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GAS GENERATION FROM HANFORD GROUT SAMPLES

FINALREPORT

C. D. Jonah, S. Kapoor, M. S. Matheson, W. A. Mulac, and D. Meisel

ABSTRACT

The radiolytic yields of H2, N2, 02, N20, and CO from two batches of WHC-supplied sam-
pies of grouted simulated waste have been y irradiated at several dose rates (0.025, 0.63 and 130
krad/h for H2 and 130 krad/h for all other gases). In one batch, the liquid waste simulant that was
added to the grout included the original components that were added to Tank 102-AP (labeled
"virgin" waste). The second batch included a similar liquid waste simulant that was preirradiated to
35 Mrad prior to incorporation into the grout. It is believed that the preirradiated samples more
closely represent radioactive waste that was stored in the tank for several years. The lowest dose
rate corresponds approximately to that expected in the grout; with the high dose rate, doses
equivalent to about 85 years storage in grout vaults were achieved.

Most of the results on the batch of virgin samples have been reported recently (Report ANL
93/42). Here we report the results from the batch of preirradiated grout samples and compare the
results from the two batches. The radiolytic yields of H2 and N2 are lower in the preirradiated than
in the virgin grout; at 130 krad/hr (G(H2)(preirrad.) = 0.041 vs. G(H2)(virgin) = 0.056, and
G(N2)(reirrad.) = 0 058 vs G(N2)(vir in) = 0 12 On the other hand G(O2) is higher in the pre-p • • . •

irradiated samples: 0.078 vs. 0.026• T_e yield of nitrous oxide is essentially the same, G(N20) ---
0.010, in both. The yields measured from both batches are significantly higher than previously
reported values.

At 90 °C similar amounts of 1-12were generated thermally from both batches of grout,
whereas the total amounts of N2 and N20 were larger for the preirradiated than for the virgin grout
samples. At lower temperatures the rate of generation was hardly measurable. Mass spectrometric
analysis suggests that NO is thermally (but not radiolytically) released from the grout samples.



SUMMARY

For long-term storage, the low-level radioactive liquid wastes in the tanks at Hanford can be
blended with cement and other solids to form grout. Consequently, the rates of radiolytic and
thermal generation of gases in the grout are of interest. For the experiments described here, WHC
supplied two batches of samples of grout incorporating simulated waste. For the first batch
(virgin), grout incorporating non-preirradiated simulated waste, the results were recently presented
in an interim report. 1 For the second batch (preirradiated), the simulated waste solution was irradi-
ated to 35 Mrad before it was mixed into the grout. In this final report we present our recent data
on the preirradiated grout samples and compare these results with those for the virgin samples. The
preirradiation of the samples was designed to simulate the consequences of storage of the waste in
the tank for a period of several years. We have measured the G values (molecules of gas pro-
duced/100 eV absorbed) at 0.25 and 0.63 krad/hr for H2, and at 130 krad/hr for H2, N2, 02, CO,
CH4, and N20. The lowest dose rate is about that expected in the actual grout in the field, whereas
the highest dose rate provides doses equivalent to more than 80 years storage in the grout.

The yield of H2 at 0.25 krad/hr is -70% that at 130 krad/hr for both virgin and preirradiated
samples, a small change for such a large increase in dose rates. The G values measured at 130
krad/hr are: for virgin samples, G(H2)v = 0.056, G(N2)v = 0.12, G(O2)v = 0.026, G(N20)v =
0.011, G(CO)v = 0.0042, and G(CH4)v < 1 x 10-5; for preirradiated samples, G(H2)p = 0.041,
G(N2)p = 0.058, G(O2)p = 0.078, G(N20)p = 0.010, G(CO)p < 0.0028, G(CH4) < 1 x 10-5.
Thus, G(H2) decreases about 25%, G(N2) decreases about 50%, whereas G(O2) increases about
threefold, and G(N20) does not change following the preirradiation of the waste simulant. These
differences can be rationalized based on the assumption (experimentally verified elsewhere 2) that
the concentration of organic solutes has decreased, and nitrite increased, upon preirradiation.
Organics are required for the production of N2 + N20; they inhibit O2 production and they
contribute to H2 generation. Since catalysts may be required in the grout vault sump, to reduce H2
and N20 to acceptable levels, special effort was to made determine CO yields. An induction period
in the production of CO for both batches of samples, and an actual decrease in yield above about
60 Mrad for the preirradiated samples suggest that CO is a secondary radiolytic product, and that
CO eventually is also destroyed radiolyticaUy.

Total pressure and mass spectrometry were used to show that no significant gas had been
missed in the chrornatographie results. The sum of the chromatographically determined yields (H2,
N2, 02, N20, and CO) agreed with the total pressure up to 50 Mrad for the virgin samples.
Deviation at higher doses may be due to an accumulation of errors. Both the total pressure and the
sum of rates of gas generation decreased above 60 Mrad. The mass spectrometric measurement
found no unidentified gas.

Thermal rates of gas generation were also tested in the range 24-90 °C as the temperature of
the grout my be higher than the ambient. Only at 90 *C were small amounts of gases definitely
generated. For the virgin samples, the H2, N2, and N20 yields at this temperature increased and
then leveled off according to an exponential equation. For the preirradiated samples, the thermal
yield of H2 was about the same as for the virgin samples, whereas the N2 and N20 yields were
greater in the preirradiated grout. An interfering product prevented measurement of 02 in the ther-
mal experiments and mass spectrometry suggests that NO is this product.



A. INTRODUCTION

For long-term storage, low-level radioactive liquid wastes that are now stored in tanks at
Hartford could be mixed with dry ingredients to form a cementitious solid, commonly called grout.
The radiolysis in the grout is almost entirely due to 7 and _ emitters, which are accurately simu-
lated by 60Co 7 sources. This radiolysis may generate a mixture of gases of various adverse effects
(flammability, environmental impact concerns, catalyst poisoning, etc.). Earlier work on simulated
cemented wastes has shown that several gases are indeed produced radiolytically. 3-5

Two batches of nonradioactive waste in grout samples were supplied to us by WHC. In the
first batch, nonradioactive waste simulating the composition of the waste that was fed into Tank
102-AP was incorporated in the grout samples. Our results on these virgin samples were reported
recently 1 and the present report is an extension of the previous one. During storage in the tanks,
radiolysis has degraded the organic chelators and the initial composition of the waste has changed
Therefore, the second batch included the same simulated waste solution but it was preirradiated to
35 Mrad before mixing with the grout. These preirradiated samples should more closely represent
Tank 102-AP wastes at present. We report here the results from that second batch and compare
them to the earlier reported data on the virgin samples. To avoid confusion, we emphasize again
that preirradiation refers to the liquid waste simulant only and not to the grout itself.

From the well-documented mechanistic understanding of the effects of ionizing radiation on
aqueous solutions 6 and, in particular, on waste simulants, 7 the major two mechanisms for the
radiolytic generation of H2 are direct radiolysis of water and H-atom abstraction from organic
solute in the solution. High concentrations of nitrate and nitrite reduce the generation of molecular
H2 via scavenging its precursors, H and eaq. Commonly, in waste solutions the concentrations of
these two scavengers are very high, so no additional scavenger could reduce significantly the yield
of hydrogen. However, in the present simulant NOx concentrations are relatively low. Other fre-
quently found gases from the radiolysis of waste simulants are N20 and O2. Organic compounds
are required for the radiolytic generation of the former whereas they reduce the latter. 7 We apply
the same principles to the grouted waste simulant. However, we expect the solid grout components
to modify the yields. Sequestering of water in pores, the presence of different materials, arid the
altered distribution of waste components between solid and aqueous phases could all alter the
radiolyticyields.

For preirradiated grout we find that G(H2) (the yield in units of molecules per 100 eV) is
about 25% lower, G(N2) is about 50% lower, G(O2) is about threefold higher than for the non-
preirradiated samples, and G(N20) is about the same for both batches. Most of these results can be
rationalized assuming partial destruction of the organic components during preirradiation. The high
yield of H2 in both batches is difficult to rationalize without invoking substantial change in reactiv-
ity patterns or migration of charge carders from the solid to the water in the grout. Total gas yields,
and individual yields of the various gases, measured in this study for both batches are significantly
larger than previously reported. 5 The composition of organics used by Friedman et al.5 is not
known (probably only EDTA) so their lower yields might be due the different composition of
organic components. It might also arise from the higher dose used in that study.



B. RADIOLYTIC YIELDS OF OASES FROM GROUT

I. INTRODUCTION

Determination of the radiolytic yields from the grout samples comprised the bulk of this
study. Yields were determined at three dose rates, 0.25, 0.63, and 130 krad h-1. The lowest dose
rate reflects the dose rate expected in the waste-containing grout; the intermediate dose rate was
studied to examine whether the yields depend on the dose rate in this low-dose-rate regime. The
high dose rate was utilized in order to achieve the high doses expected during many years of stor-
age. The highest dose utilized reached approximately 100 Mrad, equivalent to approximately 100
years of irradiation with 137Csat an initial dose rate of 0.3 krad/h.

Two batches of grout samples were tested. Most of the results from the first batch of virgin
samples were reported previol:r,ly. t The bulk of the new results comes from a batch of grout sam-
ples that was prepared with preirradiated waste simulant. The major difference between the two
batches is the yield of oxygen; G(O2) is significantly higher for the latter batch. We find little dose-
rate effect, if any, on the yields of H2. In both batches CO seems to require an induction period of
irradiation before its generation starts but in the preirradiated samples it is also destroyed at high
doses. The initial yield of CO in the "virgin" samples is about 50% higher than in the preirradiated
ones. At a dose of 100 Mrad the CO is already being destroyed in the preirradiated samples and
thus it is 4-fold lower than in the "virgin" batch of sample at that dose.

Three independent types of measurements were performed on the two batches. Individual
yields of H2, N2, 02, N20, CO, and CH4 were determined by gas chromatography. The total
pressure generated during the irradiation was measured in a specially designed cell Linkedto a pres-
sure transducer. For the batch where this measurement was successful, the total pressure mea-
surement agreed with the sum of the individual gas measurements within experimental error. A
third type of measurement was designed to ensure that no major gas component escapes determi-
nation by the gas chromatographic procedure. For this tesl;, the composition of the gases accumu-
lated above the irradiated grout samples was determined by mass spectrometry. Except for NO in
high-temperature thermal experiments, no unaccounted major component was observed in these
measurements.

All of the data accumulated in these experiments are summarized in Appendix A. The yields
of the individual gases are summarized in Table B-2.

2. Experimental

a. Radiation Source and Dosimetry

Irradiations were performed in a 60Co ?-source chamber. Dosimetry was done using the
"Fricke dosimeter".6 This chemical dosimeter contains 1 mM FeSO4 in an air-saturated, 1 mM
NaC1, 0.8 N H2SO4 solution. The test tubes containing the dosimeter solutions were positioned in
the same locations that the grout samples were later placed. The product, Fe(III), was determined
spectrophotometrically at 302 nm using e = 2167 M-1 cm -1 at 23 °C and G(Fe(III)) = 15.6
molecules per 100 eV. The various dose rates were established by altering the distance from the
source and by placing lead shielding between the sample and the source.



The gas measured from a sample (in units of _tmole per sample and the dose in units of tad)
can be converted to yields (commonly labeled G values, quoted in units of molecules per 100 eV)
using equation B-1.

Ixmole from sample mole tad .G(mOlecules) = • 10 -6 . 1.602•10 -:4
" 100 eV (weight of sample in g).(dose in tad) _tmole (eV/g)

• 6.02.1023 molecules. 100 eV
mole (100eV) '

that is,

G (molectllcs_ = Ixmole from sample
' 100 eV " (weight of sample in g).(dose in rad) "9.65• 105 . (B- 1)

Whenever possible, the yield was determined from a series of measurements of the amount
of gas at various doses and a constant dose rate (e.g., Figures B-5 through B- 11). The amounts of
gas were plotted vs. the dose; the slopes of these plots can be equated with the first term in the
right-hand side of equation B-1. The intercept and slope (labeled as "a" and "b", respectively) of
the linear least-square fits are given in the figures along with their probable uncertainties. The units
for these parameters are identical to the units used for the axes in the corresponding figure. For
example, in Figure B-5 for the virgin samples the intercept is a = (2.65:1.7) x 10-7 mole g-I and the
slope is (5.8-4-0.4)× 10-7 mole g-I Mrad-l.

b. Sample Preparation and Handling

Grout samples were supplied by WHC in two batches. The chemical composition of the
waste liquid simulant, as provided by WHC, is given in Table B-1. These samples are labeled
"virgin samples" for brevity and were the focus of an earlier report. 1The second batch included the
same waste simulant except that the liquid simulant was irradiated at WHC to 35 Mrad prior to
incorporation in the grout. Thus, it is believed that this batch better simulates the liquid waste that
will be incorporated in the grout because it accounts for some of the radiolytic degradation that the
original waste undergoes during its storage in the tanks. This batch is labeled "preirradiated" in the
following discussion. It has been proposed that most of the original chelators (EDTA, HEDTA,
but not citrate) will be radiolyticaUy degraded following these high doses of irradiation.7 Indeed,
the chemical composition of the preirradiated waste simulant has been recently determined and it
was shown that the original EDTA, HEDTA and glycolate have been largely degraded; formate
was identified as the major degradation product. 2

Details of the procedure that the samples of both batches underwent upon arrival at ANL have
been given earlier. 1-_Thisprocedure was designed to minimize the variability among the samples
that were eventually used in the tests. Briefly, the center parts of the cylindrical samples (--0.5"
diameter and 4" long out of the original 6" long rods) were used in all experiments. The cut partsJ

of the grout cylinders are shown in Figure B-1. All the top ends and all the bottom ends were
saved for further examination if needed. The two end pieces are visibly different from each other;
the pieces that came from the bottom end appear grayish throughout their cross-section. The top
pieces often had an off-white tint at their tips, probably due to some lighter material rising to the
top before the grout was completely cured. The two 3/8" edge pieces appear similar to one another.
Photographs of these pieces, and of the central 4" cylinder, were taken for all samples and are
available at ANL. Photographs of all samples were taken after the irradiation as well. Figure B-2
shows photographs of the same sample, arbitrarily chosen, before and after the irradiation. During



the radiolytic experiments with the first batch it was found that the total amount of gases generated
following radiolysis to high doses is higher than expected. Under these conditions the amount of
gases that is pressurized into the Van Slyke apparatus is inconveniently high (>1 atm.) and requires
high mercury levels when transferring the gases into the gas chromatograph. Therefore, some of
the samples for the second batch were cut in half (2" long). To maintain the same dosimetry, a
glass rod of the same dimensions as the missing grout length was added into the irradiation cells.
Theses specimens are labeled with a letter a or b in the tables of Appendix A. Six samples were
transferred to the Center for Cement at the University of nlinois, Urbana, as logged in Table AA- 1
of Appendix A.

Table B-1. Chemical composition of waste simulant solution taken from Ref. 2. Simulates Tank
102-AP waste; concentrations are as analyzed.

Ion Concentration Ion Concentration
mole L-I mole L-1

AI 0.2882 CI- 0.0820

Bi 0.0006 CO32- 0.3352
Cr 0.0098 NO2" 0.5360
K 0.0220 NO3- 0.9747

Na 6.687 OH- 0.4247
NH4 + 0.0338 PO43- 0.1028

Pb 0.0018 5042- 0.0269
TOC 0.2317

Species in TOC
(as prepared)

Na3 citrate 0.0110 Na3 HEDTA 0.0136
Na4 EDTA 0.0034 Na glycolate 0.0085

_____,4----_" " 4" _ I.,, _a__,_13/8"ca.1/2"
, . I-" "-I-" rl

.,_e_,._:,:_i::::_,_,_:_:,:,,_,[_i!_;_91_5_Zt_ii_i_ii_:::,'_i':i::_:::i_cfi0n used for experiments ::!it:ii_:_iiiii::iii:_!i!i!?i_!iiliiiiiii!!iii!iiii!,_i!i:][!iliiii::iii!i::::]|.:_i_:_:!_i!_._!:._'....'!_._:'_¢_'.'..:':,.'__.::::_._._._._;:..:....::_._.::.:._!i_:_s_.._:..:__;_.:.:_.::_.:::..:.:.:.:::.:.:....._:i:..._!i_ii!i_!_!!___!i!.._._i_i?.._i'...._ii.;.._!i_:._lii_!!_!i__!;_!;_ii] j_i!iiiiii_iiii_iii.__

Used for experiment, top,
Photographed before note white tip

Not used but kept. and after experiment
Photographed ....

Figure B-1. Description of the grout samples used for all experiments.



Photo _ _

ii!.... _i__i̧_ _ •

Figure B-2. Photographs of sample No. 210 (Appendix A) before and after the irradiation. The
stamp is included as a color reference. Similar photographs for all samplesare cataloged at ANL.



All sampleswere markedwith sample numbers,weighed, photographed,stored in test tubes,
and placed in a chamber maintained at 100% humidity at 23 oC until taken for the experiment.
Appendix A logs the grout samples and their history. The weight and weight distribution of the
samples of the two batches,virgin and preirradiatedsamples, are shown in Figure B-3. As Figure
B-3 shows, the averageweight of the preirradiatedbatchis approximately 1 g smaller than of the
virgin batch. Measurement of the diameter of the samples yielded 13.25:!.-0.18and 12.91:L-0.41
mm for the virgin and preirradiated batches of samples respectively. The average effective
densities then were 1.54:1.-0.12and 1.54:L-0.19gem -3for the two batchesrespectively. The larger
standard deviation for the latter batch reflects the larger variabilityof the preirradiated batch that
was also visibly evident. The variability in weight of both batches was larger than the that of the
dimensions. The weight distributions of both batches show a small subgroup of samples that are
ca. 2 g lighter than the average. There are also clear visual variations among the samples, as
discussed in the results section,that alsoaffect reproducibilityof the experimentalresults.

All samples were placedin the cells shown in FigureB4. A piece of glass, approximately 3
cm long, was placed below the grout sample, and the end of the sample tube was sealed. Either
nitrogen or argon was used during the glassblowing to avoid the additionof moisture to the sam-
ple. The glass slug was utilized to minimize the free volume of the cell and keep the end of the
grout specimen away from the flame duringseal-off. The procedurefor seal-off is alsodepictedin
Figure B-4.

Priorto the radiolyticor thermalexperiments,the sampleswere evacuatedon a glass-vacuum
line. Only roughvacuum(approximately1 tort)was used to evacuate the samplebecause the high
moisture content of the samplepreventedevacuation to a better vacuum. Water is lost from the
grout samples slowly and the total weight loss depends on thepumpingtime. Furthermore,the
amount of air that remainstrappedin the groutdependson the time of pumping.This poses a sig-
nificant problem in determiningyields of N2 and 02. Therefore, the procedure for seal-off and
evacuationwas standardizedto minimizesample-to-samplevariations.The sequencethat was used
for all samples was then as follows:five samples wereplaced on the vacuum line andevacuatedfor
one minute. The samples were then left to equilibratefor five minutes undervacuum butwithout
pumping.They were againevacuatedfor one minuteandthen pumped-onindividuallyas the ves-
sels were sealed off (approximately30 see). Despite these efforts, some sample-to-sample varia-
tions must be expected from thepre-evacuation.

c. Temperature Measurements

Temperaturerise, due to the absorptionof the radiationenergy by the grout samples, may
profoundlyaffect the determinationof yields of gasesand the interpretationof the results.In par-
ticular, it may reflux wateroutof the grout and essentially lead to radiolysis of condensed water
ratherthan grout.Although the hc_tload is not large (approximately0.36 wattperkilogram at 130
krad/h),the loss of heat to the environmentis difficult to evaluatebecauseof uncertaintiesof the
thermalcontactbetween the grout sampleand the evacuatedPyrexcell. Thus, the temperatureriseof
a grout sample underthe radiolyticconditionswas measured.Details of this measurementwill not
be repeated here (see Ref. 1);it was concludedthat the temperaturerise at 130 krad/h is -2 °C
above the ambient at the irradiationchamber, which was maintainedat 28 °C. The half-life for
wanning is approximatelyone-halfhour,andtheprofileis consistentwith an exponentialtempera-
turerise; the temperaturereachesa plateaulevel afterapproximatelythreehoursandthen remains
constant.
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d. Gas Measurements

Gas Chromatography. For gas measurement, the cell shown in Figure B-4 was mounted
on a Van Slyke apparatus. The Van Slyke is essentially a mercury gas pump utilized to transfer
gases from the cell to the gas chromatograph.A description of the apparatus and its interface to the
gas chromatograph can be found elsewhere.7 A small steel bar was inserted into the region above
the break-seal, which was then evacuated. The break-seal was then broken using a magnet to
manipulate the steel bar and any gas that was formed in the cell was removed and transferred to a
gas chromatograph. Gases were repeatedly extracted from each sample until the ratio of gases from
one extraction to the next was approximately constant. This ratio was then used to calculate the
total amount of gas remaining in the sample, assuming a geometric series. Each extraction lasted
approximately 10 minutes. Gas trapped within the grout (in pores or adsorbed on surfaces) may
not be completely released during this time. Therefore, the reported yields may be considered to be
lower limits.

Two gas chromatographs were used for these experiments (an Infotronics Model 15 C3 and a
Varian Aerograph model 920); both were calibrated daily with authentic gas samples. Hydrogen,
oxygen, and nitrogen were all determined in a single analysis by using molecular sieve 5 A
columns at ambient temperature. N20 and CO (together with CH4) were determined in separate
experiments using a molecular sieve 13Xcolumn; the column temperature was 175 °C for N20
determinations and 38 oC for CO and CH4 determinations, The signal from the gas chromato-
graphs was integrated using a Spectra Physics Chromjet integrator for H2, 02, and N2 and a
Hewlett Packard 3390A integrator for the other gases.

Total Pressure Measurements. The system used to measure the total pressure of the gas
as a function of irradiation time has been described in detail.1 It utilizes a differential pressure
transducer (World Precision Instruments PNEU05, solid state, 0-5 psi pressure transducer). It
includes two samples, one irradiated whereas the second is shielded from the radiation source and
is used as a reference. This differential measurement cancels most of the pressure that results from
the vapor pressure of water released from the samples. Furthermore, because both samples are
located in the same room, any change in gas pressure due to ambient temperature changes will can-
eel out. The pressure transducer is connected to a Hewlett Packard digital multimeter (HP
34401A). Data were acquired using a Macintosh computer that was interfaced to the digital mul-
timeter via an RS-232 connection. The differential pressure transducer was calibrated by compari-
son with a Barytron pressure gauge (MKS 270 capacitance manometer). The pressure as a function
of voltage was fit to a cubic equationover the pressure range of +400 ton'. The dominant terms in
this function are the linear terms; the higher order term is of significance only at high pressures.
The total pressure in the sample compartment at the end of the irradiation was approximately 250
tort higher than in the reference side. Small drifts and possible leaks in the system were determined
before and after the irradiation and corrected for as previously described. The volume of the system
was determined using conventional vacuum line techniques. The volume of each compartment of
the assembly, and its associated tubing, was approximately 45 ml. The absolute error in the vol-
ume determination is less than 5%.

The major interference expected in this measurement is from water vapor pressure that devel-
ops above the grout samples. This vapor pressure will change as a function of temperature. The
change in vapor pressure upon change in temperature results from two effects, the temperature
dependence of the equilibrium water vapor pressure and the direct change of gas pressure with the
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change in temperature. In the regime of temperature change relevant to the radiolysis experiments
(.--2°C rise in temperature), the former is by far the dominant effect. To demonstrate the effect: the
vapor pressure above liquid water (we do not know the vapor pressure above grout but it is some-
what lower than above free water) is 28.35 and 31.82 torr at 28 and 30 °C, respectively. Thus, the
change in the grout temperature due to the irradiation can lead to 3.5 torr pressure change in the
cell, independent of head-spa_.avolume. The same temperature change will directly increase the gas

pressure by only 0.7% (i.e., _).

Mass Spectrometry. Mass spectrometry was used primarily to ensure that no major gas
product escapes identification. Therefore, it was decided to maximize sensitivity at the expense of
accurate quantitative determination of individual gases. Total gas amounts injected into the mass
spectrometer were, thus, relatively high, and cross reactions within the instrument were not elimi-
nated. Samples for mass-spectral analysis were irradiated in the same vessels shown in Figure B-4.
A differentially pumped 30 cm radius, 90° sector magnetic deflection mass spectrometer from Vg-
Micromass (MM3001) of 7500 maximum resolving power and 10 kV maximum accelerating volt-
age was used for these studies.

3. Results and Discussion

Samples from the two batches, the viIgin samples and the preirradiated ones, were visibly
different. The most pronounced difference was the larger variability in consistency, tint, and hard-
ness among the preirradiated samples. Of the 122 virgin samples, encased in pipes that arrived at
ANL, 90 were opened and are logged in Appendix A. These samples were fairly soft (consistency
of slightly damp chalk), uniform green-grayish in color, with white tops (removed during the
sample preparation) and relatively uniform smooth surfaces. Only a few of these samples had a
pitted appearance, probably a result of trapped gas bubbles. The preirradiated batch included 70
samples, all of which were removed from the HPVC pipes and used as detailed in Table AB-1 of
the Appendix. These samples appeared much harder than samples from the previous batch; they
adhered more to the plastic pipes, and many had large bubbles of gas entrapped in them. Some of
the samples in this batch appeared to have been cast in two different periods of time (i.e., more
material was added to a pipe after partial curing had occurred). At any rate, the obvious greater
variability among samples of this batch reduced the reproducibility of the results and increased our
experimental error significantly.

a. H2 Yields from Irradiated Grout Samples

The amounts of hydrogen generated from the grout samples, following irradiation at three
dose rates and various periods of irradiation (i.e., various doses), have been measured, and the
yields have been calculated. The results are shown in Figure B-5 for samples irradiated at a dose
rate of 130 krad/h. Samples from both the virgin and preirradiated batches are shown in Figure B-
5. Yields were calculated from the slopes of the linear least-square fits of the data points using
Equation B-1. The intercepts and slopes of these lines are shown in the figure labeled as a and b,
respectively. G(H2) from the preirradiated samples is -25% lower than from the virgin samples.
Yields from these, and all other radiolytic experiments, are summarized in Table B-2.

The top scale in Figure B-5 (and the other figures as well) is an "Equivalent Time" scale for
grout that would be irradiated with a 't or _ source of initial intensity of 0.3 krad/h (typical dose
rate for low-level waste) and by a radionuelide of 30 years half-life (for comparison, xl/2 = 30.3
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and 28.1 years, for 137Cs and 90Sr, respectively). It was calculated using Equation B-2, which
results from the integration of an exponential decay rate law:

t = - l. In(1 - _) (B-2)
k No '

whe_'.e,_Nois the initial dose rate (0.3 krad h-! = 2.628 Mrad y-l), k is the decay rate constant
(= .am. = 0.023 y-l), and D is the dose accumulated up to time t.

'l:t/2

Similar results are presented in Figure B-6 for hydrogen generation from irradiation of the
two batches at 0.25 and 0.63 krad/h. The amount of gas produced at these lower dose rates is
much smaller than at the higher dose rate, and, therefore, the experimental uncertainty is larger.
Furthermore, the results at these small amounts of gas are more sensitive to variations in the grout-
gas phase equilibrium and are, thus, less reliable. Any hydrogen that may have remained trapped in
the grout will strongly affect the results at low doses. This problem is particularly difficult in the
determination of N2 and 02 because the samples were all equilibrated in air prior to irradiation. The
results of Figures B-5 and B-6 (and summarized in Table B-2) indicate that the yield is st_mewhat
lower at lower dose rates. The dependence, however, is rather weak. Upon -500-fold reduction tq
dose rate, the yields decrease to -65% of its value at the highest dose rate. At higher dose rates,
radical-radical reactions are more significant than at lower dose rates. For H2 generation, this sug-
gests that reaction B-3 is a major contributor at high dose rates.

H + H -- H2. (B-3)

The main, non-H2-generating, competition for H atoms is from nitrite:

H + NO2" -- NO + OH-. (B-4)

The other major contributor to the formation of H2 is reaction B-5. This reaction will dominate at
low dose rates.

H + RH -- I-I2+ R. (B-5)

This analysis may also rationalize the decreased yield of H2 for the preirradiated samples.
The preirradiation degrades the organic compounds in the waste, some of which are completely
mineralized (CO2, carbonate, formate or oxalate). It also converts a significant amount of the
nitrate to nitrite. 2 The former reduces the rate of the H2-generating reaction B-5, and the latter
enhances the rate of the hydrogen-scavenging reaction B-4.

The reasonably good linearity obtained in the results shown in Figures B-5 and B-6 also
suggests that the rate of release of hydrogen from the grout is faster than the rate of its generation.
If hydrogen would have been retained for periods of time comparable to the time of these experi-
ments (the shortest time was one day for the highest dose rate), then the curve would have devel-
oped an upward slope. Also, any retention of hydrogen within the grout would require higher
yields than those given in Table B-2. Significantly higher yields would be very difficult to explain
(100% water that contains no scavenger will give G(H2) = 0.6; by comparison the grout contains
no more than 20% water and large concentrations of nitrate and nitrite, both efficient H2
inhibitors).
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Table B-2. Yields of gases generated by radiolysis of the grout samples.

vir_n samples preirrad, samples

gas dose rate G G comments
(molecules) (moleculeskrad/hour " 100 eV " 100 eV "

H2 130 0.056 0.041 up to - 100 Mrad

0.63 0.051 (0.024, large error) up to -0.6 Mrad

0.25 0.035 0.028 up to -0.3 Mrad

N2 130 0.12 0.058 up to -100 Mrad

0.63 not measurable (1.06, large error) up to --0.6 Mrad

0.25 (0.96, large error) up to ---0.3Mrad

02 130 0.026 0.078 up to-100 Mrad

0.63 not measurable not measurable up to -0.6 Mrad

0.25 up to --0.3 Mrad

N20 130 0.011 0.010 up to -100 Mrad

0.63 up to -0.3 Mrad
below detection limit" below detection limita G(N20) < 0.018

0.25 up to --0.05 Mrad

O(N20) < 0.14

CO 130 0.0042 < 0.0028, up to-100 Mrad b

see Fi ure B-11

CH4 130 below detection limitc below detection limitc up to -100 Mrad
G(CH4) < 1 x 10-5

_,Xi 130 0.217 0." 90 sum of all gases at
130 krad/h

aDetectionlimitis0.125I_moleN20.
/'Up to-tO0 Mradfor thevirgin samplesand-60 Mradforthepreirradiatedsamples.
oDetectionlimit is 0.034lUnoleCH4.

The radiolytic yield of H2 in the virgin grout samples, G(H2) = 0.056, is lower than the yield
we find for the liquid waste simulant (prior to grouting, Figure D- 1), G(H2) = 0.087. Similarly,
the yield obtained by Powell 2 for 102-AP simulant is 0.07, averaged over 35 Mrad. The reduction
in yield is smaller than the expected reduction based on simple dilution ratio of the solution in
grout. Possible explanations for that are discussed in Section D. As noted above, the original
chelators have largely degraded after 35 Mrad dose 2 so the lower yield for the preirradiated sample
is to be expected. The 0.041 yield obtained for the preirradiated samples involve only a small
contribution to H2 generation by reactions (e.g. reaction B-5) of the organics.

b. 02 and N2 Yields from Lrradiated Grout Samples

The amounts of 02 that were extracted from the same samples of grout described in the pre-
vious section, are shown in Figure B-7. Only the high-dose-rate experiments provide data from
which G values could be calculated for both batches. These values are given in Table B-2. At the
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lower dose rates (0.63 and 0.25 krad/h), 02 could be easily measured (see bottom of Figure B-7
for the preirradiated batch). However, the scatter in the data and the absence of a clear increase in
the amount of gas upon increasing the irradiation time lead us to believe that these amounts are not
generated radiolytically (or thermally). Rather, this behavior indicates that the oxygen originates
from air trapped within the grout; it is pertinent to note that the grout is placed under vacuum once
it is sealed in the sample cells. Similar observations for 02, as well as N2, were reported and dis-
cussed earlier for the virginsamples batch.

The top pint of FigureB-7 shows the yields of oxygen fromboth the virgin and preirradiated
samples following irradiationat the high dose rate.These iesults represent the most pronounced
difference between the preirradiatedand virgin samples. G(O2) for the preirradiate5batch is
approximatelythree times largerthanfor the virgin samples.The increased02 yield is expected if
the yield of organicradicals (which inhibit the generationof 02) is reduced in the preirradiated
samples due to degradationof the organiccomponentin the simulant.

The situationfor the yield of N2 is reversed.As can be seen in Figure B-8, following irradia-
tion at 130kraal/h,G(N2) for the virgin samples is twice that for the preirradiatedsamples.

i

The mechanism for the generationof N2 is notclear but it has been shown to be very sensi-
tive to the composition of the irradiatedsolution. Often the yield of N2 increases at the expense of
N20. However, in the presentsystem, the yield of N20 for both batches is essentially the same.
Again, determinationof N2 yields at the lowerdose ratesand doses is susceptible to a largeexper-
imentalerror(Figure B-9). It was concluded earlier1fromthe results of the virgin samplesat low
dose rates that although nitrogen is releasedduringthe irradiationperiod, its release is not a result
of radiolytic(or thermal)generationbut due to the vacuumin the samplecells.

c. N20 Yields from Irradiated Grout Samples

The sequence of irradiations that was used for the determinations of H2 was repeated to
determine the yield of N20. The procedure was identical except for the gas chromatographic de-
tails, which weredescribed in Section B-2d. Theresults fromthe experimentson both batches are
given in Figure B-10 andTableB-2. Both the virgin andpreirradiatedsamples give essentially the
same yield, G(N20) = 0.01 + 0.002. Close examinationof the data for the preirradiatedsamples
indicatesthatthe amount of N20 thatis generatedtends to level off at the high dose limit. Samples
from both batches were also tested for the generation of N20 at the lower close rates (e.g., see
Appendix A); the amounts of N20 generatedwere all below the detection limits of the analysis.
Upper limits for the (3 valuesfrom these irradiationsareshownin TableB-2.

d. Yields of CO and CH4 from Irradiated (3rout Samples

The radiolytic yields of CO have been determined as described above. Figure B-11shows the
amount of CO obtained following various doses of irradiation, all at a dose rate of 130 krad/h. For
thevirginsamples, a lineardependenceon dose is observed. The slope yields G(CO) = 0.0042 mole-
cules per 100eV, approximately 2% of the total gases. However, as is clearly seen in Figure B-11,
CO starts to appear only after the samples(both virgin and preirradiated) received approximately 11
Mrad of irradiation. This indicates that CO is a secondary radiolytic product. It is generated by the
radiolysis of a radiolytiedegradationproduct. A similar positive interceptis also observed for the pre-
irradiatedsamples. However, the amount of CO obtained from the preirradiated samples decreases
upon continued irradiation above a dose of-50 Mra It is emphasized that the absolute amount
of CO, and not just the yield, decreaseswith increasedirradiation. This must mean that CO itself
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enters into some reactionthatleads to its destruction. Thisdestructive reactionoccurs concurrent
with the generationreaction and the net result is the amountmonitored. It is conceivable that a
similar destructive reaction will be observed when the dose delivered to the virgin sample will
match the total dose delivered to the preirradiatedsamples (including the dose of the preirradiation
period). Thisdestructionmaybe irrelevantto the situationin largegroutvaultsif CO is allowed to
rapidly escape the grout. Because of this destruction of CO, the definition of "yield" is not
straight-forward.We arbitrarilychose in FigureB- 11and Table B-2 toreportthe least-squaresfit
to thefast fourdatapoints fromthe preirradiatedsamples.
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During the same sequence of experiments, we also attempted to determine the yield of
methane. In all of these experiments on samples from both batches, the amount of methane was
below our detectionlimit. This places an upper limit of G(CH4) < 1.1 × 10-5molecules per 100eV.

e. Total Pressure and Mass Spectrometry Measurements

The yields of the various gases described above were measured individually by gas chro-
matography. There is no a priori reason to believe that these are all the gases that are generated by
the radiolysis. Two experiments were devised in order to determine whether the gas chromato-
graphic measurements account for all, or a fraction, of the gases generated. One is a mass spectre-
metric series of experiments, which provides the relative ratio of the various gases. The second ap-
proach is to measure the total pressure generated during the irradiation. From the pressure and the
volume of the ceils, the amount of gases can be determined (assuming an ideal gas behavior).
These can then be compared with the sum of the individual gas measurements. The results of both
series of experiments are reported below.

Experimental details, calibrationprocedures, and corrections required for the total pressure
measurements were reported recently,t Figure B-12 displays the results from the total pressure
measurements conducted on virgin samples. Similar experiments on the preirradiated samples
failed because of calibration difficulties. Due to time limitations, these experiments could not be
repeated. The pressure changes were convened to ttmoles of gas using the experimentally deter-
mh,ed volume of the cell as described in Section B-2d. Several points may be noted in the results
of Figure B-12. First, the amount of gas calculated from the total pressure measurements and the
amount of gas calculated from the sum of the individual gas measurements agree to within 10%up
to a dose of-80 Mrad. At larger doses (last point in Figure B-12) the deviation is larger; the sum
of the individual gases drops much faster than the total pressure measurement. Second, most of
the gases are accounted for in the individual gas measurements (N2,02, H2,N20, and CO). The
results from the mass spectrometryexperiments reveal no unaccounted gaseous product and, there-
fore, the discrepancy between the two measurements may simply indicate accumulation of experi-
mental scatter in the sum of the individual gases. As can be seen in Figure B-12, both types of
measurements show a decreasein the yield of the gases after approximately 60 Mrad of irradiation.
The yield is expected to decrease as the composition of the waste in the grout changes with radi-
olyti¢ degradation.This observation of a decreased yield at high doses may provide an explanation
for the discrepancy in H2 yields betweenour results and those of Friedman et al.5 The lowest dose
at which Friedman et al. have determined yields was 134Mrad (Table 10, Ref. 5). The sum of the
yields of the various gases is also given in Table B-2. Although there are significant differences
between the virgin and preirradiated samples in the yield of individual gases, the sum of the yields
is only 12% smaller for the prcirradiated than for the virgin batch.

Mass spectrometry results from irradiated samples of both batches, virgin and preirradiated
samples, have been conducted and are summarized in Table B-3. They were intended prim',trilyto
search for otherwise unidentified gaseous products and, therefore, were optimized for high
sensitivity. As described in the experimental section, these results were designed merely for
qualitative determination, and they are prone to high experimental error, especially for 02 and N2,
because of possible leaks during the transfer of the gases from thecells to the mass spectrometer.
The sample cell (Figure B-4) was connected to the mass spectrometer via a cold trap (dry ice /
acetone). This minimizes the amount of water that is transferred to the spectrometer but allows
transfer of ammonia, if any is present. Identification, and even more so - quantification, of the
various gases are not unambiguous in these experiments (e.g., both N2 and CO appear at m/e =
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28). In the experiments described here, a species that appears at m/e = 30 is a major source of
ambiguity, especially in the thermal experiments described in Section C (e.g., see Table C-I).
Because of these difficulties, all of the data are given in Table B-3. The sensitivity coefficients in
Table B-3 were determined earlier, in a separate sequence of experiments, on genuine samples of
the corresponding gas. Sensitivities in the tested mixtures, however, may depend on other
components present and, therefore, quantities of gases may be distorted in these experiments. For
the same reason, the gases are normalized to H2= 100 (third column for each sample), rather than
the common presentationas a percentageof the totalamount of gas.

As mentioned above, the m/e = 30 presents a problem because essentially any NOx will
appear at this value. Forexample, N20 loses a nitrogen atom in the mass spectrometer to appear at
this m/e value. We, therefore, also provide in Table B-3 the ratio of the intensities at m/e = 64
(unambiguously N20) to m/e-30 (see footnote e in Table B-3). As can be seen in the table, this
ratio in all the radiolytic experiments is within 10% equal to 7.8, indicating that no other product
appearsat this m/e value. This can be contrasted withthe thermalresults in Section C.

No major new component in the mixtureof gaseous productscan be observed in the results
of Table B-3. The m/e scale was manned up to m/e = 250 but no signal was observed at m/e >47.
Trace amounts of ammoniaandhydrogensulfidecould be observedin some of the specimens.The
formeris a commonly observed productin theradiolysisof waste simulants.7 The latterprobably
arises from radiolysis of the fly ash in the grout.The relative ratios between the various compo-
nentsdeterminedbymass spectrometryis differentfromthose determinedby gas chromatography.
In particular, nitrogen and nitrous oxide for the preirradiatedsamples appear higherin the mass
spectrometryresults than in the gas chromatography.Thelatterresultsare far morereliable thanthe
former.

4. Conclusions

Only for hydrogen could reliable yields be measured at the low dose rates (0.25 and 0.63
krad/hr). G(H2) at 0.25 krad/hr is about two-thirds that at 130 krad/hr for both virgin and preirra-
diated samples, indicating little dependence of yield on dose rate. At 130 krad/hr, G(H2) is 0.056
and 0.041 for the virgin and preirradiated yields, respectively. These yields are higher than
expected. One would expect a lower yield in the grout, because the percentage of water (a major
source of hydrogen) is lower in the grout than in the waste simulant alone. However, if the NO]
andNO_ inhibitors are partially segregated from the water and organics (or are less effective as a
radical scavenger), and if some of the radiation absorbed by the solids is effective in generating H2
from water or organics on solid surfaces,the high grout yield could be explained.

The preirradiationof the waste simulant should result in a solution that better represents the
waste, now present in the tanks, where radiolysis has degraded organics and converted some
nitrate to nitrite. As seen above, in the preirradiatedgrout the hydrogen yield is about 25% smaller
than in the virgin grout. Further, G(N2) is about 50% lower and G(O2) is about threefold higher in
the preirradiated grout, whereas G(N20) is about the same in both. Lower organic content and
higher nitriteconcentration in the preirradiated samples can account for all of these differences.
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Figure B-12. The total amountof gas generateduponirradiationof virginsamples at 130 krad/h.
Solid curve shows results from total pressure measurement; circles axe the sum of the individual
gases measured by gas chromatography.
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Table B-3. Mass spectrometricresults for irradiatedgroutsamples.All irradiationsperformedat a
dose rateof 130 krad/h.

I III t r I ii ii iii ii [111 ii i[ i I iiiiii I .I i iiii ] I iii ii rll ii I ilrl

virgin s unples preirrad, samples
.....irradiatedt01I0Mrad irradiatedto22Mrad irradiatedto65Mrad

gas m/e lb I/Sc norm. Ib I/Sc norm.d Ia I/Sc norm.
(sens.)a (Mm_ (from

C,C dJ ,,,,,,, i i ,,

H2 2 670 49.6 100 597 44.22 i00 57.3 4.24 100
(13.5) (I00) (I00)

CO 12 1.01 1.7 3.4
(0.6) (7.5)

NH3 17 1.58 0.03 0.07 1.70 0.04 0.08 3.75 0.08 1.84
(48)

N2 28 1755 39.0 78.6 1758 39.07 88 1495 33.22 783
(45) (214) (141)

NO (?) 30 19.34 16 133
(45) (7.9)e (6.8)¢ (8.7)e

02 32 728 20.2 40.7 360 i0.00 23 1.5 0.04 0.98
(36) (46) (190)

H2S 34 2.95 0.07 0.14
(42)

N20 44 152 3.8 7.7 108 2.70 6.11 1154 28.85 680
(40) (20) (24)

am/e is the mass over chargeat which themolecule was analyzed; for all except CO it is identical with its molecular
weight; sensitivitycoefficient in patcnlhescs.

_lgnal intensity at m/¢.

"'Signalintensity divided by sensitivity coefficient, prolmnional to concentration.
dI/S nonnaUzedto H2= 100. In parenthesesare resulls ti"omgas chromatographyalso normalized to H2= 100.
eRatioof I at 44 to I at 30 to show that no contributionfrmnNO is observed for the irradiatedsamples.
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Nitrogen and N20 arc believed to have a common origin, probably hydroxylamine or oxime.
The ratio of the two gases depends on the compositions of the slurry and the grout. The sum of
both, N2 and N20, in the preirradiated samples is approximately half of the sum in the virgin
samples. The generation of N20 has been shown to require the presence of organic moleculesJ It
is reasonable to assume the rate of its generation will decrease if the concentration of organic
molecules decreases. Organic compounds are also known to destroy oxygen via the reaction of
organic radicals with molecular oxygen (Ref. 7, p. 16). Partial oxidative degradation of the organic
compounds during the preirradiation period can, therefore, explain the increase in 02 yield.

i

The rates of formation of all gases, for both the virgin and preirradiated grout, decrease at
dose rates above about 50 Mrad. Also, the sum of initial G values is lower for the preirradiated
than for the virgin grout (last line, Table B-2). Both observations are to be expected as the radioly-
sis degrades the chelators. As can be deduced from Equation B-2, 50 Mrad corresponds to approx-
imately 25 years of irradiation of the waste at its native dose rate. Therefore, the dose rate in the
grout in the field will decay to nearly haft its original value and the rate of gas generation can then
be expected to decrease even more than shown in the present study.

Carbon monoxide is generated in small, but significant, amounts in the virgin and the pre-
irradiated samples. It is a secondary product in radiolysis and eventually is destroyed by radiolysis.
Analysis of its implication to catalytic converters of H2 is beyond the scope of this study.

C. 'I'HERMe:,L GENERATION OF GASES FROM GROIJT

1. Introduction

The yields of gases that were generated under identical conditions but without irradiation
were also measured. These measurements were conducted in the 24-90 oC range. The temperature
range was chosen to span the range of conceivable temperatures that the grout may encounter. At
higher temperatures, its mechanical integrity may be compromised. The rate of gas generation at
these temperatures, with the possible exclusion of 90 oc, is hardly measurable. We conclude that
thermal reactions do not lead to significant generation of gas. Rather, it seems that gases trapped in
the grout are released from the grout, and the amount of gases released increases on increasing the
temperature. This thermal release of the gases seems irreversible, and the gases do not easily
reabsorb into the grout.

2. Experimental

Procedures for the measurement of the thermal generation of gases were identical to those
used for the radiolytic experiments. Identical cells (Figure B-4) were used and the techniques for
gas measurement were also identical in the two types of experiments. Once the cells were sealed,
they were placed either in water baths (45 and 60 oC) or in an air-circulated oven (90 oC). All
samples were brought to room temperature (24 oC) before the gas measurement. Approximately an
hour was allowed for each specimen to equilibrate with the ambient before measurement.

3. Results and Discussion

In all the experiments that were performed above room temperature, water condensed on the
wails of the cell upon cooling to room temperature. This indicates that water that is released from
the grout as a result of temperature gradients will not reequilibrate rapidly with the grout.
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Furthermore,in the samples that were kept at 90 oC, some gray-whitematerial was observed to
coat the cell walls.

It was shown in our recent report1that the small amounts of H2, N2, and 02 collected from
virgin samples atall temperaturesother than 90 oCwere not generated by a chemical reaction but
were released from the groutby the increased temperature.The argument to support this conclu-
sion was the lack of timedependence of the amountof gas collected during digestion at a given
temperature.Essentially the same resultswereobtainedfor the preirradiatedsamplesas well. The
amountsof gasescollectedat24 oCare negligiblerelativeto those producedby the radiolysisat the
highdose rate.However, they mayreach50%of the amountcollected afterirradiationat thelow=
est dose ratefor the same periodof time.Nonetheless, the effect of the thermallyreleased gases on
the radiolyticdeterminationsis notseverebecausethe (3 valuesweredeterminedfromthe slopes of
the dose dependence (e.g., FiguresB-S throughB-11). As the data in the tables of Appendix A
show, the amount of H2releasedfrom the preirradiatedsamplesare notsignificantlydifferent from
those obtained from the virgin samples. Nitrogen and oxygen were somewhat higher, perhaps
indicating weaker binding of these gases to the groutbatchthat was preparedwith the preirradiated
waste simulant.

It was not possible to determinethe amount of 02 released at and above 45 oC because of an
overlapping (negative) peak that appears in the gas chromatograms from samples aged at these
temperatures.This thermalproductwas not observedin any of the radiolyticexperiments but was
observed in the thermal experiments of both batches.The mass spectrometricresults, described
below, suggest that it is NO.

At 90 °C, the amounts of H2 released from the batchof virgin samples increase with time
(Figure C-I). Forthis batch, the results at 90 o(2may reasonably be described by an exponential
generation (EquationC-1) as shown by the solid curve in FigureC-1. The least-squaresparameters

[x:]=[Xz].{l-exp(-kt) } (C-1)

for this fit are k = 1.7x 10.3 h"1and (H2),, = 1.8 x 10.7 mole/g. Forthe preirradiatedsamples, lit-
tle increase with timecould be discernedeven though the amounts of H2 released are similar for
both batches. Similar results fromN2 and N20 measurements are shown in Figure C-2. The scat-
ter of the data from the preirradiatedsamples does not allow meaningful evaluation of the time
correlation. The total amounts of all gases (dominated by N2 and N20) obtained at 90 oC are
shown in Figure C-3, They arelargerfor the preirradiatedthan for the virgin samples. The least
squaresfit to exponential formationratelaw, with the fit parametersfor these gases, are also given
in thefigures.

Mass _ometry on samples fromboth batchesthat wereaged at 90 oCwereconducted in
aneffort to identifyunaccountedproducts.In particular,the interferingproductthat preventsmea-
surement of 02 at the higher temperaturerange was the focus of this effort.The results aresum-
marizedin Table C-I. Comparingthe relativeintensifiesof m/e = 44 tom/e = 30 inTable C-1 with
those in Table B-3, one can recognize that anadditional productis obtainedfrom the thermally
aged virgin samples.The naturalcandidate for thisproductis NO. The resultsfor the virgin sam-
ples areconsistentwith those from the gas chromatographybut those for the preirradiatedsample
arenot. In particular,the relative abundanceof nitrogen andoxygen are very different in the two
measurements. It should be recognized that for lack of time, only one experiment was performed
on a preirradiatedsample and anymeasurementof this kindwill includeall gases releasedfrom the
sample (ratherthen onlythose generatedby a chemicalreaction).
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Figure C-1. Thermalrelease of H2 from virgin (empty circles) and preirradiated(solid circles)
samplesat 90 oC. Solid curve is exponentialformationleast-squaresfit to the datafrom the virgin
samples (k = 1.7 × 10-3h-l; (H2)<.= 1.8 × 10-7 mole/g).
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Figure C-2. Thermal release of N2 (circles)andN20 (Mangles) from virgin(solid datapoints) and
preirradiated(empty datapoints) samplesat 90 oC.Solid curves areexponentialformationleast-
squares fit to the data from the virgin samples (for N2: k = 3.5 x l0 -3 h-l; (N2)-= 5.5 x l0 -7
mole/g; for N20: k = 1.7 x l0 "3h-l; (N20). = 2.1 x l0 -6mole/g).
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Figure C-3. The sum of measured gases released from virgin (squares) and preirradiated (circles)
samplesat90o(2.Solid curves arc exponentialformationleast-squaresfit to thedata;fit
parametersarc shown in the figure.
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Table C-1. Mass spectrometricresults for groutsamplesaged at 90 °C.

" - virgin........................s maples - preirradiaiedsampies
3 weeks at 90 °C 1 week at 90 °C 3 weeks at 90 °C

gas m/e Ib USc norm. ib [/Sc norm.d Ib I/Sc norm.d
(sens.)a d

H2 2 122 9.01 100 77.8 5.76 100 574 42.52 100

Nil 3 17 63 1.31 14.53 65.1 1.36 24 1.4 0.03 0.07
(48)

N2 28 1300 28.89 321 1431 31.80 552 829.8 18.44 43
(45)

NO (?) 30 900 14.92 166 1348 25.88 449 9.97 0.01 0.02
(45) (1.91)e (1.02)e (7.20)e

02 32 41 1.14 12.61 34.5 0.96 16.64 796.3 22.12 52
(36)

H2S 34 3.2 0.07 0.17
(42)

N20 44 1715 42.88 476 1375 34,38 597 71.8 1.80 4.22
,,, (40) ............

am/e is the mass over charge at which themolecule was analyzed;for all except co it is identical with its molecular

weight; sensitivity coefficient in parenthesis.
bSignal intensity at m/e.

cSignal intensity divided by sensitivitycoefficient, proportionalto concentration.
°'I/Snormalizedto H2= 100.
eRatioof I at 44 to I at 30. Compareto footnoteo in Table B-3.

4. Conclusions

Thermal generation of gases was studied in the range 24-90 °C. The amounts of gas inca-
sured were verysmall, especially in the 24-60 *C range. Because of the variability of the samples
and the presence of trapped gases, in particularN2 and 02, significant data could be obtained only
at 90 *C. Despite these uncertainties, we believe that no measurable amounts of H2, N2, or 02
were generated in the 24-60 *Crange. N20 could barelybe detected after two weeks at 60 °C.

The gases, H2, N2, and N20, are generated at slow but measurable rates at 90 °C. For virgin
samples the ratecould be fitted to an exponential rate law that levels off after several weeks. The
total amount of H2 is about the same for the virgin and preirradiated samples, whereas for N2 and
N20 the amounts are about a factor of two larger in the preirradiated ones. Owing to scatter, the
data from preirradiated samplescould not be fittedto an analytical equation. Also, owing to a ther-
mally generated product (perhapsNO), 02 could not be measured at 90 °C. The thermal rates are
small even at 90 *Cand do not affectthe radiolytie results of Section B.
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I

D. MECHANISMS OF GAS GENERATION I
/
I

The general, and much simplified, mechanism for the generation or inhibition of hydrogen
production in irradiated solutions is given in reactions D-1 through D-4.

H + H --,- 1-12, (D-l)

H + RH --* H2 + R, (D-2)

H + NO2- _ NO + OH-, (D-3)

H+
e-aq + NO3- _ NO2 + OH-. (D-4)

Recombination of H atoms (reaction D-l) and hydrogen abstraction (D-2) can be minimized on
addition of nitrite, due to the competing reaction D-3, and nitrate (due to scavenging of e-aq, which
is the basic form of H atoms). Essentially all of the experimental observations of this study could
be rationalized by the effect of one parameter or another on these reactions. We may also note that
the concentrations of NO3- and NO2" in the simulant used here are relatively low (e.g., it is - 1/4th
their combined concentration in tank 101-SY). Increasing their concentration will most probably
reduce radiolytic 1-12generation rates.

Table D-1. Test solution used for comparison with yields of H2 from grout samples (compare with
Table B-l).

inorganic organic
compound concentration ion concentration

mole L-1 mole L-1

NaNO3 0.975 Na3 HEDTA 0.014
NaNO2 0.536 Na3 citrate 0.011
NaOH 0.425 Na glycolate 0.010
H'20 86.6% w Na4 EDTA 0.003

(density =1.09 g era-3)

The yield of hydrogen from the grout samples seems relatively high. To verify
experimentally that it is indeed higher than expected, we measured G(H2) from a liquid solution of
composition similar to that of the waste simulant that was mixed into the grout during its
preparation (see Table B-I). The composition of this test solution is given in Table D-1.
Components that appear in Table B-I but not in Table D-1 are known to have no effect on yields of
H2 at the concentrations given in that table. The results from the irr_liation of this solution are
given in Figure D-1.

The yield, calculated from Figo,'e D-1, is G(H2) = 0.087, nearly twice that from the grout
samples and approximately the value that could be predicted from previous studies. 7 There are only
two sources for hydrogen in all the compositions utilized in this study, water and organic com-
pounds. Direct absorption of the radiation by organic compounds can be neglected because of their
small quantities. The water content in the grout is .K20%, as compared to 87% in the test solution.
The absorption of radiation energy is proportional to the density of the material. Therefore, the
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energy absorbed by water in the grout is only <23% (i.e., <20/87) the amount absorbed by water
in the solution. If the composition of the aqueous phase in the grout is the same as that of the solu-
tion, and if only irradiation absorbed by the aqueous phase leads to H2, then the amount of H2
generated by the grout would have been 23% of the solution. It is, in fact, -50% of the yield from
the solution.

Table D-2 compares the yields obtained in this study for the two grout batches with several
waste simulants. The waste simulant recently reported by Powell2 is very similar in its
composition to the one used for Figure D-1. The yield reported by Powell is 0.07 H2 molecules
per 100 eV. The difference between the value obtained from Figure P " (G(H2)=0.087) and
Powell's value is perhaps due to the much larger dose utilizedin the latter experiment (35 Mrad vs.
0.4 Mrad). As repeatedly emphasized along this report, at this dose most of the original organic
additives have been degraded. For comparison, a previously studied simulant for tank 101-SY
waste is also included in Table D-2. The yield of H2 in this simulant is half as high as in the
presently studied simulant because of the significantly higher NO3- and NO2- concentrations (see
footnote a Table D-2). There is little doubt that increasing the concentration of these two anions,
especially nitrite, in the presentlystudied simulant will reduceG(H2). Our earlier studies on the
101-SY waste simulant showed that in the absence of organics the G(H2) would be 0.03 for that
simulant. The lower concentrations of nitrite and nitrate in the 102-AP simulant will lead to an
increase in G(H2), approximately to twice this value. Thus we conclude that at the lower
concentration in that simulant, the major contributor to 1-12generation is direct radiolysis of water.
Nonetheless, the relatively smalldecrease in G(H2)upongrouting is unexpected.

Two mechanismsmay explain the observationof the relativelyhigh 1-12yields from the grout.
Either the radiation energy that is absorbed by grout components other than water finds its way to
the water component, or the radiation energy that is absorbed by the water in the grout is more
efficient at 1-12generation than that of the water in the solution. Probably both mechanisms apply
here. To allow for the radiation energy that is absorbed by the nonaqueous components in the grout
to migrate to the water in the grout one will need to invoke high efficiency of charge migration
(electrons and/or holes, that result from the depositionof the energy in the other grout components)
to the water. Partial transfer of these charge carriers to the woterprobably does occur but the extent
that this happens is not known. The other mechanism requires higher efficiency of H2 generation
from the energy that was deposited in the water phase. Possible causes for this higher efficiency
might be lower nitrate or nitrite concentrations or higher concentration of organic solutes in the
waterpools of the grout. The formerintervene in the generationof 1-12via reactions D-3 and D-4
whereas the lattergeneratesI-I2via reactionD-2.

The nitrogen-containinggases, N2 andN20, arebelieved to originatefrom a common degra-
clarionproductbut the ratio of the two is strongly affectedby othercomponents in the system.For
the virgin samples G(N2)v + G(N20)v = 0.13, and G(N2)pre+ G(N20)pre = 0.068. Because
organiccompoundsarerequiredfor thegenerationof these gases, :,heloweryield inthe preirradiated
samples may reflect the reductionin their concentration.Forcomparison,7standardsolutions con-
rainingfour times higherNO_ + NO_ concentrations yield G(N2) + GfN20) = 0.50. Considering
the lower concentrationof the NOx componentsin the presently used simulant, and the fact that
less than 20% of the grout weight is that simulant, lead one to expect a smaller yield than that
observed in the virginsamples.This againsuggests that some of the radiationenergy absorbedby
the solids is also effective inN2 andN20 generation.
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i1H Generation from Solution Waste Simulant
(priorto grouting)

i I i I IliI Ill II I ninil ilil i

5

4

o

@

@

_ 3

@

o a=-(l.3:i:l.0)x10"9

2 b=(9.0.2:0.4)x10-8
m" G(H2)=0.087

!

O

¢",1

1-

8

0. 0. 0 03 0. 0.5 06

Dose,Mrad

Figure D-1. Hydrogengenerationfrom solution wastesimulant.The compositionof the solution is
similarto the waste simulantthatwas addedto the groutandis given in TableD-1. Irradiationdose
ratewas 2.54 krad/min.
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Table D-2. Comparison of yields ?f g_ses from grout and various waste simulants. Shown are G
values in units ^c ,moLectue_

t,it 100eV j

Grout Simulants
(from Table B-2)

102-Ap lff2-Ap 101-SY
virgin preirrad. Simulant Simulant Simulant

(]Its samples samples (from Ref. 2) (Table D-l) (from Ref. 7a)
I I I IIJ ill i,,,, iml= i ,,,H ii, • i n••ll i

H2 0.056 0.041 0.0695 0.087 0.045,,,, ,,, ,,, ......

N2 0.12 0.058 0.0639 0.014

02 0.026 0.078 Loss Loss,,

N20 0.011 0.010 0.131 0.49

CO 0.0042 _ 0.0028 2.3xi0 -4
,,

CH4 ...... <lx10-5 <1×10-5 .....

XXi 0.217 0.190 0.265 0.55.....

a Solution contained 2.3 M NaOH, 2.8 M NaNO3, 2.2 M NaNO2, 0.86 NaAIO2, 0.065 M HEDTA and EDTA, 0.1
M Citrate labeled solution POC in Ref. 7.

No oxygen is radiolytically generated from waste simulants that contain organic compounds,
even though its yield in the absence of organics is significant, (G(O2) = 0.08). 7 In the virgin grout
samples, G(O2)v = 0.026, and it rises to G(O2)pre = 0.078 in the preirradiated samples. Oxygen is
produced by reactions D-5 and D-6 (or an equivalent sequence with NO_ ):

NO_ _ NO"2 + O, D-5

O + NO_ NVCqk-. NO"2 + 02. D-6

The inhibiting effect of the organic compounds is via destruction of 02 by organic radicals and not
prevention of reactions D-5, D-6. The high yield of 02 may again indicate segregation of nitrate
and nitrite to zones of high concentration away from the location of the organic components.
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APPENDIX A

Grout SpecimensandTheirHistory

The following pages provide a completechronology of all grout samples received at ANL
during this interim period. Table AA-1 includes a log of all the specimens and their fates. Table
AA-2 presents a full accounting of all gas measurements.Tables AB-i and AB-2 provide the same
information, respectively, for the batch of preirradiated samples.



Table AA-I. Log of virgin grout sample history.

gases measured

lie- post dose rat _ H2
ANL dale expt. expt. exp_ expt. initial rate time temp time 02 AHL

no. , open photo start end photo wt (8) comments 0aad_) (lus) °C (h) &N2 CO C.H4 N20 no,
I !

iO01 7/6/93 7/8/93 7/12/93 8/2/93 9/3/93 22.55 2 pcs 0.253 647.45 I _/ ]
002 7/6/93 7/8/93 7/12/93 7/20/93 9/3/93 19.36 0.253 198 I _/

1003 7/6/93 7/8/93 7/12/93 8/7/93 9/3/93 20.86 2 pcs 0.253 499.25 I "_
004 716/93 7/8/93 7112/93 7/26/93 9/3/93 20.91 2 lX:SCrad_ 0.253 335.45
005 7/6/93 7/8/93 7/12/93 8/16/93 9/3/93 22.52 0.253 813.25 I _t
006 a 7/6/93 7/8/93 7/12/93 8/2/93 9/3/93 22.38 130 499.25 _/
007 7/6/93 7/8/93 7/12/93 8/9/93 9/3/93 22.77 sconxl 130 647.45
008 a 7/6/93 7/8/93 7/12/93 8/16/93 9/3/93 21.93 scored 130 813.25 I ,_
009 7/6/93 7/8/93 7/12/93 7/20/93 9/3/93 21.88 130 198
010 7/6/93 7/8/93 7/9/93 8/3/93 9/3/93 21.79 2pcscracked 23.8 594
011 7/6/93 7/8/93 7/12/93 7/26/93 9/3/93 21.90 130 335.45 i ,_
012 7/6/93 7/8t93 7/26/93 8/16/93 9/3/93 22.53 45 502 _/
013 7/6/93 7/8/93 7/26/93 8/23/93 9/3/93 20.32 scmrcxl 45 668 "_/

!014 7/6/93 7/8/93 7/26/93 8f2/93 9/3/93 22.19 scaatd 60 166.75 ,J
015 7/6/93 7/8/93 7/26/93 8/2/93 9/3/93 21.61 2pcsca-ack_ 45 166.75 _/
016 7/6/93 7/8/93 7/26/93 8/16/93 9/3/93 22.76 lightly scored 0.625 477.8
017 7/6/93 7/8/93 7/26/93 8/2/93 9/3/93 18.65 0.625 163.8 _/
018 7/6/93 7/8/93 7/'26/93 8/9/93 9/3/93 23.11 lightly scored 0.625 312 ,_
019 7/6/93 7/8/93 7/26/93 8/24/93 9/3/93 22.13 0.625 669.35
020 716/93 7/8/93 7/26/93 8/30/93 9/3/93 21.97 tightly scored 0.625 808.3 x/
021 7/6/93 7/8/93 7/26/93 8/30/93 9/3/93 22.93 lightly scored 45 836.5 4
022 7/6/93 7/8/93 7/26/93 8/9/93 9/3/93 20.24 pined 60 333.5 "4
023 7/6/93 7/8/93 7/26/93 8/16/93 9/3/93 22.57 s(xa_ 60 502 _/
024 7/6/93 7/8/93 7/'26/93 8/23/93 9/3/93 23.18 scet_ 60 668
025 7/12/93 7/14/93 7/26/93 8/9/93 9/3/93 21.59 45 333.5 ,J
O26 7/12/93 7/14/93 7/26/93 8/30/93 9/3/93 22.06 2 pcscrack_ 60 836.5 _/
027 7112/93 "//14/93 8/2/93 8/9/93 9/3/93 22.09 90 166.5 "4
O28 7/12/93 7/14/93 8/2/93 8/23/93 9/3/93 22.32 2 pcs_ 90 501 x/
029 7112/93 7114/93 8/2/93 8/16/93 9/3/93 21.13 90 335 ,_
030 7/12/93 7/14/93 8F2/93 8/30/93 9/3/93 19.00 90 669.5 _/
031 7112/93 7114/93 8/2/93 9/7/93 10/22/93 21.92 2pcscracked 90 862 _/
032 7/12/93 7/14/93 8/9/93 8/16/93 9/3/93 21.40 2 pcs/sawing 130 165.8
033 a 7112/93 7114/93 8/9/93 8/24/93 9/3/93 20.47 130 357.35 _/
034 a 7/12/93 7/14/93 8/9/93 8/30/93 9/3/93 22.40 130 496.3 _ u.__D



4_
TableAA-I. Log ofvirgingroutsamplehistory.(Cont'd) o

psesmemmed
Ixe- post dose rod. elenn H2

ANL date expt. expt. expt. expt. initial late time temp time 02 ANL

no. photo end wt() cmnmems 0ram/h) *c Oh) co no.

035 7/12/93 7114/93 8/9/93 9/8/93 10/22/93 22.20 130 691 035

036 a 7/12/93 7/14/93i8/9/93 9/13/93 10/22/93 21.92 scored 130 828.9 036
037 7/12/93F7/14/93! 8/9/93 8/17/93 10/22/93 19.04 0.625 165.8 -_ 03?
038 7/12193 7/14/93 8/9/93 8431/93 10/22/93 20.92 SUled 0.625 469.3 _ 038
039 7/12/93 7/14/93 8/9/93 9/15/93 10(22/93 19.01 130/0.63 17/834 _ 039
040 7112/93 7/14/93 8/9/93 9/17/93 10/'22/93 22.43 3 SC.C_lines 130/0.63 70/829 _/ 040
041 7112/93 7/14/93 8/9/93 [ 10/15/93 21.06 130/0.63 798/829 m. spec 041
042 7/12/93 7/14/93 8/9/93 8/16/93 10/'22/93 18.99 0.253 165.8 ._ 042
043 7/12/93 7/14/93 i 8/9/931 9/1/93 10/22/93 22.67 130/0.25 191/3571 ._ _/ 043
044 7/12/93 7/14/93 8/9/93' 9/21/93 10/22/93 21.64 crackedin2 130/0.25 307/6911 "_ _ 044
045 7/12/93 7/14/93 8/9/931 9/27/93 10/22/93 21.85 3sea.lines 130/0.25 445/691! '_ _ 045
046 7/12193 7/14/93 8/9/93 10/12/93 10/22/93 22.19 21x:scrad_ 0.25/130 691/7761 _ _ 046
047 7/12/93 7/14/93 8/6/93 8/16/93 9/3/93 21.69 3 scars 23.4 234.17 _ 047
048 7/12/93 7/14/93 8/6/93 8/23/93 9/3/93 21.08 2scars 22.6 400.17 "_ 048
049 7/12/93 7/14/931 8/6/93 8/30/93 9/3/93 22.47 23 569.25 ._ 049
050 7/12/93 7/14/93 8/6/93 9/13/93 10/'22/93 22.29 scmml 24.2 908 _/ 050
051 7/12/93 7/14/93 8/6/93 9/7/93 10/22/93 22.50 2 pcs_ 22 761.3.5 _/ 051
052 7/12/93 7114/93t8/23/93 9/7/93 10/22/93 22.72 90 356 _ 052
053 7/12/93 7/14/9318/'23/93 9/27/93 10/22/93 22.26 90 836 ._ 053
054 7112/93 7/14/93 8/7.3/93 9/20/93 10/'22/93 21.76 90 668 _/ 054
055 7112/93 7/14/93 8/23/93 9113/93 10/22/93 21.38 90 502 _ 055
056 7/12/93 7/14193 8/23/93 8/30/93 9/3/93 20.96 90 163.5 _ 056
057 a 7/12/93 7114/93 9113/93 10/16/93 10/29/93 21.05 scmxed 130 789.2 m. spec 057
058 7/12/93 7/14/93 9/24/93 10/18/93 21.86 end pcsanunb 90 868.8 In. spec 058
059 7/12/93 7/14/93 9/24/93 10/18/93 10/'29/93 21.81 end pcscrumb 90 868.8 m. spec 059
060 7/12/93 7/14/93 9/13/93 9/20/93 10/22/93 20.64 crackedin 2 60 163.75 _/ 060
061 8/24/93 8/26/93 9/13/93 10/4/93 10/22/93 21.39 60 500.3 "_ 061
062 8/24/93 8/26/93 9/13793 10/11/93 10/22/93 22.32 60 668 _ 062
063 8/24/93 8/26/93 9/13/93 10/18/93 10/29/93 21.79 60 835.5 _ 063
064 8/?.4/93 8/26/93 9/13/93 9/27/93 10/22/93 22.12 60 332 "_ 064
065 8/24/93 8/26/93 9113/93 9/14/93 10/22/93 22.98 130 17 -,_ 065
066 8/24/93 8/26/93 9/13/93 9/17/93 1022/93 21.40 130 70.2 _ 066
067 8/24/93 8/26/93 22.06 067
068 8/24/93 8/26/93 21.93 068



Table AA- 1. Log of virgin grout sample history, (Cont'd) $m_

p_ post dose _ _ H2
ANt, date exp_ expt. expt. ex_ initial rate time _emp time 02 ANL

no...:__ _ sma ma wt ) commcms _ (his) °C (h) &N2 CO CH4 _o._=_

)69 8/24/93 8/26/93 10/8/93 10115/93 10/29/93 130 159.9 m. spcc )69
)70 8/24/93 8/26/93 10/11/93 10118/93 10/29/93 90 1623 m. spoc [}'/0
}71 8/24/93 8/26/93 X X X notused X X X X D71

D72

)'/2 8/24/93 8/26/93 073
)73 8/24/93 8/26/93 074
374 8/24/93 8/26/93 121.30 2pcs 075
_75 8/24/93 8/26/93 122-? 7- X 0'76X 07"/
[)76 8/24/93 8/26/93 X X |21.!7 _ notused X X X
D77 8/24/93 8/26/93 [ 22.69 2pcs 078
078 8/24/93 8/26/93 |22.37 079 +
079 8/24/93 8/26/93 122.39 2p_ 080 ,

080 8/24/93 8/26/93 122"30 081 i081 8/24/93 8/26/93 19.12 D821_.82 21x:s I)83
082 8/24/93 8/26/93
0813 8/24/93 8/26/93 9.28 21_ 084
0814 8/24/93 8/7-_6/93 X X X 0.37 notused X X X X
0815 8/25/93 8/26/93 X X X 1.181 notused X X X X 085

086

086 8/25/93 8/26/93 2.47 081"i2.17 [08g

081"J8/25/938/26/93 ,1.32 21X:S [08_081[ 8/25/93 8/26/93
081S 8/25/93 8/26/93 12.3g 09(_2.6_
09{ 8/25/93 8/26/93

aThese specimenswere transfen'edon 11/29/93 to Prof. F. Young,CenterforCement,Universityof mLnois,Uflmna.

4_
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TableAA.2. Gases measuredfromvirgingroutsamplesfollowingirradiationor thermalaging.

_,Radio!yflc H2, N_. 02 ....
gasesextracted

doserate trrad,time totaldose pmoles per sample
ANL # kntd_ h Mrad H2 02 N2

002 ...... 0.253 ...........198 0.05() .... 0'.18 0.46 ...........2.37 .....
004 0.253 335 0,085 0.27 0.53 1.97
003 0.253 499 0.126 0.24 0.33 2.00
001 0.253 647 0.164 0.300 0.29 2.19

005 0_53 ....... 813 0,2_ 0.33 Q.72 4.49
017 0.625 164 0.102 0.11 0.57 6.75
018 0.625 312 0.195 0.41 0.29 5.57
016 0.625 478 0.299 0.36 0.30 4.01
019 0.625 669 0.418 0.59 1.55 9.47

__o................0,6_ ...... sos.............0,505_ _-,.....0.6___......__....0,_5__, ,____._5.8.........
065 130 17 2.21 5.64 2,23 8.49
066 130 70 9,10 12.80 8.09 23.94
009 130 198 25.7 45.84 20.27 88.89
Ol I 130 335 43.6 63.80 29.11 135.30
006 130 499 64.9 90.90 42.77 158.60
007 130 647 84.1 108.00 51.76 226.10
008 130 813 105.7 111.00 66.86 213.60

Radiolytic CO and CH4

dose _ L.crad.time tom dose CO CH4

# _ _ h ,Mrad ......_les pc,_pl,eL
043 0.25/i30 357/19i ! 24.90 0.987 _ 0.034

044 0.25/130 691/307 [ 40.00 2.925 _ 0.034

045 0.25/130 691/445 58.00 4.880 _ 0.034

046 0.25/130 691/776 101.00 8.480 _ 0.034

l_olytic lq20

doeerate in'ad,time totaldose )unolesN20

# ,kmd_ h Mind .......persample
_2 .........0.2.23 1a5.80............0.04___......_0,1_,_....
037 0.625 165.80 0.10 S 0.125

038 O.6_ 496,..30..............03! ................._0.125.........
039 0.63/130 834/17 2.73 0.46
040 0.63/130 829/70 9.65 3.13

032 130 166 21.55 5.77
033 130 357 46.46 12.56
034 130 496 64.52 21.25
035 130 691 89.83 21.43
036 130 829 107.76 28.20
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TableAA-2. Oasesmeasuredfromvirgingroutsamplesfollowingirradiationor thermalaging.
(Cont'd)

Therm_ N_O

, __ANt,# °C (has) timN_Oi ii i i iiiiiii i i - --

060 60 163.75 S;0.125
064 60 332.00 1.48
061 60 500.25 2.66
062 60 668 6.18
_3 ......._ .... 835,5..........7.53......
056 90 163.50 5.86
052 90 356.00 20.51
055 90 502.00 30.14
054 90 668.00 34.40
053 90 836.00 31.68

Thema! H2,N2,02 _
gmoie persample

........ _ _[1_ ..... _ ., _ANt, # temP. °C ..... {h).......,, H2 02 ....,,.N2......
047 23 234.20 010400 1.7660 8.0100
048 23 400.20 0.0443 0.6350 7.3600
049 23 569.25 0.0267 0.5280 7,3450
010 24 594.00 0.0607 0.3330 1.8070
051 22 761.25 0.0241 0.6920 6.5300

050 24 908.00 0._79 0.4790 6.4900
015 45 166.75 o.o86o 3.1510 5.5760
025 45 333.50 0.0730 0.2040 4.3330
012 45 502.000 O.ll60 0.1380 4.8200
0!3 45 668.000 0.1280 couldnot 3.7100

_ .0_:I _ 45 .................8_.500__ 0.1460 _ 4.7800LL III II ...... _1 ................... A2_L.... IILI......... .....

014 60 166.75 0.1350 0.4810 4.4910
022 60 333.50 0.2350 0.I010 3.2750
023 60 5o2.ooo 0.1710 6.29oo
024 60 668.000 0.1980 could not 5.9800

026........60.........836,_ 0,2160 meamee 5.4200
027 90 166.50 0.6530 4.0230

029 90 335.00 1.9260 couldnot 10.2600
028 90 501.00 2.12.30 t'neasm'e 8.7100
030 90 669.50 2.6800 9.9100
031 90 862.00 2.8600 9.9700



TableAB-]. Logofpreinadia_groinsampte_.
p.m_

dee _ post dwe lad. etena t12
ANt. cpm/ expt exp,. expL expL _ me time _p eme O2 Ate.¸

no. ,,_ po_ n, ,, _ pm ,_(_ _ (J_) (_) -c 0,) _ co c_ _ ,,o.

205 9/17/93 9/21/93 9/24/93 11/1/93 11/1903 21.94 90 "912.75 _ 205

TI'::T.%

215 9/20/93 9/21/93 9/2&93 10/18/93 19.32 90 967.5 mass spa:: 215
216 9/20/93 9/21/93 10/11/93 10/19/93 10/29/93 19.35 0.625 159.9 _ 216
217 9/'20/93 9/21/93 10111/93 10/25/93 10/29/93 21.93 0.625 326.6 "_/ 217
218 9/20/93 9/21/93 10/11/93 11/'2/93 11/19/93 20.27 0.625 471.3 -_ 218
219 9/20/93 9/21/93 10/11/93 11/8/93 11119/93 20.30 0.625 637 _ 219
220 9/20/93 9/21/93 10111/93 11115193 11119/93 21.47 0.6251 802.7 "_ 220
221 9/'20_3 9/21/93 10/11/93 10/19/93 11119/93 18.(1 0.625 159.9 ,_ 221
222 9/20/93 9/21/93 10/11t93 11/2/93 11/19/93 21.'/_" 0.625 471.3 X/ 222
223 9F21_3 9/21/93 10/11/93 11/15/93 11119/93 21.83 0.625 802.7 _ 223
224 9/'20/93 9/21/93 10/11/93 12/20/93 20.70 .625/130 803/825 -_ 224

0.625
225 9/"d)/93 9/21/93 10/11/93 22.09 0.253 "_ 225226 9/20/93 9/21/93 10/11/93 10/19/93 11/19/93 21.36 159.9 "_ 226
227 9/20/93 9/21/93 X X X X X X X X X X X X 227
228 9/20/93 9/21/93 10/11/93 10/25/93 11/19/93 19.77 0.253 326.6 -_ 228
229 9/20/93 9/21/93 10/11/93 11/2/93 11/19/93 19.72 0.253 471.3 _/ 229
230 9/21N93 9/21/93 X X X X X X X X X X X X 230
231 9/20/93 9/21/93 10/11/93 11/8/93 11119/93 19.24 0.253 637 _ 231
232 9/'20/93 9/21/93 10/11/93 11/15/93 11/19/93 21.66 0.253 802.7 -,,/ 232
233 9/20/93 9/21/93 10/11/93 10/19/93 11/19/93 21.12 0.253 159.9 _ 233
234 9/20/93 9/21/93 10111/93 12/13/93 18.72 .253/1301132/329.2 "_ 234



Table AB-1. Log of preinadiau_d grout sample history. (Cont'd) gmes_

lie- post dose lad. lhenn H2
ANL date ezlx. expt. exlx. expl. initial _te time temp time 02 ANt.co CH4 N20 no.
no. __ sm end wt(g) _ _ (hzs) °C m) &lq2 _ .----

[3510/4/93 10/5/93 10/11/93 12/20/93 1.29 _pCS .253/130 967/967 _ !35
!36 10/4/93 10/5/93 10/11/93 12/6/93 9.00 .253/130 1132/162 _/ !36
_37 10/4/93 10/5/93 10/11/93 12/13/93 ;2.16 .253/130 967/495 _] i _/ !37
[38 10/4/93 10/5/93 10/18/93 11/1/93 11119/93 9.16 60 331.5
_39 10/4/93 10/5/93 10/18/93 11115/93 11/19/93 :1.15 60 571.5 _/ !
_40 10/4/93 10/8/93 X X X X not used X X X X X X X X
Z41 10/4/93 10/5/93 10/18/93 11/15/93 8.80 60 671_5 _] Z41
Z42 10/4/93 10/5/93 10/15/93 10/25/93 11/19/93 .8.73 21.8 234.5 _/
243 10/4/93 10/5/93 10/18/93 11/1/93 11/19/93 i8.83 60 336 _ _43
_44 10/4/93 10/5/93 10/15/93 11/1/93 11/19/93 L8.82 220. 404.5 _/
_45 10/4/93 10/5/93 10/15/93 11/8/93 11/19/93 !2.64 22 571.5 _ 245
246 10/4/93 10/5/93 10/15/93 11/15/93 11/19/93 !0.85 99 739 _ 246
247 10/4/93 10/5/93 10/15/93 11/22/93 2 lX:S 22 907.5 _/ 247
248 10/4/93 10/5/93 10/15/93 11/22/93 L9.59 22 910 _/ 248
249 10/4/93 10/5/93 11/10/93 12/8/93 130 568.8 _/ presmn_ 249
250 10/4/93 10/5/93 11/10/93 12/8/93 ? 568.8 FleSm_ 250251
251 10/4/93 10/5/93 !1.44
252 10/5/93 10/5/93 X 10/8/93 X _1.85 cutinhalf X X X X X X X X 252
252a 10/8/93 10/8/93 10/18/93 11/8/93 11/19/93 10.60 130 477.1 _/ 252a
252t 10/8/93 10/8/93 10/18/93 11/15/93 11/19/93 11.03 130 642.8 _ 252t
253 10/5/93 10/5/93 X 10/8/93 X ?.1.17 cutinhalf X X X X X X X X 253
253s 10/8/93 10/8/93 10/18/93 10/25/93 11/19/93 10.41 130 166.7 _ 253a
253t 10/8/93 10/8/93 10/18/93 11/22/93 10.48 130 807.2 _/ 253t
254 10/5/93 10/5/93 X 10/8/93 X 21.44 cut in half X X X X X X X X 254
2541 10/8/93 10/8/93 10/18/93 11/1/93 11/19/93 10.64 130 311.4 _/ 254J
254t 10/8/93 10/8/93 11/1/93 12/6/93 10.57 130 823 _ 2541
255 10/5/93 10/5/93 X 10/25/93 X 19.06 cut in half X X X X X X X X 255
255J 10/25/93 10/28/93 11/1/93 11/29/93 9.51 130 661.1 _] 2551
2551 10/25/93 10/28/93 11/8/93 11/29/93 9.28 130 495.4 _J 2551
256 10/5/93 10/5/93 X 10/25/93 X 21. le cut in half X X X X X X X X 256
2561 10/25/93 10/2_8/93 11/22/93 12/6/93 10.Se 130 327.2 _/ 2,561
2561 10/25/93 10/28/93 11/15/93 11/22/93 lO.2e 130 164.4 [ _] 2561
257 10/5/93 10/5/93 21.3_ 257

4_
t.A
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Table AB-2. Gases meas_!red from preirradiated grout samples following irradiation or thermal
aging. Specimens labeled with a letter (a or b) were cut in half (i.e.. 2" sample length).

Rsdiolytic H2, N2, 02
gases extlactexl

dose rate irrad,time totaldose imaolesper sample

ANL # . kmd/lw h Mmd H2 02 N2
226 0.253 159.9 0.0405 0.0489 1.205 8.440
228 0.253 326.6 0.083 0.0982 2.998 15.39
229 0.253 471.3 0.120 0.142 0.194 6.839

231 0.253 637.0 0.161 0.149 5.590 17.04
232 0.253 802.7 0.203 0.157 1.453 12.02
-- ' -- , - i, - ' ' ' ' ' 'j ................. ,it..... L............ ....... ._,

216 0.625 159.9 0.099 0.118 0.767 3.930
217 0.625 326.6 0.204 0.345 2.921 9.380
218 0.625 471.3 0.295 0.383 1.111 9.109
219 0.625 637.0 0.398 0.304 1.370 16.90
220 0.625 802.7 0.502 0.416 1.100 12.10

• __,,_-, ................ _ ......

211 130 161.1 20.94 41.78 38.25 51.41
253a 130 166.7 21.67 14.20 16.40 39.94
2544 130 311.4 40.48 18.60 18.63 41.74
252a 130 477.1 62.02 31.20 43.50 67.10
249 130 568.8 73.94 59.50 98.77 166.3
2521) 130 642.8 83.56 47.40 67.39 85.99

253b 130 807.2 104.9 52.15 86.17 73.25

Radiolytic CO and CH4 ,
closerate irrad,time totaldose CO CI-I4

ANL # kmd/h . h _ Fmoles pe:.sample
236 0.253+130 1132.4+161.9 21.33 0.4718
234 0.253+ 130 1132.4+329.2 43.08 1.626 below
237 0.253+130 967.1+494.5 64.53 4.412 detection
235 0.253+130 967.1+660.5 86.11 3.832 limit
224 0.625+ 130 802.7+824.9 107.7 1.789

_olytic N20
timerate irrad,time total dose lunolca N20

h ..... ,,
,233 .,. 1 0'.253 ,.,. 15919 0.0405 0.294

221 0.625 159.9 0.0999 0.294
222 0.625 471.3 0.295 0.110

223 .......... 0.625 ......802.7............. 0.502 ...................!,.262
212 130 161.1 20.94 7.526
256b 130 164.4 21.37 3.150
25611 130 327.2 42.54 5.473

255b 130 495.4 64.40 8.179
255a 130 661.1 85.94 10.04
254b 130 823.0 107.0 9.723
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Table AB-2. Gases measuredfrom preirradiatedgrout samples following irradiationor thermal
aging. Specimens labeled witha letter(a or b) werecut in half(i.e., 2" sample length). (Cont'd)

Thermal N20

AtO_# *c (hm) _ N_O
248 22 910.00 0.111
243 60 336.00 2.200
241 60 671.50 5.681_ , ............... - ....

206 90 168.50 28.48
207 90 336.00 48.77
208 90 503.75 19.50
209 90 671.25 53.20
210 90 912.75 66.44

Thermal H2, N2, O_

gmole persample

ANL # temp. "C timeIh) H2 02 N2
242 23 234.50 0.0089 2.260 8.0100
244 23 404.50 0.0058 airleak --
245 22 571.50 0.0340 2.540 21.971
246 22 739.00 0.0287 1.605 13.290
247 22 907.50 0.0328 1.433 8.7390

238 60 336.00 0.1210 0.243 14.340

239. 60 671.50 0.2000 ..... ].......... 15.6.1..0.,
201 90 168.50 0.6800 15.130
202 90 336.00 3.0600 could not 43.430
203 90 503.75 2.4800 measure 45.200
204 90 671.25 2.6300 40.I10
205 90 912.75 2.7600 I01.00



49

Distribution for ANL-94/V

Internal:

F. A. Cafasso
E. P. Horwitz
C. D. Jonah
S. Kapoor
M. S. Matheson

D. Meisel (35)
W. A. Mulac
M. C. Sauer, Jr.
L. M. Stock
TIS Files

Extemal:

DOE-OSTI for distribution per (UC-601) (12)
ANL-Eubrary(2)
ANL-WUbrary
Manager, Chicago Operations Office, DOE
W. lowell, Westinghouse Hartford Company (40)






