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Abstract

We conducted sorption experiments with stable cesium (!*3Cs) solution in different organic matter samples, aiming to
understand the sorption of radiocesium (}**Cs and !*’Cs) in the initial throughfall by fresh plant residues (e.g., needles,
wood, and bark from Japanese cedar trees) in the Oi horizon in forests in Fukushima. Among the organic matter samples,
bark and wattle tannin sorbed relatively large amounts of Cs, whereas wood and cellulose powder sorbed small amounts. In
contrast, samples containing clay minerals showed much higher Cs sorption. We also conducted desorption experiments,
and suggested that Cs on the organic matter samples were relatively mobile.

Keywords Fukushima Dai-ichi nuclear power plant accident - Cesium - Forest soils - Organic matter - Sorption and

desorption - Vermiculite

Introduction

Following the Fukushima Dai-ichi Nuclear Power Plant
accident in March 2011, a large amount of radiocesium,
(mainly **Cs and '*’Cs), was released and deposited in for-
ested areas of Fukushima, Japan [1-3]. In the first few years
after the accident, most radiocesium was first trapped in the
canopy of the evergreen coniferous trees and then gradually
transferred in a soluble form via throughfall onto the forest
floor, with large spatial variations [4—6]. In the forest soils,
mainly the A horizon (the surface mineral horizon mixed
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with some humus), clay minerals, such as illite or vermicu-
lite, have adsorption sites for monovalent cations of radioce-
sium with a significantly strong affinity (e.g., wedge-shaped
expanded zones in their interlayer (frayed edge sites; FES)
and type II sites) [7-11]. In contrast, organic matter in the
O horizon (the surface organic horizon), including leaves/
needles, bark, and wood can also sorb radiocesium. Monova-
lent cations of radiocesium can be electrostatically bound to
negatively charged sites on the surface or physically trapped
in the complex structures of this organic matter [12, 13].
Generally, radiocesium sorbed on organic matter is relatively
mobile because it rapidly migrates downward to the A hori-
zon or is easily taken up by plant roots or microorganisms
[6, 14]. However, in the natural environment, various types
and degradation degrees of organic matter are frequently
mixed with clay minerals derived from soil bioturbation or
eolian dust. Indeed, the O horizon is separated into Oi, Oe,
and Oa horizons, in the order of decomposition of organic
matter. Geological, topographic, and biological conditions
can also affect the type and degradation degree of organic
matter. In addition, the access of radiocesium to the strong
affinity sites of clay minerals can be blocked by humified
organic matter [10, 15—18]. These transportation and sorp-
tion mechanisms lead to the heterogeneous distribution of
radiocesium, complicating estimates of radiocesium cycling
in forest ecosystems [13, 19, 20].
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Our final goal is to demonstrate the heterogeneous distri-
bution of radiocesium in forest soils and to elucidate the role
of organic matter in radiocesium cycling in Fukushima forest
ecosystems. As a trial, this study focused on fresh and unde-
composed plant residues in the Oi horizon in Fukushima
evergreen coniferous forests. We conducted simple batch
sorption experiments in the laboratory to estimate how much
radiocesium in the initial throughfall can be sorbed by indi-
vidual fresh plant residues. Similar experiments have been
conducted in the context of industrial decontamination or the
production of soil additive, of which main targets are zeolite
or charcoals [21-23]. The sorption characteristics of clay
mineral samples or mineral soils in natural environments
(mainly agricultural fields) also have been evaluated previ-
ously [8-10, 24]. However, to our knowledge, few studies
have focused on organic matter in forest ecosystems. Here,
we examined fresh plant residue, including the needles,
wood, and bark of Japanese cedars (Cryptomeria japonica),
the most widely planted tree species in Japan, collected in
several study sites (e.g., Imamura et al. [25]). In addition,
the natural organic compounds, cellulose and tannin, which
are the main components of wood and bark, respectively,
were tested. Furthermore, we collected the O and A hori-
zon sample from forests in Fukushima. The clay mineral
vermiculite was also examined. For this trial, we used stable
cesium ('*3Cs), which has the same chemical characteristics
as radiocesium. Although the limit of quantitation of '33Cs
by inductively coupled plasma mass spectrometry (ICP-MS)
is much higher per mole than that of radiocesium by gamma
ray spectrometer, '*>Cs is very easy to handle for examining
the general sorption characteristics of organic matter sam-
ples over a wide concentration range. To examine the mecha-
nisms of Cs sorption, experiments with pH-controlled solu-
tions or with organic matter (cedar needles) mixed with clay
minerals (A horizon sample) were also investigated. Finally,
we examined the ability of ultrapure water or ammonium
acetate solution to desorb Cs, as an analog of the mobility
and bioavailability of Cs that was once sorbed on individual
fresh plant residues [26].

Materials and methods
Materials

Three fresh plant residues (needles, wood, and bark samples
of Japanese cedar trees), two natural organic compounds
(cellulose powder and wattle tannin), O and A horizon
samples, and a vermiculite standard were used in these
experiments. Although the fresh plant residues and O and
A horizon samples were collected in different sites, all of
these sites were at the mature forest stage of Japanese cedar
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plantation in Fukushima and the neighboring prefecture,
Ibaraki. The sampling surveys were conducted in mainly
summer.

The needle litter sample was collected before transferred
onto the forest floor by using litter traps set in a Japanese
cedar plantation in Tsukuba Forest Experimental Watershed
of Forestry and Forest Products Research Institute, Ibaraki,
Japan, from July to October 2013 (stand age: 60 years in
2013). Details of this plantation are described in Inagaki
et al. [27].

The wood sample was collected in August 2014 from a
Japanese cedar plantation in Kawauchi Village, Fukushima,
Japan (stand age: 46 years in 2014); details are described
as KUI-S in Imamura et al. [25]. We sampled wood disks
at breast height and divided these into sapwood and heart-
wood samples. In this study, we utilized only sapwood for
the experiments, because most of the fallen wood in the Oi
horizon is assumed to be sapwood, not heartwood.

The bark sample was collected in August 2014 from a
Japanese cedar plantation in Otama Village, Fukushima,
Japan (stand age: 45 years in 2014; OT-S in Imamura et al.
[25]). We used the whole bark and did not divide it into outer
and inner bark.

Cellulose powder (SolkaFloc #40) was purchased from
Imazu Chemical Co. Ltd. (Chiyoda City, Tokyo, Japan).

Wattle tannin powder, a major manufactural condensed
tannin, was extracted from the bark of Acacia mearnsii. Our
sample was obtained from Sumitomo Dainippon Pharma
Co., Ltd., Osaka City, Osaka, Japan (current affiliation:
DSP Gokyo Food & Chemical Co., Ltd, Osaka City, Osaka,
Japan). Because of a limited sample mass, some subsequent
experiments were not conducted for this sample.

The O and A horizon samples were collected in August
2019 in another Japanese cedar plantation in Kawauchi Vil-
lage (stand age: 63 years in 2019; KU2-S in Imamura et al.
[25]). The forest soils in this site were derived from volcanic
ash and classified as Andosols [28]. The clay fractions of
the A horizon were mainly composed of vermiculite, with
a small amount of quartz, kaolinite, and chlorite [29]. The
O horizon sample (including the Oi, Oe, and Oa horizons)
was collected from a 25 cm X 25 cm quadrat. The A hori-
zon samples were collected from the 5-10 cm depth after
removing the O horizon, using a 475 mL cylinder (95 cm?
cross-sectional areax 5 cm length). Details of these sam-
pling methods are given in Ikeda et al. [30].

We used the vermiculite standard sample from Nichika
Inc. (Kyoto City, Kyoto, Japan). This sample was originally
collected in Asakawa Town, Fukushima, and crushed to a
diameter of <50 pum.

After sampling, the needle, wood, and bark samples were
oven-dried at 75 °C, and the O and A horizon samples were
air-dried. Prior to experiments, these samples were well-
mixed and stored at room temperature in the laboratory.
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The needle, wood, bark, and O horizon samples were pow-
dered by a hi-speed vibrating sample mill (TI-200; CMT
Co. Ltd., Iwaki City, Fukushima, Japan). The wattle tannin
was insolubilized with formaldehyde, which is used as a
cross-linking agent [31]. After this reaction, the sample was
thoroughly washed with ultrapure water, freeze-dried, and
homogenized.

The particle size of each sample (except for the A hori-
zon sample) was measured via a laser diffraction particle
size analyzer (SALD-2300; Shimadzu Corporation, Kyoto
City, Kyoto, Japan). The particle size distribution for the
A horizon sample was already analyzed through a pipette
method and reported by Forestry Agency of Japan [29]; the
percentage of clay (<0.002 mm), silt (0.002-0.02 mm), fine
sand (0.02-0.2 mm), and coarse sand (0.2-2 mm) was 23%,
42%, 26%, and 9%, respectively.

The concentration of Cs in each pre-Cs-sorption sam-
ple (Qq_», unit: mol kg~!) was measured by the wet ash-
ing method. An aliquot of each sample (approximately 0.1
g) was digested with nitric acid and hydrogen peroxide in
a heating block system. We also used hydrofluoric acid to
digest the A horizon sample and vermiculite. The Cs con-
centration of the solution was measured via ICP-MS (Agi-
lent7700X; Agilent Technologies, Santa Clara, CA, USA,;
iCAP Qc, Thermo Fisher Scientific, Waltham, MA, USA).
We used the chemical reagent of CsCl (FUJIFILM Wako
Pure Chemical Corporation, Osaka City, Osaka, Japan) for
the calibration standard as well as the following experi-
ments. Scandium, yttrium, and cerium (AccuStandard, New
Haven, CT, USA) were added and used as internal stand-
ards. Analytical errors and limits of quantitation for ICP-
MS measurements were approximately 5% and 3 x 10710
mol kg~!, respectively, which were estimated from repeated
measurements of our representative samples in the following
experiments and the calibration blank.

We also measured the ash content as follows: an aliquot
of each sample (approximately 0.5 g) was oven-dried at 105
°C and then burned in a muffle furnace at 500 °C for 4 h
[32].

Experiment A: Cesium sorption experiments

Sorption experiments of Cs were conducted in the following
simple settings to estimate how much radiocesium in the
initial throughfall after the accident can be sorbed by each
sample. We used the chemical reagent of CsCl, dissolved
in ultrapure water. Each sample (0.50 g) and 10 g of CsCl
solution were placed in a centrifuge tube (mixture ratio of
1:20) mixed by a reciprocating shaker at room temperature.
Because the sorption of Cs by each sample might be affected
by the initial concentration of the CsCl solution [24] and
the contact time between the solution and the sample [33],
we prepared five Cs concentrations for the initial solution

(C;: 1.00x 1077, 1.00x 107, 1.00x 1075, 1.00 x 107, and
1.00x 10~3 mol kg_l) and three contact times (2, 24, and 48
h) for each sample. For wattle tannin, we conducted only 24
h shaking. After shaking, the mixtures were immediately
centrifuged, and the supernatant solutions were passed
through syringe filters (pore size: 0.45 pm). The Cs con-
centration of the filtrates (C,, unit: mol kg~') was analyzed
by ICP-MS (diluted with nitric acid at the time of ICP-MS
analysis). These treatments were repeated at least twice for
each sample and Cs concentration.

In addition, to evaluate the impact of Cs that is originally
included in the samples on this sorption experiment, 0.50
g of each pre-Cs-sorption sample was mixed with 10 g of
ultrapure water, shaken for 24 h, centrifuged, and filtered.
Then, the Cs concentration of the filtrates was also analyzed.

Experiment A-1: Cesium sorption under controlled
pH

Assuming that negatively charged sites (e.g., phenolic
hydroxyl or carboxyl groups) on the surface of organic mat-
ter is mainly attributed to Cs sorption, the pH in the solution
should control Cs sorption by affecting the dissociation of
these groups [34, 35]. To test for the impact of pH, we con-
ducted sorption experiments with a pH-controlled CsCl solu-
tion on needle, wood, bark, cellulose powder, wattle tannin,
and vermiculite samples. We used the pH standard buffer
solution for pH 6.86 (0.025 mol kg~! Na,HPO, +0.025 mol
kg~! KH,PO,) and for pH 4.01 (0.05 mol kg~ C4H,(COOK)
(COOH)) from FUJIFILM Wako Pure Chemical Corpora-
tion. For these solutions, we added CsCl for a Cs concentra-
tion of 1.00x 10~ mol kg™'. The sorption experiments were
conducted at a mixture ratio of 1:20 and 24 h shaking at
room temperature for these samples. These treatments were
repeated twice for each sample and pH condition. Note that
the background solution matrices and ion strength of the
initial solution in this experiment, which can significantly
affect Cs sorption [9, 35], are entirely different from those in
Experiment A. Thus, the results of Experiment A-1 cannot
be directly compared with those of Experiment A.

We also measured the pH values of these suspending
solutions, besides the mixture of ultrapure water and each
sample after 24 h shaking, with a pH meter (HM-25R;
DKK-TOA Corporation, Shinjuku City, Tokyo, Japan). The
ultrapure water pH was also measured for the O and A hori-
zon samples.

Experiment A-2: Cesium sorption for cedar needles
with A horizon sample

Both organic matter and clay minerals are admixed in the

natural environment of the forest soils, even in the O hori-
zon, and it is almost impossible to distinguish between them.
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We prepared a cedar needle sample mixed with A horizon
sample at mass ratios of 98:2, 95:5, 90:10, 85:15, 80:20,
70:30, 50:50, and 25:75 to investigate how the incorporation
of clay minerals can affect Cs sorption by organic matter.
The Cs sorption experiments also were conducted for these
mixtures; the mixing ratios of the total mass of the mixture
and CsCl solution were the same as those in Experiment A
(1:20). Only three levels of Cs concentrations in the initial
solution (1.00x 1077, 1.00x 107°, and 1.00 x 107> mol kg™")
and shaking at room temperature for 24 h were examined.
These treatments were repeated at least twice for each sam-
ple and mixing ratio.

Experiment B: Cesium desorption experiments

We conducted desorption experiments using methods modi-
fied from Manaka et al. [6] to evaluate the mobility and
bioavailability of Cs sorbed by each sample. As a repre-
sentative setting of Experiment A, Cs was sorbed on each
sample with 1.00x 10~> mol kg~! of CsCl solution and 24 h
shaking at room temperature. The residue was recovered by
suction filtration (pore size: 0.45 pm) and oven-dried at 105
°C. After drying, the residue was mixed thoroughly at room
temperature. An aliquot of each residue (approximately 0.5
g) was digested by the wet ashing method for ICP-MS analy-
sis, and total Cs concentrations of the residue (Q,_g, unit:
mol kg_l) were obtained. In addition, two aliquots of each
residue (0.50 g) were placed into two centrifuge tubes, and
10 g of ultrapure water or ammonium acetate (1 mol kg™!,
pH 7.0) was added. The mixture was shaken for 2 h at room
temperature and centrifuged. The supernatant solution was
passed through syringe filters, and the Cs concentration (Cj,
unit: mol kg~!) was analyzed via ICP-MS. These treatments
were repeated at least twice for each sample and desorption
solution.

Results and discussion
Cesium sorption on organic matter samples

The median particle diameters were in the same order of
magnitude for all our organic matter samples (the needles,
wood, bark, cellulose powder, and wattle tannin) (Table 1).
The concentration of Cs in each pre-Cs-sorption sample
(Qg_4) in Experiment A were also summarized in Table 1:
considering the initial concentration of the CsCl solution
(C;: 1.00x 1077 to 1.00 x 107> mol kg™") and the mixing
ratios of samples and CsCl solutions in this experiment
(1:20), these values were low enough to neglect the impact
of innate Cs in the samples for these experiments. Simi-
larly, the Cs concentration of the filtrates after mixing with
ultrapure water was negligible, lower than the method quan-
tification limit (3 10~ mol kg™1).

In this experiment, the proportion of Cs sorption (%) was
simply calculated by subtracting the Cs concentration of the
filtrates (C,; Table 2 in “Appendix”) from C,, as given in the
following Eq. (1):

Proportion of Cs sorption (%) = (C; — C,)/C, x 100
)]
As a representative setting of this experiment, Fig. 1
shows the proportion of Cs sorption in C, =1.00x 107> mol
kg~!. No obvious trends were observed for different contact
times (2, 24, and 48 h), which suggests that the time required
to reach equilibrium for Cs sorption may be short. Among
the three fresh plant residues, the amount of Cs sorbed by
bark (37% for 24 h shaking) was relatively large, followed by
needles (29%) and wood (20%). For the two natural organic
compounds, the proportion of Cs sorption of cellulose pow-
der (26%) was approximately the same as that of needles and
wood, whereas the proportion of wattle tannin (70%) was
much higher than that of bark.

Table 1 Median particle diameter, Cs concentration (Q,_,), ash content, and pH (suspended solution with ultrapure water and pH standard

buffer solution for pH 6.86 and 4.01, measured after 24 h shaking)

Component Median particle Cs concentration (Q_,) Ash content pH
diameter (mol kg™") (%) — —
(um) Ultrapure water Initial pH: 6.86 Initial pH: 4.01
Needles 45 1.9 x107 5.5 4.90 6.49 4.20
Wood 60 4.0 x107® 0.4 4.43 6.72 4.01
Bark 48 1.6 x107 2.5 3.26 5.76 3.62
Cellulose powder 74 <3.0x10°® 0.3 5.86 6.85 4.04
Wattle tannin 24 2.5 x1077 0.4 4.86 6.53 4.02
O horizon sample 45 7.1 x1077 4.8 5.28 - -
A horizon sample - 1.7 x107 74.5 5.36 — -
Vermiculite 18 3.7 x107° 95.8 9.24 6.93 471

The ash content was calculated based on oven-dried mass at 105 °C
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Fig. 1 Bar charts of the proportion (%) of Cs sorption over time in
Experiment A. The initial concentration of C;=1.00x 10~ mol kg™
was used for contact times of: 2 h (black), 24 h (red), and 48 h (blue).

Furthermore, we examined Freundlich isotherm, a major
sorption model, to evaluate the impact of different C, values on
Cs sorption. First, the Cs concentration sorbed on the sample
(Qy. unit: mol kg_l) was calculated as follows:

Q1 = (Cl - Cz)M

solution

/M

sample

2

where Mgjyion a0d Mgy are the mass of the solution (10
g) and the sample (0.5 g), respectively. The equation for the
Freundlich isotherm was described as follows:

0, = K,C)/" 3)

where K; and 1/n are the Freundlich coefficient. This equa-
tion can be linearized as

log Q) = log K, + 1/nlog C, 4)

Fig.2 Scatter plots of log—
transformed Cs concentration
sorbed on each sample (Q,) and
log-transformed Cs concentra-
tion of the filtrates (C,), after
24 h shaking in Experiment

A: a organic matter samples
(needles, wood, bark, cellulose
powder, and wattle tannin)

and b samples containing clay
minerals (the O and A horizon
samples and vermiculite). In
“Appendix”, Table 2 shows the
numerical data, and Table 3

(a)

log Q, (mol kg™")

»

O horizon A horizon Vermiculite
sample sample

Wattle
tannin

For wattle tannin, we have conducted only 24 h shaking due to a lim-
ited supply. The error bars indicate 1 SD. Table 2 in “Appendix” also
shows the numerical data

Table 3 in “Appendix” summarizes the numerical
results of the linear regression. Because no obvious trends
were observed for different contact times, we plotted only
the results of 24 h shaking, as a representative setting
(Fig. 2a). A high coefficient of determination (rz) in all
organic matter samples and contact times, between 0.994
and 1.000, indicated that this model properly describes
Cs sorption between the solution and various samples.
In all cases in our experiments, 1/n values were less than
1, and the relative amount of Cs adsorbed on each sam-
ple decreased when the Cs concentration of the solution
increased. Note that the Freundlich isotherm is an empiri-
cal model, implying the existence of multi-component
sorption sites. Each coefficient can be affected by many
factors, such as the number of sorption sites and their
affinity [36, 37].

As shown for both the proportion of Cs sorption (Fig. 1)
and the Freundlich isotherm (Fig. 2a; Tables 2 and 3), the

(b)

4¥

log Q, (mol kg™")

presents the parameters for lin-
ear fitting. Data that were lower
than the method quantification
limit are not shown in these
plots
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amount of Cs sorbed by bark and wattle tannin was relatively
large among organic matter samples. Tannin, a main com-
ponent of bark, has abundant phenolic hydroxyl groups. The
ortho-dihydroxyl groups in the B-ring (catechol) particularly
show a high affinity for multivalent heavy metals, electro-
statically adsorbing them, and forming complexes [31, 34].
To evaluate whether this process applies to a monovalent
cation of Cs, we conducted sorption experiments with a pH-
controlled CsCl solution (Experiment A-1). For wattle tan-
nin, the proportion of Cs sorption increased when the pH of
the solution increased (Fig. 3).

A higher pH is expected to stimulate the dissociation of
phenolic hydroxyl groups to form negative charges [34], on
which a monovalent cation of Cs can adsorb. Similarly, the
contribution of carboxyl groups as well as phenolic hydroxyl
groups on the electrostatic adsorption of metal cations has
been reported for bark samples [38, 39]. Carboxyl groups
can work as a strong acid under experimental conditions,
showing pH-dependent negative charges [35]. For these
reasons, we suggest that pH-dependent negative charges
of phenolic hydroxyl or carboxyl groups make an essential
contribution to the relatively high sorption of Cs on bark
and wattle tannin.

Cedar needles moderately sorbed Cs (Figs. 1 and 2a;
Tables 2 and 3). We also observed pH dependence of the
proportion of Cs sorption (Fig. 3), suggesting a similar pro-
cess of Cs sorption as that of bark and wattle tannin. We
note that the organic carbon composition of the needles is
also complex. Ono et al. [40] reported different signals of
aliphatic, aromatic, and carbonyl carbon in different degra-
dation stages by the solid-state '>°C CPMAS NMR technique.
The contribution of phenolic hydroxyl or carboxyl groups
on Cs sorption has been suggested in humic substances [35,
41].

The amount of sorbed Cs by wood and cellulose powder
was relatively small (Figs. 1 and 2a; Tables 2 and 3). Unlike
other organic matter samples, no difference was observed for
the proportion of Cs sorption at different pH values (Fig. 3).
Generally, the number of activated negative charges of phe-
nolic hydroxyl or carboxyl groups is much smaller in wood
than in bark [38]. The hydroxyl groups of cellulose can only
work as weak acids under experimental conditions, showing
a low adsorption capacity toward metal [42]. One possible
mechanism for pH-independent Cs sorption is the nonspe-
cific physical traps of Cs inside the complex, three-dimen-
sional structure of cellulose, such as microfibrils. Further
studies with different methods are required to elucidate these
mechanisms.

Cesium sorption on samples containing clay
minerals

Compared with the organic matter samples, the Q,_, values
were two orders of magnitude higher in vermiculite and the
A horizon sample (Table 1), because Cs naturally occurs in
the earth’s crust and sedimentary rocks [43]. However, the
Cs concentration of the filtrates after mixing with ultrapure
water was lower than the method quantification limit in these
samples (3x 107" mol kg™"). This result indicates a very
strong and almost irreversible sorption of Cs in clay minerals
[7, 10, 11], and a negligible impact of Cs innately included
in these samples. Similar to the organic matter samples, no
significant trend of C, values at different contact times (2,
24, and 48 h) was observed for these samples (Table 2).
Sorption of Cs on vermiculite also was described in the
Freundlich isotherm model (r>=0.998-0.999) (Fig. 2b;
Tables 2 and 3). Compared with the organic matter samples,
extraordinarily low C, values and high Q, values suggest
that almost all of the Cs in the solution was sorbed by this

£ 1907 [ nitial pH: 6.86
S 80 [ ]Initial pH: 4.01
B —
w 60_
[72]
O
S 40
c
o
o
De_ 0 - ’E_:‘ —— -
Needles Wood Bark Cellulose  Wattle Vermiculite
powder tannin

Fig.3 Bar charts of the proportion (%) of Cs sorption under the pH-
controlled condition for needle, wood, bark, cellulose powder, wattle
tannin, and vermiculite samples, in Experiment A-1. The initial Cs
concentration was 1.00x 107> mol kg~!, and the contact time was
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24 h. Black and red bars indicate initial pH values of 6.86 and 4.01,
respectively. The error bars indicate 1 SD. Table 1 shows the numeri-
cal pH values of the suspended solutions after shaking
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sample. Such high sorption has been demonstrated in previ-
ous studies [44][44]. According to Bradbury and Baeyens
[8], Fan et al. [10], and Fuller et al. [9], in similar concen-
tration ranges of Cs as the C, values of our experiments,
FES and type 1II sites are the dominant contributors of Cs
adsorption, forming an inner-sphere complex with strong
affinity. These adsorption sites may have permanent nega-
tive charges derived from isomorphic substitutions in the
mineral structure.

In Experiment A-1, we observed a negligible difference
of the proportion of Cs sorption with different pH levels
in vermiculite (Fig. 3). This result is comparable with the
experiments of Fuller et al. [9] in the pH range of 4-7 and
with background solution matrices of sodium and potassium,
although they also proposed that Cs adsorption to type II
sites can be affected by competition with hydrogen ions. We
also note that in this sample, the proportion of Cs sorption
was relatively lower when C, was 1.00x 10~ or 1.00x 10~
mol kg_l, and 1/n values were lower (Tables 2 and 3). This
indicates that high-affinity adsorption sites begin to saturate
in solutions with high Cs concentrations [8, 9].

The Cs sorption on the A horizon sample showed similar
trends as vermiculite, showing significantly low C, values
and high Q, values (Fig. 2b; Tables 2 and 3) compared with
organic matter samples and described by the Freundlich iso-
therm model (1 =0.988-0.994). The 1/n values were lower
than those for vermiculite, suggesting near saturation of Cs
adsorption sites when C; was high. However, the affinity of
the sorption site for Cs may be weaker, as discussed with
the results of desorption experiments (Experiment B) in the
next section.

For the O horizon sample, Cs sorption also was described
in the Freundlich isotherm model (r>=0.999-1.000), and
the amount of Cs sorbed by this sample seemed to be higher
than most organic matter samples (except for wattle tan-
nin) but lower than the A horizon sample (Figs. 1 and 2;
Tables 2 and 3). The O horizon sample comprised vari-
ous organic matter, including needles or bark at different
degradation stages; pH-dependent negative charges such
as phenolic hydroxyl or carboxyl groups should contribute
to the Cs sorption in this sample. In addition, this sample
also contains clay minerals derived from soil bioturbation or
eolian dust. Fujii et al. [46] measured the radiocesium inter-
ception potential (RIP) by FES in O horizon samples from
Kawauchi Village (KU1-S). Their result of 3.6 X 1072 mol
kg~!, which is equivalent to an FES content of 3.6 x 10>
mol kg~! (assuming that the selectivity coefficient of trace
Cs to K of the FES (KEE&_K)) in RIP measurement is 1000,
as shown by Wauters et al. [47]), was sufficiently high to
adsorb all Cs in the solution at a C, value of 1.00x 10" or
1.00x 107% mol kg™!. The sampling site of Fujii et al. [46]
was different from ours (KU2-S), but their findings may be
partly applicable to our O horizon sample. The clay minerals

incorporated into our samples may show a higher affinity to
Cs than other organic matter, thus increasing the amount of
sorbed Cs, although not all Cs in the solution was sorbed,
even under C, values of 1.00x 1077 or 1.00x 107° mol kg~..
We note that some studies also report that organic matter
can block Cs from accessing the strong affinity sites of clay
minerals [10, 15-18].

The amount of clay minerals incorporated into the O
horizon is difficult to quantify. The ash content (Table 1)
is a possible analog for this [13, 46], but we note that some
ash also can be derived from plant opals or inorganic salts
in plant litter. We examined the Cs sorption of needles com-
bined with the A horizon sample to demonstrate to what
extent the incorporation of clay minerals can affect Cs sorp-
tion by organic matter (Fig. 4). The proportion of Cs sorp-
tion increased when the proportion of the A horizon sample
mass increased, implying a preferential Cs sorption by clay
minerals, which also was suggested by our O horizon sam-
ple. Furthermore, C, values should significantly affect the
proportion of Cs sorption; when C,; was 1.00x 107> mol
kg™, a positive and nearly linear relationship was observed
between the proportion of the A horizon sample mass and Cs
sorption (Fig. 4c). In contrast, when C, values were smaller,
the proportion of Cs sorption drastically increased with even
small incorporation of A horizon sample (Fig. 4a, b). Under
natural conditions, the maximum amount of '3’Cs deposition
was reported to be 1.55x 10" Bq m~2 (equal to 3.53x 1078
mol m~2), observed at a study site very close to the power
plant [48]. Assuming that the mean inventory of the organic
matter in the O horizon is 1.4 kg m~2 [25], this value is
much smaller in molar units than the amount of Cs in the
solution of our experiments. Thus, our results imply a more
essential role of clay minerals in their preferential sorption
of radiocesium in the natural condition.

We note that these are trial experiments in a laboratory
setting, and various assumptions must be examined to apply
this result to the dynamics of radiocesium under natural con-
ditions of forest soils. In this study, we used a simple and
relatively high-concentration CsCl solution to estimate how
much radiocesium in the initial throughfall can be sorbed.
Although we examined the impact of pH in the solution by
using pH standard buffer solutions, ion strength and other
competing ions (potassium in particular) in the solution also
are expected to affect Cs sorption [9, 10, 22, 35]. The carrier
effect of radiocesium with a significantly low concentration
in molar units should be considered [24].

In addition, to homogenize each sample, we mixed and
powdered them before analysis. We used a reciprocating
shaker for up to 48 h to complete Cs sorption uniformly on
each sample. However, in the natural condition, organic mat-
ter is bulky and heterogeneous. Koarashi et al. [19] reported
different amounts of Cs retention in different organic matter
sizes. Contact of throughfall with organic matter in forest
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Fig.4 Scatter plots of the proportion (%) of Cs sorption and the
mass of the A horizon sample in the mixture with needles as organic
matter. Three Cs concentrations are shown: initial solution (C,) of a
1.00x 1077, b 1.00x 107°, and ¢ 1.00x 107> mol kg~! in Experiment
A-2. The data for the proportion of the A horizon sample being 0 and
100% were obtained in Experiment A (shown in Fig. 1 and Table 2).
The error bars indicate 1 SD. In the condition C;=1.00x 107 mol
kg_l, for some samples, Cs concentration of the filtrates (C,) was
lower than the method quantification limit (3 X 10~° mol kg‘l). For
such cases, we set the proportion of Cs sorption as 97% and plotted
them as gray squares

soils is also complicated; both infiltration and intercep-
tion function of water are observed in the O horizon [49],
resulting in heterogeneous radiocesium sorption. For these

@ Springer

reasons, further studies with different methods or samples
are required to recognize radiocesium cycling in forest eco-
systems more accurately.

Mobility and bioavailability of cesium sorbed
by each sample

By using Q,_g and C; values, we calculated the propor-
tion of Cs desorption (%) by ultrapure water or ammonium
acetate with the following equation:

Proportion of Cs desorption (%) = (C3 Moiytion)/(Qo-B Msampie) X 100
®)

Figure 5 summarizes the results. Some samples show
higher (C3 Mgjyion) Values than (Qy_g Mgyppe) values for
ammonium acetate, perhaps due to analytical errors (e.g.,
for the cellulose powder, (C3 Mygjyion) @nd (Qp_p Mympie)
values were calculated to be 2.66 x 1078 and 2.52 x 1078 mol,
respectively). For these samples, we set the proportion of Cs
desorption to 100%.

For organic matter samples, ultrapure water and ammo-
nium acetate extracted approximately 37%—-82% and almost
all of the sorbed Cs, respectively (Fig. 5). This suggests that
the Cs sorbed on fresh plant residues was relatively mobile;
thus, fresh plant residues can only work as temporary reser-
voirs of Cs in the Oi horizon.

This phenomenon also has been demonstrated in the
natural condition. For example, Sakai et al. [50] soaked
fresh litter with stream water and found that a great amount
of radiocesium that was originally sorbed in the litter was
easily washed out. In stem wood, Cs is easily redistributed
by the movement of free water [51][51]. Aoki et al. [53]
conducted a Cs sorption experiment on wood powder and
examined the absorption fine structure by X-ray analysis.
They concluded that Cs in the wood forms an outer-sphere
complex in a hydrated state. With bark, although our Experi-
ment A demonstrated high Cs sorption, Cs absorption by
trees through bark has been reported [39, 54]. Therefore, Cs
sorbed by bark also may be mobile.

As expected, vermiculite demonstrated a relatively low
proportion of Cs desorption (Fig. 5). As proposed in previ-
ous studies, Cs forms an inner-sphere complex with FES and
type Il sites in vermiculite with strong affinity and is scarcely
extractable [7-11].

The results of this laboratory study can only be cau-
tiously applied to the natural condition of forest soils.
In our O horizon sample, the proportion of Cs desorp-
tion was the same level as that of organic matter samples
(Fig. 5). The A horizon sample demonstrated a relatively
low proportion for ultrapure water, but ammonium acetate
extracted as much as 83% of sorbed Cs (Fig. 5). How-
ever, in the natural condition, the proportion of water and



Journal of Radioanalytical and Nuclear Chemistry (2021) 329:213-224

221

Fig.5 Bar charts of th
ig ar charts of the 100 - .

proportion of Cs desorption to

] .

X
proportion (%) of Cs desorp- =
tion by ultrapure water (black) % 80
or ammonium acetate (red) é
(Experiment B). The error 3 60
bars indicate 1 SD. For some 3
samples showing higher (C; 5 401
M 1ui0n) Values than (Q_g S 20
Mg mpie) Values, we set the é

5 d

a

100% Needles

Wood

Il Ultrapure water
Ammonium acetate

ammonium acetate-extractable '*’Cs is very low: less than
4% and 27%, respectively [6, 55, 56].

These differences are likely caused by the different
conditions of our desorption experiments compared with
the natural conditions of forest soils. As shown in our
Experiment A-2, we used homogenized samples and high-
concentration Cs solutions compared with radiocesium
under natural conditions. In the process of Cs sorption
and residue recovery prior to Experiment B, it was not
possible to recover the Cs solution completely from the
residue via the suction filtration process. Nevertheless,
the residue that was recovered was dried without wash-
ing and used in Experiment B. Therefore, we may have
overestimated the proportion of Cs desorption. Chemical
alteration of organic matter may also occur in the drying
process. In contrast, under natural conditions, a special
accumulation of '3’Cs on organic matter also was reported
via size and density fractionation methods [12, 57] and
chemical sequential fractionation methods [13]. Biologi-
cal absorption of radiocesium also should occur. Hara
et al. [58] suggested the incorporation of '*’Cs into the
fine structure of plant tissues and reported the existence
of ammonium acetate-insoluble '*’Cs in Japanese cedar
needles. By considering the transfer of these leaves/nee-
dles onto the forest floor via litterfall, radiocesium in the
O horizon should be more immobile compared with our
assumption on Cs. In addition, microorganisms such as
fungi can alter radiocesium forms [59-61]. Furthermore,
for the A horizon sample, Takeda et al. [24] proposed that
aging and drying—wetting cycles can stimulate Cs fixation
by clay minerals.

For these reasons, further studies are needed to rec-
ognize a more accurate picture of radiocesium cycling in
forest ecosystems. However, as a first trial, our experi-
ments suggest that, regardless of the types of fresh plant
residues in the Oi horizon, a large part of the sorbed radi-
ocesium may rapidly migrate downward or be easily taken
up by plant roots or microorganisms.

Bark Cellulose  Wattle O horizon A horizon Vermiculite
powder tannin sample sample
Conclusions

We conducted sorption and desorption experiments with
Cs solution on various organic matter samples to estimate
the radiocesium sorption characteristics of individual fresh
plant residues in the Oi horizon. The Cs sorption of all our
samples was described by the Freundlich isotherm model.
Among the samples tested herein, bark and wattle tannin
sorbed a relatively large amount of Cs. This sorption is likely
controlled by pH-dependent negative charges, such as phe-
nolic hydroxyl or carboxyl groups on these samples. In con-
trast, samples containing clay minerals showed much higher
Cs sorption. Sorption experiments for mixtures of cedar nee-
dles and A horizon samples revealed that the proportion of
Cs sorption drastically increased with even small incorpora-
tion of clay minerals, particularly with lower Cs concentra-
tions. For the desorption experiments, a large part of sorbed
Cs was easily extracted by ultrapure water or ammonium
acetate, suggesting that the Cs sorbed by fresh plant residues
is relatively mobile. Although our experiments were simple
trials conducted in a laboratory setting and further studies
are needed before applying these results to the radiocesium
dynamics in the natural conditions of forests in Fukushima
(e.g., the chemical composition of the solution, biological
absorption of Cs), our results suggest that fresh plant resi-
dues can only work as temporary reservoirs of radiocesium
in the Oi horizon.

Appendix
See Tables 2 and 3.
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Table 2 Initial concentration of CsCl solution (C;) and Cs concentration of the filtrates (C,) for each contact time in Experiment A. For wattle

tannin, only 24 h shaking was conducted

Initial concen- Cs concentration of the filtrates (C,) (mol kg™h

tration of CsCl

solution (C,) Needles Wood Bark Cellulose Wattle tannin O horizon A horizon Vermiculite

(mol kg™!) powder sample sample

Contact time: 2 h

1.00 x 1077 74%x107% 82x10% 60x10% 79x1078 - 4.1%x1078 <03x1078 <03x1078

1.00 x 1076 76%x1077 82x1077 6.1x1077 7.8x1077 - 49 %1077 0.32x 1077 0.067 x 1077

1.00 x 1073 80x107% 86x10° 63x10° 82x107° - 52x107% 0.58 x 1076 0.10 x 1076

1.00 x 107# 8.1x107 85x107° 65x107° 8.0x107° - 55x%107° 1.4 %1070 0.22x 1073

1.00 x 1073 79%x10™* 84x107™* 69x107* 8.6x10™ - 6.1 x107* 5.1x107™ 0.55x 1074

Contact time: 24 h

1.00 x 1077 6.7x107% 80x10% 60x10% 72x1078 39x107%  38x1078 <03x1078 <03x1078

1.00 x 1076 6.7x1077 7.6x1077 6.1x1077 72x1077 35x1077  5.0x1077 0.20 x 1077 0.11 x 1077

1.00 x 1073 71x107° 80x107° 64x107° 7.4x107° 30x107°  52x%10°° 0.54 % 107° 0.12x 107°

1.00 x 107# 73%x107° 78x107° 6.4x107 75x%107° 38x107° 55x%x107° 12x107° 0.23 x 1073

1.00 x 1073 78x 107 83x107* 74x10™* 88x10™* 51x10™*  65%x107* 45x107* 0.43 x 107

Contact time: 48 h

1.00 x 1077 73x107% 8.1x107% 6.0x107° 7.6x107° - 3.9%x 1078 <03x1078 <03x1078

1.00 x 107° 75%x1077 80x1077 6.1x1077 7.6x 1077 - 5.0x 1077 0.19 x 1077 0.10 x 1077

1.00 x 1073 77%107° 81x10% 64x107° 7.6x107° - 53%x107° 0.44 x 107° 0.12x 107°

1.00 x 1074 79%107° 82x107° 6.6%x10™ 7.6x107° - 58x107° 1.1x107 0.24 x 1073

1.00 x 1073 78x 107 86x10™* 73x107* 8.6x10™ - 6.5x 107 43 %107 0.46 x 1074

Table 3 .Par.ameters for the Component Equation: log Q, =log K;+ 1/n log C,

Freundlich isotherm model

(Eq. 4) for each contact time Contact time: 2 h Contact time: 24 h Contact time: 48 h

for each sample in Experiment 5 5 5

A. Data that were lower than I/n log Ky r I/n log K; r I/n log K; r

gzg:g‘)oggr‘éa;‘gtﬁlfs";"?ofgts Needles 096 055 0999 094 059 1000 097 063  1.000

calculation Wood 098 047 0.999 098 0.6l 0.998 096 046 0.999
Bark 096 0.85 1.000 094 0.73 0999 094 0.73 0.999
Cellulose powder ~ 0.95  0.40 0.999 090 027 0994 094 042 0.996
Wattle tannin — - — 0.95 1.24 0.994 — — —
O horizon sample ~ 0.92  0.85 1.000 090 0.75 0999 090 0.71 1.000
Ahorizon sample ~ 0.65  0.23 0988 0.64 025 0.994  0.64 028 0.994
Vermiculite 076  1.54 0998 0.82 1.89 0998 081 183 0.999
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