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Effect of Gamma Ray Irradiation on
Deoxygenation by Hydrazine in Artificial
Seawater
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Ibaraki 319-1195, Japan

At the spent nuclear fuel pools in the Fukushima Daiichi Nuclear Power Plant, hydrazine has
been added to reduce dissolved oxygen in the pool water containing salts. The reduction behav-
ior of dissolved oxygen in seawater with hydrazine in the presence of radiation is unknown. The
effect of gamma ray irradiation on deoxygenation by hydrazine in artificial seawater was inves-
tigated at room temperature. We placed the artificial seawater with a small amount of hydrazine
under gamma ray irradiation at dose rates of 0.3-7.5 kGy/h. The concentration of dissolved
oxygen in the solutions was measured before and after the irradiation. The concentration of dis-
solved oxygen hardly decreased in the absence of gamma radiation in a few hours, whereas it
markedly decreased in the presence of gamma radiation. The concentration of dissolved oxygen
decreased with irradiation time. At this moment, hydrazine concentration decreased more than
twice the dissolved oxygen concentration. This shows that some gamma radiolysis products of
hydrazine act as deoxidizers. The concentration of dissolved oxygen in artificial seawater could
be decreased by the addition of a small amount of hydrazine in the presence of gamma radiation
at room temperature.
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I. Introduction

In the Great East Japan Earthquake, a station blackout occurred following the earthquake
and subsequent tsunami at the Fukushima Daiichi Nuclear Power Plant. Consequently, seawa-
ter was injected into the spent fuel pool of Unit 2 through Unit 4 for the purpose of cooling
the spent fuel, with freshwater injection switched to later. Currently, to inhibit the corrosion of
materials in the spent fuel pool, water containing hydrazine (N,H,) is injected into the spent fuel
pool. This is done to reduce the oxidizer, the dissolved oxygen (DO), contained in the water in
the pool.

As of September 2011, the values listed in Table 1 were disclosed as the water quality of
the pool for Unit 4 of the Fukushima Daiichi Nuclear Power Plant?. The concentration of
chloride ions (Cl") was 997 ppm. The N,H, concentration was 59 ppm. The DO concentration

* Corresponding author, E-mail: takafumi.motoka@jaea.go.jp

DOI : 10.15669/fukushimainsights.Vol.4.90

© 2021 Atomic Energy Society of Japan. All rights reserved.

Originally published in Transactions of the Atomic Energy Society of Japan (ISSN 1347-2879), Vol. 11, No. 4, p.249-254
(2012) in Japanese. (Japanese version accepted: July 18, 2012)



Takafumi MOTOOKA et al.

Table 1 Concentration and activity of key aqueous solutes in the Unit 4 spent
fuel pool in the Fukushima Daiichi Nuclear Power Plant

Date Cl- N.H, Cs-137 Cs-134 1-131
time ppm ppm Bq/L Bq/L Bq/L
2011.9.2

15 : 00 997 59 3.1x10¢  2.2x10* ND

ND: Not detected.

Table 2 Chemical composition of artificial seawater (mol/dm?)

Na*t Mg?* Ca? K* Sr2* Cl- S0, % HCO, ™~ Br~ BO, > F~
0.478 0.0547  0.0104  0.0102  0.00016  0.560 0.0288  0.0024  0.00084  0.00045  0.00007

is unknown because data are not provided. The spent fuel is stored in the spent fuel pool and
the spent fuel radiates various radioactive products such as gamma rays. In the thermal power
plant, and elsewhere, N,H, is used as a deoxidizer for high temperature water, but the deox-
idization effect is known to be limited in pure water at room temperature?. When exposed
to radiation, it is reported that N,H, is degraded and the DO concentration is reduced by the
reaction of its degradation products with DO*% 89 However, those are the results acquired
with pure water, and the reaction behavior of DO and N,H, is unclear in a system that contains
seawater components, as in this case.

Hence, in this research, the influence of gamma rays on the reaction behavior of DO and
N,H, (deoxygenation) in artificial seawater was studied by irradiating pure water and artificial
seawater containing an infinitesimal amount of N,H, at room temperature with gamma rays,
and then determining the quantity of DO and N,H, in aqueous solution. In this paper, the com-
parison and study results are reported on the influences of gamma rays on the reaction behavior
of DO and N,H, in seawater and pure water.

II. Experimental Methodology
1. Testing Solution

Solutions of pure water and the artificial seawater Aquamarine (Yashima Pure Chemi-
cals Co., Ltd.), with the addition of 1073 mol/dm?® of N,H,, were used for the test. The main
components of artificial seawater are listed in Table 2. The chloride ion concentration was
0.560 mol/dm® (approximately 18,900 ppm). Special grade hydrazine 1 hydrate (purity 98.0%)
was used as N,H,. The pH of pure water and artificial seawater at 25°C with the addition of
1073 mol/dm? of N,H, was 9.3.

2. Gamma Ray Irradiation Test

The gamma ray irradiation test was conducted in Irradiation Room 2 in Cobalt Building 1
of the Takasaki Advanced Radiation Research Institute of the Japan Atomic Energy Agency.
The irradiation with gamma rays was started by pulling up the cobalt (Co-60) radiation source
from the pool of the irradiation room and was stopped by pulling it down to the bottom of the
pool. The average energy of emitted gamma rays from the cobalt radiation source was 1.25
MeV. The absorption dose rate was controlled by varying the distance of the sample and the
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Figure 1 Schematic layout of Co-60 gamma-ray source and samples

Co-60 radiation source, and the absorbed dose quantity by varying the duration of irradiation.
Figure 1 shows a schematic of the positional relationship of the Co-60 radiation source and
the samples. In this test, the gamma rays irradiated the samples at room temperature within
the absorption dose rate range of 0.3—7.5 kGy/h. The dose rates were within the dose rate
distribution (1-10° Gy/h) of the spent fuel pool of the Fukushima Daiichi Nuclear Power Plant
as analyzed and evaluated by us '?.

The samples for irradiation were pure water and artificial seawater with added N,H,, con-
tained in a 25 mL test tube with no air gap and tightly plugged. The absorption dose rate at the
position of irradiation was evaluated using an alanine dose meter (Aminogray: Hitachi Cable,
Ltd.) The measurement range of the Aminogray was 10-10° Gy.

3. Measurement of DO and N,H, Concentrations

The concentrations of DO and N,H, were measured before and after irradiation with gamma
rays. The indigo carmine method was mainly used to determine the DO. The measurement
range of this method was 3-34 x 105 mol/dm?® (1.0-11.0 ppm). When the determined value
was one ppm and lower, a fluorescent DO concentration meter with a measurement range of
0-156 x 10> mol/dm? (0—-50.0 ppm) was used. For the determination of N,H,, the p-dimethyl-
aminobenzaldehyde method was used. For adjusting the concentration within the measurement
range when using this method, the sample was diluted with pure water. The measurement range
was 2-234 x 107 mol/dm?* (0.005-0.750 ppm).

ITII. Results and Discussion
1. Deoxygenation Behavior in Pure Water without Irradiation

After tightly plugging a test tube containing 25 mL of pure water and N,H,, the temperature
was maintained at a specified level for eight hours using an aluminum block constant-tempera-
ture tank (at 20, 30, 40, 50 and 65°C). As a point of information, the initial DO concentration
of the test fluid was in a supersaturation status higher than atmospheric concentration. The
DO concentrations measured at specified times are shown in Figure 2. The DO concentration
showed a slight decrease after eight hours at 20°C. The decrease at 30°C was several ppm. At
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Figure 2 Decreases in dissolved oxygen in pure water with 107> mol/dm? hydrazine
at different temperatures in the absence of gamma radiation

65°C, the DO concentration decreased to under one ppm in eight hours.
Thus, DO reduction by N,H, was small at room temperatures of 20-30°C, but increased as
the temperature rose.

2. Deoxygenation Behavior under Gamma Ray Irradiation

Pure water and artificial seawater, with the addition of N,H,, were irradiated with gamma
rays at 7.5 kGy/h for one hour. As before, the initial DO concentration of the test fluid was in
supersaturation, higher than air saturation. The DO concentration before and after irradiation
is shown in Figure 3. For comparison, the DO concentration of a test fluid sample left for one
hour with no irradiation (0 Gy/h) is indicated in the same chart. In the non-irradiated condition,
the DO concentration after one hour was almost the same as before testing for both pure water
and artificial seawater. After the gamma irradiation, both pure water and artificial seawater
showed a DO concentration of one ppm or less. The reduction in DO concentration (deoxy-
genation) was clearly the result of the gamma irradiation. Incidentally, the DO concentration
of artificial seawater before irradiation was lower than that in the pure water by approximately
one ppm due to the salt content of the artificial seawater. The saturated DO concentration of a
3.5% NaCl solution, with a chloride ion concentration equivalent to the artificial seawater at
20°C, was 7.2 ppm 'V and was lower than the saturated DO concentration of 9.1 ppm of pure
water at the same temperature.

In this test, the temperature of the test water before and after the gamma irradiation was
25-30°C. Considering the temperature dependence of deoxygenation behavior in pure water
shown in Figure 2, under the test conditions of this test, the influence of temperature on deox-
ygenation was small, while the influence of gamma irradiation was large.

3. Relation of Absorption Dose Rate and Deoxygenation Behavior

Pure water and artificial seawater, with the addition of N,H,, were irradiated with gam-
ma rays at room temperature for one hour at different absorption dose rates within the range
0.3-7.5 kGy/h. The DO concentration after irradiation is shown in Figure 4. For comparison,
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Figure 3 Concentrations of dissolved oxygen in pure water and artificial seawater
containing 107 mol/dm® hydrazine at initial and after 1 hour without and
with gamma ray irradiation at room temperature
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Figure 4 Comparison of concentration of dissolved oxygen with and without gamma
ray irradiation at room temperature at different dose rates after 1 hour

the DO concentration of a test fluid sample left for one hour with no irradiation (0 Gy/h) is
indicated in the same chart. For both pure water and artificial seawater, the DO concentration
was one ppm or less for absorption dose rates of 2 kGy/h and above. The deoxygenation took
place within the absorption dose rates in this test.

4. Time-Dependent Behavior of Dissolved Oxygen Concentration and
Hydrazine Under Gamma Irradiation

Pure water and artificial seawater, with the addition of N,H,, were irradiated with gamma
rays at 1 kGy/h at room temperature. The time-dependent DO and N,H, concentrations are
shown in Figures 5 and 6, respectively. For both pure water and artificial seawater, the DO
concentration was one ppm or less as the duration of irradiation increased. Only 10 minutes
was required for pure water, and 30 minutes for artificial seawater, in order to decrease to
one ppm or less. The concentration of N,H, continuously decreased with increasing dura-
tion of irradiation. Both pure water and artificial seawater showed a decrease from the initial
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concentration of 107 mol/dm?® (approximately 33 ppm) to approximately 0.25 X 107 mol/dm?
(approximately 8 ppm) from an irradiating duration of 60 minutes. Within the irradiating dose
rate range (0.3—7.5 kGy/h) in this test, the N,H, concentration showed a continuous decrease
with increasing irradiating duration.

Usually, in the absence of irradiation, the chemical reaction of N,H, and O, is expressed in
Eq. (1)2:

N2H4 + 02 - Nz + 2H20 (1)

N,H, and O, react with equivalent weights, where the chemical reaction of Eq. (1) progress-
es with equal concentrations because the molecular masses are equal. However, with irradi-
ation by gamma rays at room temperature, the concentration of N,H, and O, did not change
with equivalent weights (1:1) as shown in Figures 5 and 6. With an irradiation duration of
60 minutes, the reduction in quantity of N,H, was approximately 25 ppm while the reduction in
quantity of DO was approximately 10 ppm.

Based on this, it is considered that N,H, transferred to another chemical species (radiolysis
product) and reacted with DO. Ershov et al ©. and Buxton et al ®. explain the deoxygenating
reaction in pure water under the copresence of DO and N,H, as follows, based on the measure-
ment of pulse radiolysis:

‘N2H3 + 024’02'_ + NZHZ + H+ (2)

Here, *N,Hj is a radiolysis of N,H, and is formed by the reaction with OH, a radiolysis of
water &,

N2H4 + OH: — 'N2H3 + HzO (3)

On the other hand, for the radiolytic behavior of N,H, in pure water with the absence of DO
(DO = 0 ppm), several researchers*” suggest the reaction of Eq. (4):

2N,H, — 2NH; + N, + H, 4
NH, + H,0 — NH,* + OH- )

Using a test fluid from which DO is completely removed by irradiating with gamma rays for
60 minutes, the determination of ammonium ions NH," was conducted using the indophenol
blue method, and several ppm were detected. Because NH," is considered to be formed by the
dissolution of NHj; in water, it is further considered that deoxygenation progressed with the
reaction of Eq. (2), and after deoxygenation, the reactions in Eq. (4) and Eq. (5) followed.

5. G-Values of Dissolved Oxygen and Hydrazine Under Gamma Irradiation

As shown in Figures 5 and 6, the concentration of DO and N,H, decreased with increasing
duration of gamma irradiation. Hence, the relation between gamma ray dose and the reduction
in quantity of DO and N,H, was quantified with regard to the G-value. From Figures 5 and 6, the
G-values G(—0,) and G(—N,H,), with regard to the reduction in DO and N,H,, were obtained
at every measured time. G(—0,) and G(—N,H,) were summarized with regard to measured time
and absorption dose in Table 3. The values were G(—0,) = 18.0 x 107 mol J™! and G(—N,H,) =
7.6 —21.5 X107 mol J! for pure water of pH = 9.3, and G(-0,) = 5.8 — 11.0 x 107 mol J-' and
G(—N,H,) = 8.3 —24.9 x 107 mol J*! for artificial seawater of pH = 9.3. G(—N,H,) of seawater
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Figure 5 Changes of dissolved oxygen concentration for pure water and artificial
seawater at room temperature at a dose rate of 1 kGy/h
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Figure 6 Change in hydrazine concentration in pure water and artificial seawater at
room temperature at a dose rate of 1 kGy/h

Table 3 G(—N,H,) and G(—O,) values in pure water (a) and artificial seawater (b)
with 107° mol/dm?® hydrazine at a dose rate of 1 kGy/h (unit: 10”7 mol J™')

Time (a) pure water (b) artificial seawater

dose G(NH)  G(-0p)  GENH)  G(-0p)
;;OG“:“ 215 18.0 24.9 11.0
ggzoGr;ﬁn 123 — 12.9 5.8
O BB -

@ from Ref. 3), 5).

was almost the same as that of pure water, and G(—0O,) was smaller.

The G-values obtained in this study were compared with those reported by other research-
ers. Lefort et al. ¥ obtained G(—N,H,) in pure water of [N,H,] = 107 mol dm™ and pH = 9.5
with an absorption dose rate of 0.293 Gy s' (1 kGy/h), and obtained the result of G(—N,H,) =
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13 x 107 mol J! with an absorption dose of 500 Gy. Furthermore, Ershov et al . obtained
G(—N,H,) in pure water of [N,H,] = 10~ mol dm™ and pH = 9.5 with an absorption dose rate of
0.113 Gy s ! (approximately 400 Gy/h), and obtained a result of G(—N,H,) =13 x 107" mol J™!
with an absorption dose of 500 Gy. The G-value in this study in pure water of 500 Gy was
G(—N,H,)=10.3x10"" mol J', not a large difference from the previous reports. Incidentally,
Buxton et al ?. reported that a reason for large G(—N,H,) values is that a chain reaction is
involved in the reduction of N,H,.
Regarding the G(—0,) value, nothing was reported by Lefort et al. ¥ or Ershov et al. .

6. Influence of Seawater Components Under Gamma Irradiation

The hydrated electron 7, is known to react rapidly with O,'?. On the other hand, the reac-
tion of e, and N,H, is slow '¥. The reaction and reaction rate constant £ are indicated in Egs.
(6) and (7) respectively:

€ aq + 024’027 + Hzo
k<6>:1.9><1010 dm3-mol~-1-s~!

€ 4 + NoHy > H* + -N;H, + OH~
k7 =2.3%106dm? -mol~1-s~1

(6)

(7

Based on these factors, there is a possibility of reduction in DO regardless of the presence of
N,H,. Furthermore, because the reduction in DO was slower in artificial seawater than in pure
water under gamma irradiation, it was hypothesized that a component of the artificial seawater
was influencing the reduction of DO. This possibility was investigated.

First, an investigation was made to determine whether the DO is reduced regardless of the
presence of N,H, by irradiating pure water and artificial seawater with gamma rays without the
addition of N,H,. The DO concentrations are shown in Figure 7 where the gamma irradiation is
for one hour at a dosage rate of 7.5 kGy/h. The data with the addition of N,H, is also included
in Figure 3 for the references.

The reduction in DO concentration was approximately one ppm for pure water. No reduction
in DO concentration was observed in the artificial seawater. In contrast, under identical irra-
diation, the DO concentration was one ppm or less and the reduction exceeded seven ppm for
both pure water and artificial seawater with the addition of N,H,. Based on these results, it has
been shown that the DO concentration decreases with gamma irradiation without the addition
of N,H,, but the effect of added N,H, was stronger on the reduction of DO under irradiation
with gamma rays. Furthermore, it was confirmed that the DO then decreased according to a
mechanism different from that in pure water because a component of seawater is present in the
artificial seawater.

Next, the influence of chloride ions, highly abundant in seawater, was studied. In pure water,
the irradiation facilitated deoxygenation by N,H, is considered to progress via the following
reaction % 19

N2H4 + OH- — 'NzHg + Hzo

(®)
ke =1.4x101%dm?® mol-1-s1
'NzHg + 024’02'7 + N2H2 + H+
P9y =3.8% 108 dm? mol~1-5-1 ©)
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The chemical species that influences the reduction of DO is considered to be the hydroxyl
radical OH-.

Because of the high chloride ion concentration in artificial seawater, it is presumed that the
reaction in Egs. (8) and (9) is blocked by the reaction of OH* and CI™ according to the reaction
of Eq. (10) '9.

Cl- + OH- — CIOH~

10
kg =4.3x109 dm3-mol~1-s1 1)

In this experiment, gamma rays irradiated a 3.5% NacCl solution containing almost the same
amount of chloride ions as the artificial seawater with added N,H, and it was found that the
speed of DO reduction was slow, similar to that in artificial seawater. This fact supports the in-
fluence of chloride ions on the progress of deoxygenation under the irradiation of gamma rays.

To clarify the mechanisms for deoxygenation by N,H, in water systems that contain seawa-
ter components in a radioactive environment, further research is necessary to build a system
for evaluating the influence of individual seawater components and evaluating their interrelated
influences.

IV. Conclusions

Pure water and artificial seawater with the addition of an infinitesimal quantity of hydrazine,
N,H,, at room temperature, were irradiated with gamma rays. In the absence of radiation, the
DO concentration did not decrease in a short period of time for either pure water or artificial
seawater. However, the DO concentration did decrease in a short period for both pure water and
artificial seawater when irradiated with gamma rays. Because the N,H, concentration decreased
continuously after the removal of DO, it was further considered that the radiolysis products of
N,H, were involved in the reduction of DO (deoxygenation). Because the addition of N,H, in
the water containing seawater components removes the DO, a cause of corrosion, in a short
period of time in a radioactive environment at room temperature, the addition of N,H, to spent
fuel pool water, under proper control of N,H, concentration, is considered to be an effective
countermeasure for inhibiting the corrosion of the metallic materials that make up the spent
fuel pool.
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