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Zeolite is used for the decontamination of radioactive water, which contains salts from sea-
water, accumulated in the Fukushima Daiichi Nuclear Power Plant. The evaluation of hydrogen
production by water radiolysis during the decontamination process is important for safe opera-
tion. Thus, hydrogen production from a mixture of zeolite and seawater was studied by a y-radi-
olysis experiment, and the hydrogen production during the process was evaluated. The measured
yield of hydrogen from seawater was comparable to the primary yield in the y-radiolysis of wa-
ter. This result indicates that the oxidation of hydrogen by the radical products of water radioly-
sis is not effective in seawater. The measured yield from the mixture decreased at a high weight
fraction of zeolite. However, the measured yield was higher than that expected from the direct
radiolysis of water in the mixture, which would decrease proportionally to the weight fraction of
water. This result suggests that the radiation energy deposited on the zeolite is involved in hy-
drogen production. From the measured yields, the hydrogen production rate was evaluated to be
3.6 mL/h per t of radioactive water before the process and 1.5 L/h per t of waste adsorbent after
the process.

KEYWORDS: hydrogen, radiolysis, zeolite, seawater, radioactive contaminated water, decon-
tamination

I. Introduction

Inorganic adsorbents have been extensively studied in the removal of radioactive cesium
and strontium from contaminated water and used in the treatment of the radioactive water
from the Fukushima Daiichi Nuclear Power Plant (1F). Before practical application, safety
during the adsorbing treatment and the temporary storage of radioactive waste after treatment
must be evaluated. Under radiation environment, hydrogen is produced by the decomposition
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of water. Previous studies have pointed out that various inorganic solid substances affect the
hydrogen production from the radiolysis of water Y. This radiolytic hydrogen production must
be considered to ensure safety during and after treatment. Furthermore, the contaminated water
in 1F includes a considerable quantity of salts from seawater. The presence of salts makes the
situation different from that experienced in the reactor water treatment* © after the accident at
Three Mile Island Unit 2.

Hence, in this study, we focused on zeolites that are potential inorganic adsorbents mainly
for radioactive cesium to conduct irradiation experiments and evaluate the quantity of hydrogen
produced from the mixture of zeolites and seawater. Furthermore, we evaluated the radiolytic
hydrogen production from the zeolite—seawater mixtures at elevated temperatures, because a
temperature rise in the spent adsorbents is expected because of the decay heat of radioactive
nuclide during the temporary storage.

II. Experimental Methodology

The mixtures of zeolite-type adsorbents and seawater were irradiated by y-ray in a vial with
a septum. After irradiation, the gas in the upper free space in the vial was analyzed by gas
chromatography and hydrogen in the gas phase was determined.

The details of the experimental methodology are described below:

The zeolite-type adsorbents used in this study were Herschelite (bulk density 0.65 g/mL),
engineered Herschelite (hereafter referred to as “E-Herschelite”, 0.65 g/mL) provided by
KURION, and natural mordenite mined in Ayashi by Shin Tohoku Chemical Industry (0.8 g/
mL). The seawater was sampled in Oarai Seaside, Ibaraki Prefecture, and filtrated through a
filter paper (5C) before use.

In practical application, zeolite-type adsorbents may be used in batch processes or in column
systems. Therefore, we prepared samples containing 1 wt% of adsorbents for simulating the
batch processes and samples containing approximately 50 wt% of the adsorbents for simulating
the column systems and the spent adsorbents during temporary storage. The adsorbents in the 1
wt% samples settled on the bottom of the vials. The 50 wt% samples were prepared by gradu-
ally adding the seawater to the adsorbents until the seawater filled up the vacant space between
the adsorbent grains. The adsorbents were weighed under a condition of approximately 40%
relative humidity. Note that the adsorbents contained adsorbed water because they were not de-
hydrated before use. Each sample vial contained 3 g to 9 g of the mixture to produce sufficient
hydrogen for measurement. The samples were sealed in glass vials with a septum. The vial used
for the measurement at room temperature had a diameter of 23 mm and a volume of 8.7 mL.
For the measurements of temperature dependence, the sample vial was 12 mm in diameter and
had a volume of 5.15 mL. The septum was made of silicon and coated with Teflon on the liquid
contacting surface. The atmosphere and pressure of the samples were not controlled and the
upper free space was filled with air.

The cobalt irradiation facility of the Takasaki Advanced Radiation Research Institute was
used for irradiating the y-ray (mean energy 1.25 MeV) from the ®’Co radiation source on the
specimen. During irradiation, the specimen was left in a static condition and was not stirred.
The dose rate was adjusted in the range of 2 kGy/h to 5 kGy/h to obtain an irradiation time
fewer than 2 hours with a range of absorbed dose rate from 1 kGy to 10 kGy. A dichromate
dosimeter was used for measuring the absorbed dose rate ”. For irradiating under a controlled
temperature, an aluminum block isothermal bath (TAITEC) was used.
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After stirring the specimen after irradiation for 2 min at a speed of 3,000 rpm using a vor-
tex mixer, the gas in the upper free space in the vial was sampled with a microsyringe and
analyzed using the gas chromatograph (GC14A/Shimadzu) and the hydrogen concentration in
the upper free space was measured. For the gas chromatograph analyses, a column of bulking
agent molecular sieve SA with a 4 m long column was used for the measurement of hydrogen
using a TCD detector with pure argon as a carrier gas. Furthermore, to determine the volume
of the upper free space, pure water was added until the container was filled with the specimen
after measurement and the weight increase was measured. Four rounds of measurements were
conducted for specimens of identical composition, and an average of the volume of the upper
free space was determined. The specific weight of pure water was assumed to be 1.00 g/mL.
The errors were not more than 0.1 mL for a vial with a volume of 8.7 mL, and not more than
0.06 mL for a vial with a volume of 5.15 mL. These errors were not more than 3% of the av-
erage of the volume of upper free space. The quantity of hydrogen emitted from the specimen
was measured using the hydrogen concentration and the volume of the vial’s upper free space.

III. Hydrogen Production Quantity due to the Radiolysis of
Seawater

First, the result of the measurement of hydrogen production due to the radiolysis of seawater
is explained. The hydrogen production quantity of a specimen that consisted only of seawater
was proportional to the absorbed dose and the measured yield G(H,) was (4.8+0.3) x 107 mol/J.
Hereafter, the measured hydrogen yield as a final product and the primary yield of hydrogen
produced by the radiolysis of water are distinguished as G(H,) and g(H,), respectively.

In the radiolysis of water, the production of hydrogen due to the reaction between the de-
composition products progresses on a short timescale up to 0.1 us from the energy transfer from
the radiation to the water. The “primary yield g(H,)” is the yield of hydrogen at approximately
0.1 us after the energy transfer, and is 4.7 x 10 mol/J for y-rays or electron beams that are
classified as radiation with low linear energy transfer. Because the reaction of decomposition
products and hydrogen still occurred 0.1 ps after the energy transfer, G(H,) will be dependent
on the reaction path of a decomposition product and ultimately takes a different value than
g(H,). What is problematic in the treatment of contaminated water is the hydrogen released in
the gas phase, and hence, G(H,), not g(H,), becomes important in the evaluation of hydrogen
production quantity.

A typical reaction that influences G(H,) is the reaction with the hydroxylic radical (* OH):

H,+ *OH — H* +H,0
k)=4.2%x107L-mol !-s"1 0

For example, it is known for deaerated pure water that the G(H,) falls far below 4.7 x
107% mol/J due to this reaction®.

On the other hand, for potassium bromide solution, the oxidation of hydrogen via the reac-
tion (1) is inhibited by the following reaction of the bromide ion and hydroxylic radical * '%:

Br-+ *OH == BrOH-
ki¢=1.1x101°L-mol-1-s-!
kop=3.3x107s71 @
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BI'OH._ +Br— —> Brza_ +OH_
k3 =1.9x108L-mol-1-s~! 5

In this experiment, it was confirmed that G(H,) was (4.6£0.2) X 107® mol/J because of the
measurement of hydrogen production quantity in the deaerated 1 mmol/L potassium bromide
solution.

Accordingly, the fact that the G(H,) equivalent to the g(H,) measured in the specimen con-
sisting only of seawater was similar to that of the potassium bromide solution, implies that
the oxidation reaction of hydrogen was inhibited in the seawater. Regarding the mechanism, a
more detailed study into the effect of dissolved species in seawater is needed. But, according
to the analysis by Bjergbakke et al 'V., it is considered that the main reason for the effect is the
reaction between the bromide ions, chloride ions, and the decomposition product of oxygen and
water in the seawater.

IV. Hydrogen Production Quantity from Adsorbent—Seawater
Mixture

In this section, the influence of zeolite type adsorbent addition on the hydrogen production
quantity is explained. The results of the measurements on hydrogen production quantity for
the mixture of various zeolite types in the adsorbent and seawater are shown in Figure 1. The
vertical axis in the figure is the hydrogen quantity released from the unit weight of the mixture.
Because the absorbed dose was different due to the difference of the mass energy absorption
coefficient between the adsorbent and water, even if the radiation fields were identical, a cor-
rection was applied to the absorbed dose on the horizontal axis in the figure. The absorbed dose
measurement of the adsorbent was obtained using a dosimeter with a photon mass energy ab-
sorption coefficient of 1.25 MeV. The absorbed dose of the mixture was defined as the weighted
sum with weight percent on the absorbed dose of adsorbent and water, i.e., the absorbed dose
D(kGy) of the mixture was acquired using the equation below:
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Figure 1 Hydrogen production by radiolysis of the zeolites and seawater mixtures

Blue dotted line: linear fit for the samples containing 1 wt% zeolites. Red
dotted line: linear fit for the samples containing approximately 50 wt%
zeolites



Yuta KUMAGAI et al.

D= Dsolid *Wsolid T Dwater * Wyater (4)

where w indicates the weight percentage, the suffix “solid” and “water” indicate the adsor-
bent and seawater, respectively. The difference in the absorbed doses between seawater and
the dichromate potassium solution used as a dosimeter was ignored. The absorption coefficient
of water is 2.97 x 1072 cm?/g and the absorption coefficient of aluminosilicate such as zeolite
shows a low dependence on the composition at approximately 2.7 x 102 cm%g '?. Accordingly,
the absorption dose of adsorbent D4 is lower than that of water D, by approximately 10%.

The hydrogen production quantity from the mixture of adsorbent and seawater was equiv-
alent to the specimen containing only seawater, regardless of the adsorbent types for the spec-
imen containing 1 wt% of adsorbent. While the specimen of approximately 50 wt% showed a
lower hydrogen production quantity compared to the specimen containing only seawater, there
was not a notable difference observed in the dependence on the adsorbent type.

Where the absorbed dose was 10 kGy and under, the hydrogen production quantity and ab-
sorbed dose showed an approximately proportional relationship. Hence, the hydrogen produc-
tion yield was obtained through proportional regression of the hydrogen production quantity
to the absorbed dose. The hydrogen production yield G(H,) (mol/J) and hydrogen production
quantity P(H,) (mol/g) has a relationship described by the following equation:

P(H,) = G(Hy) x D ®)
The values of G(H,) acquired for the various specimens are summarized in Table 1.

Table 1 G(H,) measured in the mixtures of the zeolites and seawater

Sample G(H,)/10 ®mol- ™!
Herschelite 1 Wt% 49+0.2
53 wt% 34+0.1
E-Herschelite 1 wt% 44+0.2
49 wt% 35+0.1
Mordenite 1 wt% 44+03
58 wt% 3.0+0.1

V. Influence of Adsorbent on Hydrogen Production Yield

In this experiment, no G(H,) that exceeds g(H,) was observed for the mixture of adsorbent
and seawater. However, the measured G(H,) implied the influence of energy transfer from the
radiations to the adsorbent on the radiolysis of water.

The dependence of G(H,) to the weight ratio of adsorbent and seawater is shown in Figure 2.
For comparison, a series of reports by Nakashima et al. regarding hydrous zeolite ' are shown.
As reported by Nakashima et al., G(H,) was provided based on the weight ratio of zeolite
dried at 350°C with moisture added. Nakashima et al. adopted the synthetic zeolite of type-A
and type-Y with pure water added as specimens and investigated the hydrogen production
quantity under a condition with less moisture content than that of this experiment. The blue and
green solid lines in Figure 2 indicate the curves based on the evaluation formula for hydrogen
production yield for type K-A and type Na-A zeolites by Nakashima et al., respectively. This
evaluation formula assumes that hydrogen is produced with the yield of 4.7 x 107® mol/J from
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Figure 2 The yield of hydrogen as a final product, G(H,), in the mixtures of the
zeolites and water as a function of the weight ratio of water to zeolites

Blue and green curves: formula by Nakashima and Aratono?
Red dotted curve: extrapolation of the formula (Eq. 10)
Gray curve: no H, production from zeolites (Eq. 11)

the energy transferred to water and that the hydrogen production that occurs with the yield is
dependent on the moisture content from the energy transferred to the zeolite 2.

The results of the experiment by Nakashima et al. show the trend of convergence of the
hydrogen production yield because of the energy transferred to the zeolite was 2.7 X 107 mol/J
when the weight ratio of water to zeolite approached 0.25 for type A regardless of the contained
cation?. Hence, the evaluation formula by Nakashima et al. was extrapolated based on the
assumption that the energy transferred to the zeolite contributed to hydrogen production with
a certain yield of 2.7 x 107® mol/J in the range of higher moisture content and is indicated by
the red dotted lines. The red dotted lines are the plots of G(H,) obtained using the following
equation:

P(HZ) :G(Hg) xD
=4.7x1078x -Dwater'wwater+ 2.7x1078x Dsolid.wsolid (10)

Consequently, the red dotted line indicates the G(H,) when it is assumed that the energy
transferred to the zeolite produces hydrogen with approximately 60% efficiency compared to
the energy transferred directly to the water.

The gray curve in Figure 2 is the plot of the following equation:

P(H,) =G(H,) xD
=4.7x1078x Dwater *Weater T 0 X Dsolid * Wsolid (1 1)

More specifically, the gray curve in Figure 2 is equivalent to G(H,) when only the energy
transferred to the water in the mixture contributes to the hydrogen production with a yield
of 4.7 x 107* mol/J, and no hydrogen is produced from the energy transferred to the zeolite.
However, based on the results of the measurements on specimens containing seawater only, the
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inhibition of hydrogen production by oxidation reaction was not considered.

Additionally, from the results of this experiment, it is evident that the value of the specimen
with approximately 50 wt% of added adsorbent exceeds the anticipated G(H,) from Eq. (11).
For this reason, there is a possibility of underestimation when the hydrogen production quantity
is evaluated using Eq. (11). Consequently, the evaluation that considers the hydrogen produc-
tion from the energy transfer to the adsorbent, as shown in Eq. (10), is regarded as reasonable
also for the mixture with seawater. However, because the weighed adsorbent contains the ad-
sorbed water in this experiment, it was considered that the radiolysis of the adsorbed water also
contributed to a higher observed value of G(H,) than was predicted by Eq. (11).

The necessity for the consideration of hydrogen production caused by the energy transfer to
the adsorbent was also indicated by the accident report of Three Mile Island Unit 2 9. According
to the report, due to the measurement of the hydrogen production quantity from the zeolite
filled column used for reactor water treatment after the accident, the hydrogen production quan-
tity was not regarded to be dependent on the moisture content in the range of water weight ratio
to zeolite 0.2-0.7.

The experiment results by Nakashima et al. report that, as shown in Figure 2, a higher G(H,)
was observed when the entrapped positive ion was the hydrogen ion. In a similar phenomenon,
in the hydrogen production of a mixture of silica or alumina with water solution, a remarkably
high hydrogen production quantity was reported under an acidic condition using sulfuric acid .
Accordingly, the hydrogen production quantity may increase under an acidic condition, but this
was not presumed to be the case in the contaminated water treatment related to the Fukushima
Daiichi Nuclear Power Station.

VI. Influence of the Specimen Temperature on Hydrogen
Production Yield

The temperature dependence of the hydrogen production quantity was measured for the
mixture of Herschelite or mordenite and seawater. The temperatures for the experiments were
the room temperature (16+3°C, 40£1°C, and 60=1°C). As a result, no significant temperature
variation was observed on G(H,) in the temperature range of the experiments, and the varia-
tions fell within the experimental error.

The primary yield of hydrogen due to the radiolysis of water g(H,) is known to vary little
in the temperature range of these experiments'¥. Consequently, the fact that no significant
temperature dependence was observed on the G(H,) for the specimens containing only seawa-
ter indicates that the oxidation reaction of hydrogen in seawater was also ineffective at 60°C.
Furthermore, because no significant temperature dependence was observed on the G(H,) for
specimens with the adsorbent and seawater mixture, the hydrogen production due to energy
transfer to absorbent was similarly regarded as not significantly temperature dependent.

VII. Evaluation of Hydrogen Production Ratio Assuming the
Contaminated Water Treatment

Assuming the treatment of contaminated water using zeolite type adsorbent, the produc-
tion ratio of hydrogen emitted in the gas phase in each step of treatment was evaluated in the
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following manner.

First, based on the result of the nuclide analysis conducted on the contaminated water from
the basement of the turbine building in Unit 2 of the Fukushima Daiichi Nuclear Power Plant '¥,
the absorbed dose rate of the analyzed contaminated water was approximately 3.3 Gy/h exclud-
ing "*'T with short half-life ' —assuming that all B-rays and y-rays from the radioactive nuclide
were absorbed by the contaminated water. The oxidation of hydrogen in the contaminated water
seems to be prohibited by the influence of the dissolved species in the seawater. For this reason,
a similar level of yield as g(H,) should be expected assuming that all produced hydrogen is
released in the gas phase. Here, the hydrogen production ratio before and during treatment with
the batch method was estimated by regarding the hydrogen production yield as 4.9 x 107 mol/J
based on the result of the specimen of seawater and 1 wt% adsorbent.

As a result, the value per 1 t of contaminated water was determined to be approximately
1.6 x 10* mol/h in mol number, and 3.6 x 1073 L/h in volume at a normal condition.

Next, the contaminated water was treated and the hydrogen production ratio was evaluated
on the assumption that 0.1 wt% of cesium, a fission product, was adsorbed (total 4.4 x 1072 wt%
of radioactive '**Cs and ¥’Cs) on the adsorbent. Assuming that all of the B-ray and y-ray from
radioactive cesium are absorbed in the contaminated water and adsorbent mixture, the radiation
energy was determined to be approximately 1.9 X 109 J/h per 1 t of adsorbent '>. When consid-
ering a mixture, it is important to assume a higher hydrogen production yield than that expected
from the moisture content in a mixture based on the recognition that hydrogen is produced
by the energy transferred to absorbent in addition to the blocking of the oxidation reaction of
hydrogen. The hydrogen production yield was assumed to be 3.5 x 107® mol/J based on the
results acquired from a specimen containing approximately 50 wt% of adsorbent; additionally,
the hydrogen production rate during temporary storage after treatment by the column method
and treatment by the batch method and column method were estimated. As a result, the values
were approximately 6.6 X 1072 mol/h per 1 t of adsorbent by mol number and approximately
1.5 L/h in volume at a normal condition.

The experiments using mordenite in this study were conducted under the framework of the
voluntary activities of the Atomic Energy Society of Japan, which conducted the evaluation
tests on the adsorption properties of cesium and other compounds in various adsorbents useful
for the treatment of the contaminated water in the Fukushima Daiichi Nuclear Power Station.
KURION Inc. kindly offered zeolite through the Tokyo Electric Power Co., Inc.
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