower hydrogen
yields found in this study indicated that nitrate ion acted as an electron
scavenger in slag- and chloride salt-containing mortar. The other gaseous



radiolytic products, N^O and N2. indicated that the nitrate ion was exten-
sively decomposed by the radiation. The recovery of double the amount of
nitrogen than was initially present indicated that N2O was also decomposed.
Data from studies of the radiolysis reactions of N2O in aqueous solution
show that N2O is a good electron scavenger, yielding nitrogen and 0~ [10].
The observation of nitrogen as a radiolytic product is another manifestation
of the oxygen consumption of slag-containing mortars in an irradiation
field. It also suggests that the potential exists for the radiolytic
formation of ammonia, though none was detected in the present experiment.
The fan off in the pressurization rates for the B-10 + NaN03 formulation
indicates the likelihood of back reactions. The nature of these back
reactions can only be speculated on at this point. If the reduced species
in the slag were completely oxidized, then back reactions between molecular
hydrogen and the oxidizing radicals could be occurring. Long-term studies
are required to arrive at a definitive answer.

The amount of hydrogen generated for the sample with the nitrate was
lower than that with the periodate. There are two possible explanations:
1) periodate does not act as an electron scavenger in mortar, or 2) an
insufficient amount of NaI04 was added for the effect to be observed at the
dose rate used. On a molar basis, approximately 2.5 times more NaN03 than
NaI04 was added to the mortar. The fall off in the pressurization rate with
the nitrate-containing sample may also depend on dose rate and/or total
dose. This type of dependence was observed previously [2], The dose rate
used in the nitrate experiments was about six times larger than that used in
the periodate experiment. Also the mortar containing nitrate had been
exposed to a dose of 4xlO8 rad when the pressurization rate started to
decrease. The mortar containing periodate had been exposed to a tota] dose
of 1.4xlO8 rad when the experiment was terminated. Additional experiments
are required to determine if periodate is as effective an electron scavenger
as nitrate ion. The advantage of using periodate rather than nitrate to
control hydrogen pressure is that the final degradation product is not
gaseous.

The addition of various combinations of KMnCty, MnO2, and Ag20 to
Portland cement samples for the purpose of reducing hydrogen yields was
previously investigated [11]. A large decrease in the amount of hydrogen
generated was observed when KMnC>4 was added and little effect was noted with
the other two additives. The effects of adding these materials to slag-
containing mortars were different. The addition of Ag20 to slag-containing
mortars increased hydrogen yield, whereas the addition of KMnO^ and MnO^ had
little effect. Apparently, the radiolytic interactions that occur in the
mortar matrix are influenced by the constituents of the mortar formulation,
and it is unrealistic to expect materials that act as electron scavengers in
dilute aqueous solutions to behave similarly in complicated mortar matrices.

A possible reason for the depression in hydrogen yields observed in the
irradiation experiments at elevated temperatures is that the concentration
of electron scavengers increases with temperature and that this effect
decreases hydrogen yields. At higher temperatures, the excess electron
scavengers may be neutral or singly charged chlorine molecules formed during
the irradiation of mortar samples containing high concentrations of alkali
metal chlorides. Irradiation studies of solid alkali metal chlorides show
that alkali metal colloids and chlorine molecules are formed interstitially
[12]. Studies have also shown that the amount of chlorine formed is
temperature dependent [13]. Preliminary irradiation studies of mixtures of
LiCl-KCl salt showed that greater amounts of chlorine were formed at 150
than at 25°C [14].

Mechanistic studies with the fly ash formulation showed that the
addition of FeS to FA-6 inhibited the formation of oxygen but that the
addition of FeO did not. The decrease in the pressurization rate was
largest for the FA-6 + FeS mortar formulation. These data suggest that the
reduced sulfur species may control the radiolysis mechanism in slag- and
chloride salt-containing mortar.



CONCLUSION

The decrease in hydrogen yield and the fall off in the pressurization
rate observed when 1 wt % NaNO3 was added to a mortar containing slag and
10 wt % chloride salts indicated that it should be possible to control the
radiolytic generation of gases which occurs during the irradiation of
mortar. Nitrate salts may not be the best choice for reducing the yield of
gaseous products because nitrate ions are radiolytically decomposed to other
gases. The results of the mechanistic studies will be used to identify
other materials which reduce hydrogen yields without forming other gaseous
products. The optimum amount of these additives will then be determined so
that compressive strength and leach resistance of the mortar are not
adversely affected.
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This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


