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In this study, we have investigated the optimal structure of the extractant-impregnated adsorbent and the
repeatability of the proposed separation flowsheet to establish an efficient MA(III) separation process using extraction
chromatography. In the structural optimization of the extractant-impregnated adsorbent, we investigated the adsorption
and separation behavior of the adsorbent carrier (SiO2-P) by varying the styrene divinylbenzene copolymer coating rate
from 15% to 0.5%. From these experimental results, it was shown that TEHDGA impregnated adsorbent and HONTA
impregnated adsorbent exhibit good adsorption properties even when the Sty-DVB coating rate is reduced to 0.5%. On
the other hand, TEHDGA impregnated adsorbent showed good separation behavior even when Sty-DVB coverage was
reduced, while tailing was observed in the elution curve for HONTA impregnated adsorbent. From these results, it is
suggested that the optimum Sty-DVB coating rate should be determined for each extractant. In this work, we performed
a continuous column separation experiment using TEHDGA impregnated adsorbent packed columns with the proposed
separation flowsheet. These separation experimental results showed that TEHDGA impregnated adsorbent exhibited
good repetitive separation performance, and reproducible chromatograms were obtained. Furthermore, TEHDGA
impregnated adsorbent with 0.5% Sty-DVB coating was shown to be a suitable adsorbent for this system with less
Ln(III) contamination in the MA intermediate product.
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I. Introduction

Recovery of trivalent minor actinides (MA(III): Am, Cm)
from spent nuclear fuel is an important task for reducing the
volume and radiotoxicity of high level radioactive liquid
waste.) We have developing the extraction chromatography
technology to establish more efficient MA(III) recovery
processes than solvent extraction processes.”'? These
research results indicated that MA(III) is well separated by
extraction chromatography using a combination of N,N,N',N'
Tetra (2 Ethylhexyl) Diglycolamide (TEHDGA) 'D
impregnated  adsorbent and  N,N,N',N'\N"-hexaoctyl
nitrilotroacetamide (HONTA) 2 impregnated adsorbent from
high-level radioactive liquid waste. In these studies, we have
also investigated the optimization of the extractant
impregnation rate, particle size and pore size of the extractant
impregnated adsorbent carrier.'> 'Y Recently, we have been
investigating MA(IIl) separation from HLLW using the
extraction chromatography method by improving the
extractant impregnated adsorbent and developing a separation
flow sheet for a wide range of spent nuclear fuels.

We focused on optimizing coating rates of the organic
phase (styrene-divinylbenzene copolymer : Sty-DVB) on an
inorganic-organic composite carrier (SiO»-P) used in the
extractant-impregnated adsorbent. The conventional organic
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phase of SiO»-P has about 15 wt% coating rates, and it has not
been studied to optimize the coating rate. If the Sty-DVB
coating rate of SiO»-P could be reduced, it is expected to
reduce the load of secondary waste treatment, improve
economic efficiency, and reduce radioactive wastes Therefore,
TEHDGA and HONTA impregnated adsorbents were
synthesized using SiO»-P prepared with 0.5 wt% Sty-DVB
coating and their adsorption and separation properties were
investigated. In these experiments, the effect of the coating
rate of Sty-SVB on the adsorption and separation properties
for extractant-impregnated adsorbents was evaluated.
Moreover, we carried out continuous column separation
experiments using the separation flowsheet proposed on the
basis of our previous research results, and investigated the
effect of Sty-DVB coating rate of the extractant impregnated
adsorbent on the separation behaviors.

I1. Experimental

1. Preparation of Extractant Impregnated Adsorbents
The extractant impregnated adsorbent was obtained by
impregnating 20 wt% each of TEHDGA and HONTA
extractants on SiO,-P coated with 0.5 wt% of Sty-DVB
(cross-linking ratio : 15%) on porous SiO; particles. In this
work, conventional extractant impregnated adsorbent (Sty-
DVB coating rate : 15 wt%, extractant impregnation rate : 20
wt%) was also used as a comparison material. Detail
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procedure can be found in the reference.'> In this paper, the
adsorbent with 0.5 wt% coverage is referred to as L-type (L-
TEHDGA, L-HONTA) and the conventional adsorbent with
15 wt% coverage as E-Type (E-TEHDGA, E-HONTA).
Figure 1 shows structures of TEHDGA and HONTA
extractant, and Table 1 shows characteristics of E-type and L-
type adsorbents.

TEHDGA HONTA
Fig. 1 Structure of TEHDGA and HONTA extractant

Table 1 Characteristics of E-type and L-type adsorbents

Adsorbent E-type L-type
Particle diameter [pm] 50 100
Sty-DVB cross-linking rate [%] 15 15
Sty-DVB coating rate [wt%] 15 0.5
Impregnation rate [wt%] 20 20
Surface area [cm?/g] 472 7.8
Pore volume [cm?*/g] 2.5%10 4.1x10°

2. Evaluation of the Effect of Sty-DVB Coating Rate on

Adsorption Performance

In order to evaluate the effect of structural changes in SiO»-
P carriers on adsorption performance, batch adsorption
experiments were conducted. Table 2 shows conditions for
batch adsorption experiments. In the batch adsorption
experiments, each adsorbent and the test solution were placed
in a test tube and shaken based on this table. The test solutions
were prepared using a nitric acid solution at the specified
concentration to obtain 10 mM of Nd(III).

Table 2 Conditions for batch adsorption experiments

Condition item Setting conditions
Adsorbent TEHDGA |  HONTA
Nd(III) conc. [mM] 10
HNO; conc. [M] 102-10 | 1073 -1
Ads. : Sol. [g: cm3] 1:20
Contact time [min] 60
Shaking rate [rev-min™'] 160
Shaking width [mm] 40
Temperature [°C] 25

The concentration of Nd(III) in the aqueous phase before
and after the batch adsorption experiments was measured by
ICP-OES. Adsorption performance was evaluated by
distribution coefficient K, expressed by Ref. (1).

_ (Caq. clrI'Caq.) % 1
Caq. WR

where, Cyq. ool 1S the metal concentration in the initial solution
[mM], Caq. is the metal concentration after adsorption [mM],

K, )
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V is the volume of the test solution [cm?], and Wy is the dry
weight of the adsorbent [g].

3. Evaluation of the Effect of Sty-DVB Coating Rate on

Separation Performance

In this work, column separation experiments were
conducted to evaluate the effect of Sty-DVB coating rate of
the extractant impregnated adsorbent on separation
performance. Figure 2 shows schematic diagram of the
column experiment apparatus. For the column separation
experiments, glass columns of ¢ 10 mm x 4 200 mm were
packed with each of the E-type and L-type impregnated
adsorbents to a packing height of 150 mm.

@ Pyrex glass column (410X 4200 mm)
@ Pressure gauge

3 Pump

@) Fraction collector

®) Valve

® Tank 1

@ Tank 2

Tank 3

(@ Waste tank

Fig. 2 Schematic diagram of the column experiment apparatus

(1) Investigation of the Separation Behavior of TEHDGA
Adsorbent

Table 3 shows conditions for TEHDGA adsorbent column
experiments, and Table 4 shows metal ion concentration in
the simulated HLLW. Also, the nitric acid concentration of
the simulated HLLW was adjusted to 2.8 M.

Table 3 Conditions for TEHDGA adsorbent column experiments

Condition item Setting conditions
Column [mm] ¢ 10 x h 200
Filling height [mm] 150
Filling volume [cm’] 11.8
1 Test solution (24) Simulated HLLW
f\l,‘z)vlvu‘r’;gc[‘zcr;“f]‘; 2 Washing solution (72) 7 M HNO;
3 Eluent (60) Distilled water
Flow Rate [cm®-min™'] 3
Temperature [°C] 50

Table 4 Metal ion concentration in simulated HLLW

Metal ion Conc. [mM] Metal ion Conc. [mM]
Cr(1IT) 0.09 Sn(IV) 0.23
Mn(II) 2.50 Sb(I1I) 1.92
Fe(IIT) 1.78 Ba(Il) 2.98
Ni(II) 0.19 La(I1I) 1.80

Sr(11) 0.56 Ce(I1I) 2.02
Y(1ID) 0.34 Pr(I11) 1.05
Zr(IV) 4.04 Nd(III) 3.52
Mo(VI) 4.50 Sm(III) 0.87
Ru(IIT) 4.78 Eu(III) 0.15
Rh(IIT) 1.21 Gd(IID) 6.96
Pd(1D) 3.30
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In the column separation experiments for TEHDGA
adsorbent, the simulated HLLW, washing solution and eluent
were passed through the column, which was kept at 50°C,
using a double plunger pump at a flow rate of 3 cm?+min”', and
the liquid flowing out of the bottom of the column was
collected in 3 cm?® fractions using a fraction collector. The
metal ion concentration in each fraction was measured by
ICP-OES.

(2) Investigation of the Separation Behavior of HONTA
Adsorbent

Table 5 shows conditions for HONTA adsorbent column
experiments, and Table 6 shows metal ion concentration in
the simulated MA(III) intermediate product. Also, the nitric
acid concentration of the MA(III) intermediate product was
adjusted to 0.2 M. In the column separation experiments for
HONTA adsorbent, the simulated MA(II) intermediate
product, washing solution and eluent were passed through the
column, which was kept at 25°C, using a double plunger pump
at a flow rate of 1 cm*-min”', and the liquid flowing out of the
bottom of the column was collected in 3cm® fractions using a
fraction collector. In this experiment, fractions collected from
L-TEHDGA adsorbent column experiment eluent were used
as the simulated MA(III) intermediate product.

Table 5 Conditions for HONTA adsorbent column experiments

Condition item Setting conditions

$10 % 200
150

Column [mm]

Filling height [mm)]

Filling volume [cm?]

11.8

Flow procedure

1 Test solution (12)

Simulated MA(III)
intermediate product
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II1. Results and Discussion

1. Evaluation of the Effect of Sty-DVB Coating Rate on
Adsorption Performance

In order to investigate the effect of Sty-DVB coating rate
on the adsorption behavior of the extractant-impregnated
adsorbent, batch adsorption experiments were conducted for
Nd(III). Figure 3 shows dependence of Nd(III) distribution
coefficients on nitric acid concentration for E-TEHDGA and
L-TEHDGA adsorben In this experiment, the distribution
coefficient was calculated from the average of two
experiments. As shown in Fig. 3, the distribution coefficient
increased with the increase in nitric acid concentration for
each TEHDGA adsorbent. TEHDGA is a neutral molecule,
and the reaction for extracting trivalent metal ions from a
nitric acid solution is estimated to proceed as follows?:

M3" + 3NO; + 3TEHDGA = M(NO3);(TEHDGA);

In addition, it was confirmed that the distribution
coefficient of L-TEHDGA decreased more than that of E-
TEHDGA at 10 M nitric acid concentration. Therefore,
TEHDGA adsorbent has good adsorption performance for
Nd(IIT) even when Sty-DVB coating rate is reduced to 0.5%.
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Table 6 Metal ion concentration in simulated MA(III) intermediate
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Fig. 3 Dependence of Nd(III) distribution coefficients on nitric acid
concentration for TEHDGA adsorbents

-1
‘g

3

15

0

10°

4

.
10°

.
107

.
10"

g (m] (m]

iv 10 f o o° ]
o o

2

2 a

8

ER o ]
E O E-HONTA

s O L-HONTA

a o O

g

10

0

product

Metal ion Conc. [mM] Metal ion Conc. [mM]
Y1) 0.09 Pr(I1D) 4.50
Zr(IV) 2.50 Nd(IID) 4.78
Mo(VT) 1.78 Sm(TIT) 121
Sb(II) 0.19 Eu(IIl) 330
La(I1I) 0.56 Gd(I11) 0.23
Ce(II) 0.34

(3) Investigation of Adsorption-clution Stability of L-

TEHDGA Adsorbent

In this study, we conducted repeatedly column experiments
to examine adsorption-elution stability of L-TEHDGA
adsorbent with changes in Sty-DVB coating rate. In this
experiment, column experiments were conducted 10 cycles
using L-TEHDGA adsorbent packed column based on the
conditions in Table 3, and the stability of TEHDGA adsorbent
was evaluated based on the chromatograms and recovery rates
of metal ions for each cycle.

Nitric acid concentration / M

Fig. 4 Dependence of Nd(III) distribution coefficients on nitric acid
concentration for HONTA adsorbents

Figure 4 shows dependence of Nd(III) distribution
coefficients on nitric acid concentration for EEHONTA and L-
HONTA adsorbent. From Fig. 4, HONTA adsorbent showed
similar adsorption behavior on any of the carriers, and the
adsorption distribution coefficient decreased with increasing
nitric acid concentration. However, in this experiment,
HONTA extractant detached from L-HONTA adsorbent was
observed on surface of aqueous phase in a high concentration
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of nitric acid. On the other hand, detachment of HONTA
extractant from E-HONTA was not observed. It was
suggested that there was a concern that HONTA extractant
might detach from HONTA adsorbent when the coating rate
of Sty-DVB decreased.

From these results, it was considered that the coating rate
of Sty-DVB on SiO,-P should be optimized depending on
extractant types.

2. Investigation of the Separation Behavior of TEHDGA
Adsorbent
Figure 5 shows the results of a separation experiment for
simulated HLLW using E-TEHDGA adsorbent packed
column. Table 7 shows recovery rate for each metal ion using
E-TEHDGA adsorbent, and the recovery rate in “D” section,
which is MA(III) intermediate product in brackets.
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Fig.5 Results of separation experiments using E-TEHDGA
absorbent column

Table 7 Recovery rate for each metal ion using E-TEHDGA
adsorbent (recovery rate of “D” section in brackets)

Metal ion Recovery [%] Metal ion Recovery [%]
Cr(I1I) 72.0 (0) Sn(IV) 88.6 (1.33)
Mn(II) 100 (0) Sb(I1I) 5.6(3.1)
Fe(III) 99.6 (0) Ba(Il) 100 (0.01)
Ni(11) 97.7 (0.71) La(III) 97.1 (93.9)
Sr(IT) 96.9 (1.92) Ce(IID) 97.4 (97.4)
Y (I11) 97.3 (97.3) Pr(III) 100 (100)
Zr(1V) 1.1 (0.72) Nd(IIT) 94.7 (94.7)

Mo(VI) 98.8 (0.76) Sm(11I) 100 (100)
Ru(IIT) 100 (0.12) Eu(lIl) 100 (100)
Rh(IIT) 100 (0.44) Gd(IID) 95.3(95.3)
Pd(11) 98.5 (0)

As shown Fig. 5, the elution peaks of Sr(II) and Pd(IT) were
detected after passing through the washing solution, and the
sharp elution peak of Ln(Ill) was detected after passing
through the eluent. Therefore, it was confirmed that the
simulated HLLW was successfully partitioned into Ln(III)
group and other FPs using E-TEHDGA packed column. It is
assumed that MA(III) will be eluted with Ln(Ill) in “D”
section in the eluent, and this recovered solution will be
MA(III) intermediate product.

On the other hand, it was found that Zr(IV) and Sb(IIl) were
not eluted and accumulated into E-TEHDGA adsorbent.
However, it has been confirmed that Zr(IV) and Sb(IlI) are
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able to be eluted using EDTA solution, so it is expected that
this will not influence repeatedly use of the column.

Figure 6 shows the results of a separation experiment for
simulated HLLW using L-TEHDGA adsorbent packed
column. Table 8 shows recovery rate for each metal ion using
L-TEHDGA adsorbent, and the recovery rate in “D” section.
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Fig. 6 Results of separation experiments using L-TEHDGA
absorbent column

Table 8 Recovery rate for each metal ion using L-TEHDGA
adsorbent (recovery rate of “D” section in brackets)

Metal ion Recovery [%)] Metal ion Recovery [%)]
Cr(1II) 20.0 (0) Sn(IV) 53.1(0)
Mn(II) 99.7 (0) Sb(I1I) 52.3(52.2)
Fe(1II) 100 (0) Ba(II) 96.96 (0)
Ni(II) 79.5 (0) La(I1I) 100 (100)
Sr(I) 100 (2.14) Ce(III) 96.7 (96.7)
Y(III) 85.0 (85.0) Pr(III) 100 (100)
Zr(1V) 45.8 (45.6) Nd(I1II) 100 (100)
Mo(VI) 100 (3) Sm(11I) 100 (100)
Ru(I1I) 100 (0) Eu(III) 87.9 (87.9)
Rh(11I) 100 (0) Gd(I1I) 99.5(99.5)
Pd(II) 100 (1.41)

From this experimental result, it was shown that the
simulated HLLW was successfully partitioned into Ln(III)
group and other FPs using the L-TEHDGA packed column in
the same way as E-TEHDGA packed column. On the other
hand, it was observed that L-TEHDGA had longer tailing of
Sr(IT) than E-TEHDGA. In addition, Zr(IV) and Sb(III)
showed elution peaks after the eluent had passed through, and
they were contaminated in MA(III) intermediate product.
These results are considered to be due to low Sty-DVB
coating rate of L-TEHDGA, which caused the extractant to be
impregnated in multiple layers locally, and it took time for the
solution to diffuse.

3. Investigation of the Separation Behavior of HONTA

Adsorbent

In this work, we conducted separation experiments using
HONTA-packed column for “D” section solutions collected
in L-TEHDGA column experiment (Fig. 6).

Figure 7 shows separation results for simulated MA(III)
intermediate products using E-HONTA adsorbent packed
column. Table 9 shows recovery rate for each metal ion using
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E-HONTA adsorbent, and the recovery rate in “D” section,
which is MA(III) product in brackets. We expect that MA(III)
will be eluted in section “D” where the eluent is passed
through the column.
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Fig. 7 Results of separation experiments using E-HONTA

absorbent column

Table 9 Recovery rate for each metal ion using E-HONTA
adsorbent (recovery rate of “D” section in brackets)

Metal ion Recovery [%] Metal ion Recovery [%]

Y(III) 75.11 (0) Pr(III) 100 (0)
Zr(1V) 0.12 (0) Nd(I1I) 100 (0)
Mo(VI) 0(0) Sm(I1I) 99.98 (0)
Sb(I1I) 2.03 (0) Eu(I1II) 90.52 (0)
La(I1I) 100 (0) Gd(I1T) 100 (0.2)
Ce(III) 100 (0)

From Fig. 7, it was confirmed that the elution peak of Y(III)
and Ln(IIl) appeared after the washing solution was passed
through the column. This result indicated the possibility of
MA(III) and Ln(IIl) separation. On the other hand, it was
found that Zr(IV), Mo(VI) and Sb(III) were hardly eluted and
accumulated into E-HONTA adsorbent. For this reason, it is
necessary to remove these elements from MA(III)
intermediate product in advance, or to recover them after
passing through the eluent.
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Fig. 8 Results of separation experiments using L-HONTA
absorbent column

Figure 8 shows separation results for simulated MA(III)
intermediate products using L-HONTA adsorbent packed
column. Table 10 shows recovery rate for each metal ion

T. ARAI et al.

using L-HONTA adsorbent, and the recovery rate in “D”
section. From Fig. 8, elution curves of Y(III) and Ln(III) by
L-HONTA adsorbent packed column showed longer tailing
than E-HONTA adsorbent. This is expected to improve due to
a reduction in flow rate, but it might also cause a decrease in
separation efficiency. In addition, it was confirmed that part
of Ln(III) was contaminated into MA(III) products.

From these results, it was considered that the separation
behavior of HONTA adsorbent is affected by Sty-DVB
coating rate.

Table 10 Recovery rate for each metal ion using L-HONTA
adsorbent (recovery rate of “D” section in brackets)

Metal ion Recovery [%] Metal ion Recovery [%]

Y(III) 84.29 (0) Pr(III) 100 (3.92)
Zr(1V) 0(0) Nd(I1I) 100 (9.86)
Mo(VI) 0(0) Sm(I1I) 100 (4.74)
Sb(11I) 0(0) Eu(III) 73.38 (0)
La(I1I) 100 (0) Gd(I1T) 100 (3.2)
Ce(1II) 100 (0.38)

4. Investigation of Adsorption-elution Stability of L-

TEHDGA Adsorbent

In this study, we tried to evaluate adsorption-elution
stability of L-TEHDGA adsorbent with repeated column
separation experiments. Figure 9 shows separation
experiment results of simulated HLLW repeatedly using L-
TEHDGA packed columns (1%, 5" and 10" cycles). Table 11
shows recovery rates of metal ions in each cycle using L-
TEHDGA adsorbent, and the recovery rate in “D” section.
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Fig. 9 Separation experiment results of simulated HLLW
repeatedly using L-TEHDGA adsorbent packed columns

From Fig. 9, it was indicated that Sr(II) elution peak has
tailing, and there was a difference depending on the cycle. The
elution peaks of Zr(IV) and Sb(IIl) appeared immediately
after the eluent was passed through the column, and the
elution peak of Ln(IIl) appeared after a slight delay. In
addition, the recovery rate of Ln(Ill) in the MA(II)
intermediate product was almost 100% for all Ln(IIT) up to
the 5th cycle, but in the 10th cycle, La(Ill) was approximately
73% and other Ln(IIl) was approximately 85%. From these
experimental results, the chromatograms for each cycle
showed good reproducibility, and it was indicated that the L-
TEHDGA adsorbent is reusable. However, there was concern
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that Zr(IV) and Sb(IIl) might be mixed into the MA(III)
intermediate product in the 1st cycle, and it is necessary to
investigate methods for removing Zr(IV) and Sb(IIl) in the
future. In addition, since the overall recovery rate is
approximately 90 %, it is necessary to further improve the
adsorbent and examine the elution conditions in detail.

Table 11 Recovery rates of metal ions in each cycle using L-

TEHDGA adsorbent (recovery rate of “D” section in brackets)

Metal ion Ist Sth 10th overall
Cr(IIT) 20.0 (0) 25.4(0) 15.5(0) 17.9
Mn(1I) 99.7 (0) 100 (0) 95.7 (0) 99.4
Fe(I1I) 100 (0) 100 (0) 96.5 (0) 100
Ni(II) 79.5 (0) 86.3 (0) 71.7 (0) 78.1
Sr(ID) 100 (2.1) 68.0 (0.4) 100 (15.6) 99.8
Y/(IIT) 85.0(85.0) | 89.6(89.6) | 88.7(88.7) 81.4
Zr(1V) 45.8 (45.6) | 95.6(95.6) | 98.0(98.0) 92.1
Mo(VI) 100 (3) 100 (8.24) | 99.7 (6.75) 100
Ru(I1T) 100 (0) 100 (0) 99 (0) 100
Rh(IIT) 100 (0) 100 (0) 98.4 (0) 100
Pd(IT) 100 (1.41) 100 (1.45) 100 (1.07) 100
Ag(D) 100 (100) 100 (100) 100 (100) 100
Sn(IV) 53.1(0) 59.5(0) 68.8(4.7) 53.6
Sb(I1I) 52.3(52.3) 100 (100) 100 (100) 99.9
Ba(Il) 97.0 (0) 100 (0.05) | 94.8 (0.08) 98.3
La(I1I) 100 (100) 99.9 (98.4) | 85.9(72.9) 90.8
Ce(III) 96.7 (96.7) | 99.0(99.0) | 88.8(85.2) 89.3
Pr(I11) 100 (100) 100 (100) 87.0 (86.2) 91.9
Nd(II1) 100 (100) 100 (100) 90.4 (90.2) 94.3
Sm(III) 100 (100) 100 (100) 89.6 (89.6) 94.5
Eu(III) 87.9(87.9) | 93.7(93.7) | 81.1(81.1) 82.6
Gd(I1T) 99.5(99.5) 100 (100) 99.8 (99.8) 98.4

IV. Conclusion

In this work, TEHDGA and HONTA adsorbents were
synthesized using SiO,-P prepared with Sty-DVB at coating
rates of 0.5 wt%, and their adsorption characteristics and
separation performance were evaluated. It was considered that
TEHDGA adsorbent has good adsorption performance for
Nd(III) even when Sty-DVB coating rate is reduced to 0.5
wt%. In addition, it was confirmed that L-TEHDGA
adsorbent exhibits separation behavior similar to that of E-
TEHDGA adsorbent. On the other hand, it was found that
separation behavior of HONTA adsorbent is affected by Sty-
DVB coating rate. Moreover, chromatograms for each cycle
showed good reproducibility, and overall recovery rate was
generally 90 % or more, which showed that L-TEHDGA
adsorbent is reusable and has stable adsorption-elution
performance.
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