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Abstract To determine the adsorption breakthrough
curves of carbonized rice hull and beech sawdust, which
were selected as candidate natural materials for Cesium (Cs)
adsorption in our previous study, fixed-bed adsorption
experiments were conducted. These experiments were
performed using a glass column with a continuous flow
system and a variable packed-bed height of the above
materials. For carbonized rice hull, the breakthrough point
appeared relatively early, although a long adsorption time
was required to reach the end point. In addition, for beech
sawdust, the maximum Cs concentration at the column outlet
was approximately 1.2 times that at the inlet. Regarding the
Cs mass balance in the packed-bed layer, the amount of Cs
adsorbed per unit weight of adsorbent was greater for
carbonized rice hull than for beech sawdust. Furthermore,
the adsorption ratio in the packed-bed was higher for beech
sawdust than for carbonized rice hull. However, following
estimation of the length of the adsorption zone formed in the
packed bed using the model formula commonly employed in
the design of the fixed-bed adsorption apparatus, it was not
possible to calculate the real length of the adsorption zone.

Keywords  Cesium, Carbonized Rice Hull, Beech

Sawdust, Fixed-bed Layer, Breakthrough Curve

1. Introduction

The March 2011 release of radioactive materials from the
Fukushima Daiichi Nuclear Power Plant as a result of the
Great East Japan Earthquake (also known as the 2011
Tohoku earthquake) caused widespread damage to the
surrounding environment. Following the accident, many
countermeasures were taken immediately to minimize the
contamination of residential areas within and beyond the
Fukushima prefecture.

For example, at the power plant and its surroundings,

methods employing zeolites [1] or insoluble synthetic
ferrocyanide fibers [2] were employed for the
decontamination of high concentrations of radioactive
Cesium (Cs). In addition, the use of thiourea-containing
sulfuric acid solutions [3], improved wet classification and
used of geomaterials [4], and the use of photosynthetic
bacteria [5-6] have been being investigated as potential
decontamination methods for the treatment of radioactive
Cs-contaminated soil.

One of the main concerns regarding the release of
radioactive Cs is that it can easily diffuse into wider areas,
such as forests, and can be deposited in mountain streams
and irrigation ponds through the actions of the wind and
rain. To address such issues, the author previously
examined the potential of natural materials, which are
readily available in agricultural areas, for use as Cs
adsorbents in mountain streams and reservoirs [7]. More
specifically, the examination of five different natural
materials indicated that carbonized rice hull and beech
sawdust were the most promising adsorbents, and batch
adsorption experiments revealed that the adsorption
isotherms of these two natural materials fitted well with the
Freundlich adsorption isotherm.

Thus, to determine the adsorption characteristics of
carbonized rice hull and beech sawdust, the author reports
the use of fixed-bed adsorption experiments based on the
findings obtained in previous batch Cs adsorption
experiments. The author will also attempt to estimate the
length of the adsorption zone in the fixed-bed layer by the
existing model equation to theoretically describe the curves
obtained in these experiments.

2. Materials and Methods

2.1. Materials

Carbonized rice hull (commercially available) and beech
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sawdust (from the Yamagata prefecture) were selected as
the natural materials of interest based on their previous
identification as candidate materials for Cs adsorption [7].
The physical properties of these materials were reported in
our previous study [7]. Minimal screening was carried out
on the carbonized rice hull and beech sawdust samples to
minimize the number of steps required during their potential
utilization in the field. The pH values of the two materials
in aqueous solution were measured using a 1:2.5 mass ratio
of the natural material to distilled water [8]. Carbonized rice
hull gave a solution pH of 7.25, while beech sawdust gave a
pH of 6.42. Prior to carrying out any further experiments,
each material was pretreated using a previously described
procedure [7].

2.2. Fixed-bed Adsorption Experiments

To obtain breakthrough curves for each natural adsorbent,
fixed-bed adsorption experiments were performed using a
glass column (height: 50 cm, diameter: ¢ 2 cm) and a
continuous flow system. A schematic representation of the
apparatus is provided in Figure 1, and the experimental
conditions employed are listed in Table 1. The experiment
was performed under variable packed-bed heights and at a
constant Cs solution flow speed (i.e., 20 mL min™' for
carbonized rice hull and 40 mL min™' for beech sawdust,
Table 1). The obtained breakthrough curves were then
employed to determine the relationship between the
packed-bed height and the Cs adsorption processes under a
constant Cs solution flow speed.

Upon flowing the Cs solution through the column, the
eluted solution was collected at the outlet at every 10
minutes in the first half of the experiment and at every 30
minutes in the latter half. The sample solutions were then
filtered through membrane filters (pore size: ¢ 0.45 um,
Whatman Inc., USA), and the Cs concentrations in the
filtrates were determined using ion chromatography
(IC-2010, Tosoh Corp., Japan). A standard Cs solution
(Wako Pure Chemical Industries, Ltd., Japan) was used as
the feed solution for the packed bed.
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2.3. Calculation of the Adsorption Zone in the Packed
Bed Layer

Breakthrough curves can either by studied by numerical
analysis or using the approximate solutions method [9].
However, if specific measurements are available for a
breakthrough curve, it is possible to analyze the result using a
simple approximate expression or a somewhat stricter
numerical solution [9]. In the case of this study, the results
obtained from the breakthrough experiments are discussed in
the context of the existing model equation (see Eq. (1) below)
for the design of fixed-bed adsorption apparatus to ultimately
determine the optimal length of the fixed-bed adsorption
zone.

Michaels [10] proposed that a mass transfer zone known
as the adsorption zone is formed by ion exchange in the
fixed adsorption layer. This phenomenon assumes that the
adsorbate (a single component) present in the fluid supplied
to the fixed-bed at a constant concentration, constant
temperature, and constant flow rate moves towards the exit
through a specific length of mass transfer zone, which is
formed after a certain process time.

When only one component is adsorbed, the mass balance
equation within the adsorption zone can be defined as
follows [11]:

Cone. at inlet: C,

Flow speed
Glass column
(L:50 cm, ¢:2 cm)

Peristaltic pump

Solution Packed-bed height

T

4

Cone. at outlet: C

Flow volume

Figure 1. Schematic representation of the apparatus employed for the
fixed-bed adsorption experiments.

Conditions employed for the fixed-bed adsorption experiments

Table 1.
Filled |Height of fixed| Solution Initial Cs
adsorbent | adsorbent bed | flow speed | concentration
©) (cm) (mLmin) | (mgL?)
Carbonized rice
hull 5 9
8 13 20 10
10 17

Filled | 19T 1 soition | nitial Cs
fixed -
adsorbent flow speed | concentration
adsorbent bed - 1
(9) (mL min™") (mgL?h
(cm)
Beech
sawdust 10 15
15 20 40 10
20 26
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u(oc/ oz), +s, (ockt), + p, (dg/et), =0 (1)

where u is the solution flow rate (m hr'%), c is the solution
concentration (kg m ), q is the degree of adsorption (kg
kg ™), t is the elapsed time (h), z is the height of the packed
layer (m), py is the apparent density of the packed layer (kg
m3), and &, is the void ratio (-).

In this case, Eq. (2) can be substituted into Eq. (1) in
place of t to change the time reference from the column

inlet to the column outlet. In this case, sbz/u the time

required to fill the voids between the particles with the
incoming solution [12]:

O=t-g M )
Therefore, Eq. (1) can be replaced by Eq. (3):
u(oc/oz), + p,(0q/06), =0 3

In addition, the rate of movement of the adsorption zone,
V,, Can be represented by Eq. (4):

v, = (@z/dt), =—(oc/ ot), I (6c/oz), (4

Assuming that the shape of the adsorption zone remains
constant and that movement takes place at a constant rate, v,
is independent of the concentration ¢, and so {8g/oc) _
must be constant:

(6q/ac) =A .q=Ac+A, (5)

where, A;, A, are constant. This equation therefore satisfies
the following boundary conditions:

c=0;0=0;c=cy,;q=0, (6)
As such, Eq. (5) can be substituted to give Eq. (7):
a=(0/¢)c W

The rate of movement, v,, of the adsorption zone can then
be calculated through a combination of Egs. (4) and (6) to
give Eq. (8):

v, =ul(g,+p,(dy/c)) = uc, / p,d, ®)

Where ¢, << p,0, / C, The adsorption zone can therefore
be defined according to Eq. (9) [11]:

Z,=V, (tE _tB):(UCO/pbqO)(tE _tB) ©)

where tg is the breakthrough points and t is the end points in
the breakthrough curve.

In this case, as the values of v,, u, ¢y, oy, and g, and the
difference between tg and tg were obtained experimentally,
the adsorption zone, Z, could be estimated by substituting
the measured values directly into Eq. (9).
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3. Results and Discussion

3.1. Fixed-Bed Adsorption Experiments

The results of the fixed-bed adsorption experiments (i.e.,
the breakthrough experiments) are shown in Figure 2, where
the ratio of the Cs concentration at the column outlet (C) to
that at the inlet (Cy), i.e., C/Cy, is plotted against the time
elapsed since commencing the solution flow through the
column at the desired rate. The origin of the x-axis (i.e., the
elapsed time) is set at C/Cy = 0.5, and the negative values
indicate the time elapsed prior to this point. Figure 2 also
indicates the value of C/C, (in addition to Cg and Cg) at the
breakthrough points (tg) and end points (tg) of the
breakthrough curves. In this case, Cg is defined as the Cs
concentration at the column outlet when C/C, = 0.05, while
Ce is the Cs concentration when C/C, = 0.95. However, in
the case of the carbonized rice hull, Cg is the Cs
concentration at the end of the experiment.

As shown in Figure 2, the various trajectories of the
breakthrough curves obtained under a range of conditions
were similar for each natural material but differed
significantly between the two materials. In the case of
carbonized rice hull, an increase in Cs concentration in the
column outlet solution was observed for all packed-bed
heights examined (Figure 2(a)). In addition, for a
packed-bed height of 17 cm, the breakthrough point, tg, was
reached within 0.1 h, while for bed heights of 9 and 13 cm,
negative values of tg were observed (see Table 2). Moreover,
the increase in C/C, values of the breakthrough curves
began to slow beyond C/C, = 0.5 (Figure 2(a)), and the end
point, tg, was reached between 4.9 and 7.7 h.

In contrast, the breakthrough curves of beech sawdust
were typically sigmoidal (Figure 2(b)), and the slope of the
curve increased gradually upon commencing the experiment.
In addition, the Cs concentration at the column outlet in the
final stage was approximately 1.1-1.2 times that of the inlet
concentration at equilibrium, i.e.,, C/C, was greater than
unity. Furthermore, the breakthrough point, tg, was reached
between 0.2 and 0.5 h. The trends obtained from these
results were similar to the results of experiments that were
conducted with the same bed layer height and various Cs
flow speeds [12].

These results thereby indicate that the breakthrough
curves of carbonized rice hull were asymmetrical at the
origin, indicating that the breakthrough point appeared
relatively early, while a long adsorption time was required
to reach the end point. In contrast, the breakthrough curves
of beech sawdust indicated that the Cs concentration at the
outlet (C) exceeded that at the inlet (Co) prior to reaching
the equilibrium state.
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Table 2. Times at the breakthrough points and end points of the experiments
Carbonized rice hull Beech sawdust
Packed bed layer height (cm) 9 13 17 15 20 26
ts: Elapsed time at breakthrough point (h) -1.0x10? —2.0x10? 0.1 0.2 0.3 0.6
te: Elapsed time at end point (h) 4.9* 6.5* 7.7* 1.2 0.9 1.7
te—p: Elapsed time between Cg and Cg (h) 4.9 6.5 7.6 1.0 0.6 11

* Indicates the time at the end of the experiment for carbonized rice hull

1.2
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Figure 2. Breakthrough curves for (a) carbonized rice hull with a Cs solution flow speed of 20 mL min™ and (b) beech sawdust with a Cs solution flow

speed of 40 mL min* with variable packed-bed heights.

Table 3. Cs mass balances in the packed-bed layers and Cs adsorption ratios during the experiments
Carbonized rice hull Beech sawdust

Packed bed layer height (cm) 9 13 17 15 20 26
Total inflow of Cs (mg) 58.4 78.5 90.7 23.8 16.0 26.8
Total outflow of Cs (mg) 44.2 56.8 58.9 12.6 7.5 12.4
Total adsorbed Cs in column (mg) 14.2 21.6 31.8 11.2 8.5 14.4
Adsorbed Cs per unit weight of material (mg) 2.8 2.7 3.2 11 0.6 0.7
Cs adsorption ratio in column (%) 24.4 27.6 35.1 47.2 53.2 53.6

3.2. Mass Balance in the Packed-Bed Layer

Based on the results of the fixed-bed adsorption
experiments, the Cs mass balance and Cs adsorption ratio
inside the packed-bed layers were determined as shown in
Table 3. From these results, it was apparent that the quantity
of Cs adsorbed per unit weight of adsorbent was greater for
carbonized rice hull than for beech sawdust (Table 3). It
should be noted here that the pH of the adsorption solution
can have a significant influence on the adsorption process
itself [13]. For example, the binding of metal ions by
surface functional groups has been reported to be pH
dependent [14]. In this case, the pH of the carbonized rice
hull solution (i.e., pH 7.25) was higher than that of the
beech sawdust solution (i.e., pH 6.42), which may partly
account for the variation in adsorption quantities between
these two materials. However, with a constant solution flow
speed no significant trend was observed in the relationship
between the Cs adsorption per unit weight and the

packed-bed height for either material (Table 3).

The author also found that the adsorption rate was higher
for the carbonized rice hull packed-bed (i.e., 24.4-35.1%)
than for the beech sawdust bed (i.e., 47.2-53.6%). This
result for beech sawdust is similar to that obtained in our
previous adsorption experiments using the batch method [7],
where an adsorption rate of 45% was obtained. However,
the adsorption ratio for carbonized rice hull obtained using
the batch method was ~90%, which is significantly greater
than that obtained in this study. In addition, the combination
of our previously estimated adsorption rate [7] with the
shape of the carbonized rice hull breakthrough curve
obtained herein suggests that the adsorption rate of the
carbonized rice hull is extremely slow. In this column-based
adsorption experiment, Cs flows from the outlet after a
single contact with the adsorbent. However, the author
considered that the adsorption ratio become higher than that
of the column method since the batch method repeated
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contact between Cs and the natural adsorbent.

Based on the above assumptions, in the case of
carbonized rice hull, it was expected that a reduction in the
solution flow rate through the column would prolong the
contact time between the solution and the adsorbent,
thereby increasing the quantity of Cs adsorbed. As such, it
could be proposed that the selection of a sufficiently low
flow rate would allow a comparable adsorption rate to be
obtained for the column system to that obtained in the batch
experiments.

3.3. Estimation the Length of the Adsorption Zone

The author then attempted to theoretically explain the
breakthrough curves obtained in the fixed adsorption layer
experiments using carbonized rice hull and beech sawdust
through the commonly used model for the design of
fixed-bed adsorption apparatus [10-11].

Thus, using the data obtained from the fixed-bed
adsorption experiments carried out under a range of
conditions, the length of the adsorption zone formed in the
fixed-bed, Z,, was estimated. During continuous feeding of
the solution into the column, the adsorption zone moves
downwards at a significantly slower speed than the solution
flow speed [11]. When the lower end of the adsorption zone
reaches the lower part of the fixed-bed layer, the adsorbate
present in the solution appears at the outlet, and the
concentration C reaches C,. Thus, the parameters and
calculated values applied to Eq. (9) to determine the lengths
of the adsorption zones for the various bed heights are
shown in Table 4. In the case of carbonized rice hull, the
adsorption zone Z, was 29.1 cm with a packed bed height of
9 cm, 33.1 cm with a packed bed height of 13 cm, and 39.8
cm for a packed bed height of 17 cm. In contrast, in the case
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of beech sawdust, Z, was 77.5 cm with a packed bed height
of 15 cm, 77.0 cm for a packed bed height of 20 cm, and
74.0 cm for a packed bed height of 26 cm. These results
indicate that for carbonized rice hull, the length of the
adsorption zone increased with increasing packed-bed
height, with the opposite being true for beech sawdust. In
addition, these results imply that the adsorption zone is
beyond the height of the packed layer and protrudes out of
the column. However, these measured values are clearly not
realistic.

It can therefore be considered that this model equation
satisfies the assumption that the adsorption zone does not
change its shape and that it moves at a constant speed, V,.
However, the obtained results imply that this assumption
does not hold true in the fixed-bed adsorption experiments
carried out herein. Furthermore, in the case of beech
sawdust, it is also considered that these calculated results
are attributable to the fact that the column outlet
concentration becomes larger than the inlet concentration
(i.e., C>Cy) prior to reaching the equilibrium state. This
phenomenon for the beech sawdust, that is, is different from
the general breakthrough curve that indicated the outlet
concentration becomes equal to the inlet concentration as
the equilibrium state is approached.

It is therefore apparent from the above results that to
theoretically explain the breakthrough curves obtained
using carbonized rice hull and beech sawdust, the
construction of a novel model formula is required since the
provided model is not suitable to describe the adsorption in
these experiments. Additional experiments will be required
examine the effect of the solution flow rate and the Cs
concentration to discuss why there results for both materials
were differences. These experiments are currently being
considered and will be carried out in due course.

Table 4. Parameters and values for estimation of the adsorption zone lengths for the various experiments

Packed-bed 7 u v i N T

Material layer height a Co o Pb a B E E-B
(cm) (cm) (mh™) (kg m®) kgkg?) | (kgm™®) (mh™) (h) (h (h
9 29.1 3.8 1.0x1072 3.0x10° 187.2 5.9x1072 -1.0x10? 4.9 4.9
Cflg’ﬂl'flfd 13 33.1 38 10x107% | 4.0x10° 195.9 51x102 | —2.0x10? 6.5 6.5
17 39.8 3.8 1.0x1072 4.0x10°° 192.9 5.2x1072 0.1 7.7 7.6

15 775 7.6 1.0x1072 4.7x107* 212.2 7.8x107" 0.2 1.2 1
sSviZZ:t 20 77.0 7.6 10x10% | 25x10° 238.7 13 0.3 0.9 0.6
26 74.0 7.6 1.0x1072 4.6x107* 244.9 6.7x107" 0.6 1.7 1.1
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4. Conclusions

Fixed-bed layer adsorption experiments were conducted
to investigate the adsorption breakthrough curves of
carbonized rice hull and beech sawdust as natural
adsorbents for the removal of Cs from solution. Based on
the results of the experiments performed using a continuous
flow system and a variable packed-bed height of these
natural materials, a number of conclusions could be drawn.
Firstly, the breakthrough curves of carbonized rice hull
were asymmetrical at the origin, indicating that the
breakthrough point appeared relatively early, while a long
adsorption time was required to reach the end point. In
contrast, the breakthrough curves of beech sawdust
indicated that the Cs concentration at the outlet exceeded
that of the inlet prior to equilibrium. In addition, the mass
balance of the packed-bed layer was estimated, and it was
found that the quantity of Cs adsorbed per unit weight of
adsorbent is greater for carbonized rice hull than for beech
sawdust. Furthermore, the adsorption ratio in the
packed-bed was higher for beech sawdust than for
carbonized rice hull. However, following estimation of the
length of the adsorption zone formed in the packed bed
using the model formula commonly employed in the design
of fixed-bed adsorption apparatus, it is not possible to
calculate the real length of the adsorption zone. The author
could therefore conclude that to generalize the Cs
adsorption phenomena of natural materials such as those
examined herein for application in the adsorption of
radioactive Cs from environmental water sources, additional
fixed-bed adsorption experiments to examine the effect of
the solution flow rate and the Cs concentration in solution
are required.
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