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1.0 Introduction

Radioactive waste solids can trap bubbles containing hydrogen that may pose a flammability risk if they are disturbed
and hydrogen is released. Whether a release is a problem or not depends, among other things, on the hydrogen
composition of the gas. This report develops a method for estimating the hydrogen composition of trapped bubbles based
on waste properties.
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2.0 Summary

A method is developed to predict the hydrogen composition of trapped bubbles in SRS waste solids. Radiation of pure
water produces hydrogen and oxygen in a ratio of about two moles to one. The hydrogen composition in waste is a
complex product of several variables including:

« nitrate ion concentration

« nitrite ion concentration

« alpha and beta/gamma radiation strengths
« presence of sludge or saltcake

« presence of organic compounds

Nitrate and nitrite ions produce the greatest effect on gas yield and composition, and a method is developed to predict the
gas composition produced by mixed-nitrate/nitrite solutions exposed to alpha or beta/gamma radiation.

In laboratory tests, sludge solids were found to lower the hydrogen composition of radiolytic gas, and saltcake was found
to produce nitrous oxide in addition to or in place of oxygen. Although the method does not directly address the effects
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of sludge or saltcake it is shown to yield conservative results (high hydrogen estimates) when these materials are present.

Because organic materials consume oxygen, the method cannot be applied to situations where organic concentrations
exceed one percent.

3.0 Discussion

3.1 Method

Nitrate and nitrite ions highly influence radiolytic gas compositions. Nitrate is especially influential because it scavenges
hydrogen and produces radiolytic oxygen, regardless of its concentration. In contrast, nitrite produces oxygen up 0.5M
(molar) concentration and scavenges oxygen above that. Nitrite scavenges hydrogen, but more weakly than does nitrate.
Single-salt solutions of nitrate and nitrite and other anions produce gases that range in composition from about 5 to about
95 percent hydrogen, when exposed to gamma radiation. The gas composition depends on the particular ion and its
concentration. These solutions also produce oxygen and small quantities of nitrogen oxides.

Equations (1)-(3) below can be used to estimate the hydrogen composition of gas produced by Co-60 radiolysis of either
nitrate or nitrite solutions of any concentration. Then, the next step will be to construct a model for mixed nitrate/nitrite
solutions.

3.1.1 Nitrate Effect

Figure 1 is a curve fit of hydrogen versus nitrate data obtained from gamma radiolysis of aqueous solutions. This data is
taken from SRS studies [1], except the 2M nitrate value, which is taken from the literature [2]. The data fits the equation:

Hnos = 0.0242[NO3]° - 0.076[NO3]? - 0.2101[NO3] + 0.69, for [NO3] > OM. (1)

Where, Hyos is the volume (or mole) fraction of hydrogen in the gas (mole H,N9%/mole gasN©3), and [NO4] is the
nitrate concentration in moles per liter (M).

3.1.2 Nitrite Effect

Figure 2 shows two curves used to fit hydrogen versus nitrite data obtained from gamma radiolysis of aqueous solutions.
Two curves are used to fit this data because the hydrogen-nitrite relation is complex. The equations of these curves are:

Hoa = 1.0213[NO,]? - 1.2235[NO,] + 0.9821, for [NO,] < 1M (2)

Hyop = 0.035[NO,] + 0.74, for [NO,] > 1M. (3)

Where, Hyo; is the hydrogen fraction (mole H,N9%/mole gasN©?), and [NO,] is the nitrite concentration.

3.1.3 Mixed Nitrate and Nitrite Effect

Theoretically, the hydrogen composition of the gas generated by a mixed nitrate/nitrite solution can be computed from
an equation of the form:

Hmix = Hnos * Whos + Hno2 * Wo2- (4)

Where, Hypyix IS the hydrogen fraction of the gas generated by the mixed solution, Wy o3 and Wy oo are nitrate and nitrite
weighing factors, respectively, and Hyosz and Hygp are as above. The ability to compute Hy,ix depends on the weighing
faCtOI’S, WNO3 and WNOZ'

Each term in Equation (4) should have the units, mole HZ'V”X / mole total gas. Where, mole HZ'V”X represents the moles
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of hydrogen generated by a given radiation dose to a given volume of mixed solution, and mole total gas represents the
moles of all gases generated.

The total moles of gas can be represented by mole gas = mole gasN®3 + mole gasN©2. Where, mole gasN©2 + mole
gasNO2 is the sum of the moles attributable to nitrate and nitrite, separately. The units in Equation (4) can be expressed
as, mole H,MX / (mole gasN2 + mole gasN©?).

Assuming the moles of gas attributable to nitrate and nitrite are proportional to their solution concentrations, correction
factors may be written:

Fnos = moles gasNO2 / (moles gasNO2 + moles gasN©?) (5)

NO2 /' (moles gasNO3 + moles gasN©?). (6)

Fno2 = moles gas
Where, Fno3 and Fypoo are the mole fractions of nitrate and nitrite, respectively.

Hydrogen generation rates produced by alpha and by beta/gamma radiation are related to nitrate and nitrite
concentrations [3] as follows:

G,y = 1.3 - 0.79*[NO4]Y2 — 0.13*[NO¢5] %% + 0.11*[NO4f] (7)

Gpyg = 0.466 — 0.51*[NOggr]® + 0.14*[NOgg] 3 + 0.0055*[NOgff]. (8)

Where, G, and Gy,4 are the hydrogen yield in molecules per 100 electron volts of radiation produced by alpha and by
beta/gamma radiation, respectively, and [NO¢] is the effective nitrate concentration given by:

[NOgg] = [NO3] + %[NO2]. (9)

These expressions can be used to determine correction factors to account for the nitrate/nitrite interaction in mixed
solution as follows:

Gnos = GM*/ GNO3 (10)
Gnoz = GMX/ GNO2 (11)

Where, GMiX GNO3 and GNOZ are derived from equations (8) and (9) using [NO.s] values for a mixed NO3/NO2

solution under consideration, for NO3 alone, and for NO2 alone. If both alpha radiation and beta/gamma radiation
sources are involved, the G values are weighted in proportion to the radiolytic heat rates from each source. Gyp3 and

Gnog are the ratios of the calculated mixed hydrogen generation rate to the nitrate and nitrite generation rates,
respectively, expressed as moles H,MX / moles H,NO3 and H,MiX / moles H,NOZ,

Equation (4) may be recast by defining Wyo3 = Fnos * Gnos from Equations (5) and (10) and W o2 = Fno2 * Gnoz
from Equations (6) and (11) so that:

Hwmix = Hnos * Fnos * Gnos + Hno2 * Fno2 * Gnoz- (12)

Equation (12) has the requisite units [mole H,M* / (mole gasN©2 + mole gasN©2)], and as the following calculations
show, the results obtained with this expression compare favorably with experimental results.

3.1.4 Example Calculation
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In a gamma radiation experiment, a solution containing 4M NaNO3 and 2M NaNO, produced radiolytic gas consisting

of 18 percent hydrogen, 80 percent oxygen, and 2 percent nitrogen and its oxides [4]. The hydrogen composition for this
solution is calculated as follows:

Step 1. Calculate the hydrogen compositions for solutions containing nitrate and nitrite alone.
Hnoz = 0.182 by substituting [NO3] = 4M into Equation (1).
Hno2 = 0.800 by substituting [NO,] = 2M into Equation (3).

Step 2: Calculate the gas generation correction factors nitrate and nitrite.

Fnos = 0.667 by substituting [NO3] = 4M and [NO,] = 2M into Equation (5).
Fnoz = 0.333 by substituting [NO3] = 4M and [NO,] = 2M into Equation (6).
Step 3: Determine the hydrogen generation correction factors for nitrate and nitrite.

GNO3 = 0.031 by substituting [NOy] = 4M into Equation (8).
GNO2 = 0,102 by substituting [NOg] = 1M into Equation (8).
GMix = 0,031 by substituting [NO.¢] = 5M into Equation (8).
Gno3 = GMX | GNO3 = 0,031 |, 0.031 = 1.0 by substitution into Equation (10).

Gnoy = GMX  GNO2 = 0,031 | 0.102 = 0.3 by substitution into Equation (11).

Step 4: Combine the results from Steps 1 — 3.
Hwmix = 0.667 * 1.0 * 0.182 + 0.333 * 0.3 * 0.800 = 0.20 (20 percent) from Equation (12).

3.1.5 Comparison of Calculated and Observed Results

Table 1 compares the calculated hydrogen compositions with observed results for a number of synthetic solutions and
actual waste tanks. The calculated value of 20 percent hydrogen for the example compares well with the observed value
of 18 percent. Similarly, the calculated value of 9 percent hydrogen for a different solution compares well with the
observed value of 8 percent [5]. Further, bubbles in Tanks 40H and 8F respectively contained estimated hydrogen
concentrations of 27 and 37 percent [6] compared with calculated values of 28 and 36 percent.

3.2 Other Effects

3.2.1 Sludge

Experiments at SRS found that adding ferric hydroxide and manganese dioxide solids to a test solution to simulate sludge
reduced the radiolytic hydrogen composition of the gas from 18 percent to 8 percent [7]. This implies that sludge
constituents lower the hydrogen composition of bubbles relative to oxygen. The calculated hydrogen composition for this
synthetic sludge mixture is 20 percent versus the observed value of 8 percent (Table 1). Therefore, the method should
yield conservative results (higher-than-actual hydrogen compositions) when sludge solids are present.

3.2.2 Saltcake
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An SRS gamma-irradiation study of three salt formulations, identical except for nitrate/nitrite concentration, found that
synthetic saltcake produces nitrous oxide in the presence of nitrite [8].

Table 2 presents the results of these tests. The first set of data columns show that:

« Nitrate-only salt produced hydrogen and oxygen, but not nitrous oxide.
« Nitrite-only salt produced hydrogen and nitrous oxide, and oxygen was consumed.
« Mixed nitrate/nitrite salt produced hydrogen, oxygen, and nitrous oxide.

The second set of data columns show that nitrate-only and nitrite-only salts produce gas with essentially the same
hydrogen composition, except that the diluent is oxygen and nitrous oxide, respectively. Mixed salt produced gas with a
slightly higher hydrogen composition in which both oxygen and nitrous oxide were present.

A calculated hydrogen composition cannot be compared with these results because dissolved salt concentrations are not
known. However, the results indicate that, although the proportions of oxygen and nitrous oxide change, saltcake
produces gases with low hydrogen compositions across the range of nitrate-nitrite concentrations.

3.2.3 Organics

SRS tests show that organic materials in waste consume oxygen at concentrations of one percent and above [9].
Irradiation of a solution containing 0.5 percent tributylphosphate (TBP) and 0.5 percent dodecane produced gas
containing 30 percent hydrogen compared with 20 percent without organic additions (Table 1) [10]. If organic materials
were present in these concentrations, hydrogen compositions calculated by the method would be non-conservatively low.

Recent analyses found only trace amounts of organic materials in tanks, where they would most likely occur [11]. The
organic content of the influents to SRS storage tanks is limited to less than 0.5 volume percent, so the model should be
applicable to those tanks [12].

4.0 Conclusions

The method appears to provide accurate estimates of the hydrogen composition of radiolytic gas generated in mixed
nitrate/nitrite solutions containing sludge or saltcake. It cannot be applied, however, to tanks containing more than about
1 percent organic constituents. The method appears to be useful, when used within these guidelines, and it should yield
conservative estimates of radiolytic hydrogen compositions for use in flammability safety evaluations.

Table 3 lists the calculated hydrogen compositions for each SRS waste tank. Tanks 48H and 49H are included, although
the method does not apply to them because they contain benzene. The compositions range from 3 percent for Tank 50H
and 6 percent for Tank 41H up to 64 to 70 percent for Tanks 21H-24H and 74 percent hydrogen for Tank 51H. The
average composition is 32 percent hydrogen.

These results are generally in line with prior expectations. The hydrogen compositions for Tanks 41H and 50H should be
low because they have very high nitrate concentrations, which favor oxygen production. Moreover, the hydrogen
composition for Tanks 22H-24H and 51H should be high because they contain very dilute solutions.
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6.0 Tables
Table 1. Calculated Hydrogen Compositions Versus Observed Values
. [MOs] [MO:] ¢ Heat , Obs.
hifateial [rm; [rm; Faos Fuee o 6 6" @ 6 g a™ et G 6 Gue G Hies M e o Reference
Sythetic Soldion 400 200 0667 0333 000 0155 0031 003 0450 0102 0102 0119 0031 0031 089 030 0248 081 020 018 DP-1264

Fnthetic Solution 270 1.30 0673 0323 000 0245 0042 0042 0580 0133 0133 0185 0033 0033 062 026 003 079 009 008 DPST-T2-122-2
Tank 40H Sludge 133 136 0483 0502 011 0382 0072 0206 0345 0119 0267 0231 0049 0074 070 045 027 079 027 ~28 WSRC-TR-2000-00366
Tank 8F Sludge 172 390 0306 0694 003 0336 0063 0074 0325 0038 0066 0176 0033 0037 050 056 023 083 037 ~36 WSRC-TR-2000-00366
Symthefic Shdge 400 200 066 0333 000 0138 0031 0031 0430 0102 0102 0118 0031 0031 089 030 018 081 020 008 DP 1264

Organic Soldion 400 200 0667 0.33F 000 0158 0031 0031 0430 0102 0402 041% 0031 0031 0.89% 030 01% 081 020 030 DP-1264

Table 2. (Gas Compositions in Saltcake Irradiation Tests

SR C- TR-25-00322 Faw Compositions Corrected for Monzero Starting Adjusted to Delete Negative Values and Account for
Cuolume %) Composition fwolume %) Furge Fas fvolume %)

Salt Craze O+ M2+
Compesition (mRad) HzZ oz M2 Nz Hz2 oz Nz NzO Hz2 oz NZ NzO NE
Nitr ate u] 0.0 2.0 7.50 0.0 000 0.0 0.0 0.aa 0.0 0.0 0.aa 0.0a 0.0
[HOZ]=0m 14 0.5 5.50 5.80 0.ao 0.3 4.80 -0.7a 0.aa 5.44 93.85 0.aa 0.0a 9256
[MNOZ3]=3.23m 34 1.0F 13.80 570 0.ao 1.02 11.80 -0.80 0.aa B2 91.72 0.aa 0.0a 91.78
e 1.52 17.80 5.20 0.ao 1.42 15.80 -0.7a 0.aa g.52 0442 0.aa 000 o148
Standard u] 0.0 057 1.78 0.0 000 0.0 0.0 0.aa 0.0 0.0 0.aa 0.0a 0.0
[NOZ]=0.8M 15 085 0.54 1.24 510 orr 037 -0.57 510 1234 = c} 0.aa 81.73 g7 566
[MNO3]=2.d 35 156 167 1.28 11.80 1.42 1.0 -0 14.90 1022 FED 0.aa 8218 |7e
54 1.85 2.2 177 11.80 177 1.85 -0.01 11.50 1.7 1224 0.aa FE.OG 5228
Mitrite u] 0.05 0.55 2.20 050 000 0.0 0.0 0.aa 0.0 0.0 0.aa 0.0a 0.0
[NOZ2]=3.3M 14 182 052 2.30 21.00 1.76 -0.13 040 20.50 Te7 0.0 0.45 91.68 9213
[HO3]=0m 24 2.4 052 220 5200 254 042 1.00 51.50 5.42 0. 178 91.73 g.52
53 580 057 .30 7.0 574 -0.02 240 Fo.a0 Fjic<) 0. 2628 5999 957
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Table 3. Model Parameters and Calculated Hydrogen Compositions for SRS Waste Tanks

Tark [rl;rjf] [Tﬁjz] Froz Froz chrHaTt G '%% Gpy'®® GHOZ G 0% G NO2 gNo2 G M G M gMi Gos Gios Fuos Moz Huie
1 200 0 275 042 056% 0023 031E% Q057 00E4 0412 0020 003 0184 003 0039 0810 0429 016 084 025
2022 304 04% 057 0043 0283 Q050 00EZ 03ZET Q07 0023 0170 Q032 00X 082 0440 011 085 024
3 1B0 2F¥0 DE 063 0051 0EF4 Q070 0025 0417 0031 003% 0224 0033 0042 0565 0492 026 05F 0.3
4 1# 1.3 057 043 0014 0E4 008 ODET 05E0 0130 Q16 0268 0048 0049 0TFIE QZE9 021 0F9 0.2
& QFE 028 0T 027 0020 0553 0123 013 08es 0233 025F 0519 0110 O11E 0500 0470 050 072 042
6 011 03 024 OFE 0014 0800 025 0262 022 0223 0232 070 0191 019% OTFEF 055 QBT 06T 058
Tooo140 112 056 044 0043 0408 Q0FE 0035 0622 0144 0767 0323 0058 0071 0748 0424 031 0FE 023
£ 00011 044 021 0F3 Q032 0E 0252 027F 0201 0211 0230 Q727 042 0132 070 Q26T 0ET 064 054
9 180 20 07 0BX 0047 0EX 008D QO0FZ 03V4 Q070 002 Q126 00X 0041 0564 04EE 01%F 0EE 030
10 3E2 036 031 008 005 01eg 0032 003 0331 02X 0257 015%8 00X 003 0371 0148 01% 0&r7 012
11 48 275 056 044 0122 0187 0034 0052 042 0020 0120 0124 003 0042 0FEE 0349 008 024 015
12 145 170 046 054 0020 0283 Q076 0102 0523 011% 0146 0234 0043 0082 0EE3 0465 020 020 029
13 2853 177 059 041 004 0261 004: 004 0520 0110 012% 0192 003 0041 OFEF 0321 008 030 013
14 370 230 056 044 0030 0174 0032 0037 0393 0076 006 015 003 003 0316 0382 010 034 020
15 110 010 092 Q0% 0042 0467 0095 0111 1001 0299 0329 0457 0092 0107 0970 0326 040 037 03%
16

17

12 0F2 0%6 04% 052 0Z6% 0546 0119 027 0&7E Q16F 0352 0441 008F 021% 0730 0619 042 063 041
19 073 026 048 052 003 0546 0113 0132 0BFE 0163 0173 0441 0032 003% 0747 0551 049 069 037
20

2 007 013 028 OFF 007E 08eR 0234 0FIE 0322 026X 033 0250 02¥ 0LTE 0I2E 0233 06X 079 066
22005 015 023 0FF 00EZ 1005 0201 0346 0950 02FE 031% 0830 0248 0283 02X 0807 0BE 0E2 QF0
2@ 004 01% 01% 0E2 1021 0309 0309 092% 0285 0265 0EF 0244 0244 0730 0320 06E 079 070
24 o0& 024 020 00 076 0287 0287 0834 0250 0250 QFFF 0224 0224 0773 Q836 08F Q7L 064
25 134 130 051 049 0053 041F 0031 001 0530 013F 0060 QIR0 Q07 0072 OF1E 0483 0ZEE 079 00
26 186 124 057 04% 0300 0368 008E 0157 0553 0136 0Z2VE Q26 Q00 012 0TS 0438 024 07E 025
20 17 142 058 045 0058 D3RR O0EE Q08T 0570 Q126 0152 Q27 0047 Q0ED QF2E 0384 02E 079 Q2%
28 20 1F: 055 045 0059 0206 0054 0Q0B3 0526 0112 0137 0223 0038 0048 0714 0362 014 020 012
29 20 147 052 04% 0059 0206 0054 0083 0454 010F 0126 0214 00FF 0048 0% 0TI 014 0% 020
20103 0%2 056 044 0220 045 0033 0134 0BET Q167 02% 040 Q077 014% 0305 0526 042 086 0.3
2 233 250 049 051 0053 0274 00dE 0061 0438 Q026 006 Q7R 0032 0041 QETE 0333 Q0% 033 013
2148 107 05% 042 0160 039 0075 0126 0BT 0147 0225 QX6 Q0N 008 QFTE 0438 029 07E Q27
20013 005 037 00 000 0od1E 0031 0085 1086 0ZEE 0 0414 00E0 004 0336 0248 0FF 093 032
2 247 116 0BE 0Z2 0010 0266 0046 004% 0E15 0141 0146 Q216 00X 00X 07 0270 007 0FE 011
2185 104 084 0326 0172 023 0081 0103 0833 0150 0234 0276 0042 0087 020F 0IFE 019 0F% 020
26 166 224 043 057 0064 0365 006E  Q0ET 046F 003 017 0Z2E 0041 0054 0819 0483 024 032 02%
229 188 054 048 005 028 0050 Q06T 0495 010F 0128 020 003 0045 0712 03EE 010 0 017
2087 055 055 045 0055 0582 0130 0157 OFER 0185 0228 050F 0106 0123 0220 0583 052 062 0.3h
197 0F: 073 027 0233 022 005% 0133 0712 01FE 02327 0231 0045 0114 026X 030 017 068% 018
40 033 05%F 036 084 0043 OFEE Q11 0205 0751 0191 02156 0538 0136 0156 OTFE8 072 0BT 0682 045
4 FAE 0% OF6 024 Q05 0203 0037 0047 080 Q153 01%F QIFF 0033 0041 03B 0226 003 077 006
42 140 153 048 052 0051 040%  007E 0085 0552 0121 0743 029 0052 0065 QBER 0456 0ZF1 079 029
43 120 034 059 041 0T 0445 00EE 022 0BF Q165 034 QFF0 0085 017 0#1E 0504 QEF 0BE 032
44 113 152 043 057 0059 0460 008 0114 0554 0121 0147 0332 0080 00FE 0EEE 05T 039 0F9 035
45 122 170 042 058 0059 0442 0022 Q0% 0523 011%F 013% 0310 0055 0070 0844 0507 026 020 03%
46 127 132 041 053 0053 0432 003k 005 0512 010% 0132 0287 00Xz Q086 0QEX 0504 0ZF 030 03F
47 237 082 079 021 018 02VE 004E 009 0740 O1EF 0292 0247 004z 001 090 0273 009 062 010
48 027 053 034 QEE OFE2 0186 0195 0Feg 019% 0198 QEZ0 0147 0147 0781 0742 08Z 062 046
49 032 05% 038 084 OFE 0134 0134 0FE2 0191 0191 Q804 013E 013 0V4E OT1e 082 062 045
S0 F02 004 033 0m 0219 002% 003 107F 0338 033 0217 0032 0032 0334 0112 003 093 003
51 002 014 01% 0&: 0125 1042 Q220 0410 0362 0231 0366 096 0280 03242 023 08F5 0BE 0.%F 074
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7.0 Figures
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Figure 1. Hydrogen Gas Fraction Versus Nitrate Concentration
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