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Abstract A silica/polymer-based CA-BTP/SiO,—P adsor-
bent was prepared to separate minor actinides and some key
radionuclides from HLLW. The adsorption properties of
CA-BTP/SiO,—P toward Z3U(VI), **Pu(1V), >*' Am(III),
9()Tc(VII), 152Eu(HI), and some typical fission products were
studied. CA-BTP/SiO,—P stability against y-radiation was
also evaluated. It found CA-BTP/SiO,—P showed very poor
adsorption abilities toward U(VI) and most experimental
FPs, while CA-BTP/SiO,—P exhibited higher adsorption
abilities toward **'Am(II), ***Pu(IV), and *°Tc(VID) in
0.5-1 M HNOj; solution. Moreover, dry CA-BTP/SiO,—P
demonstrated no instability when the radiation dose was up
to 161 kGy. CA-BTP/SiO,-P adsorbent is a potential can-
didate for separating 2 Am(1ID), 2°Pu(IV), and **Tc(VID)
from HLLW.

Keywords Minor actinides - CA-BTP/SiO,—P - HLLW -
Fission products - Separation

Introduction

Minor actinides (MA: Np, Am, Cm, etc.), small amount of
residual plutonium, and long-lived fission products (FPs)
are the main contributors of long-term radioactivity of high
level liquid wastes (HLLW) produced from the PUREX
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spent fuel reprocessing process. Partitioning MA, Pu, and
long-lived FPs from HLLW and transmuting them into
short-lived or stable nuclides in a fast reactor or accelerator
driven system (ADS) is a key step in reducing the long-
term radiotoxicity of HLLW. Partitioning and transmuta-
tion could facilitate the long-term management of HLLW
and improve the public acceptance of civilian nuclear
energy [1, 2]. To enhance the transmutation efficiency of
MA, it is necessary to separate MA from lanthanides (Ln),
since several Ln are neutron absorbers with large capture
cross-sections [3].

However, MA(III) has the same trivalent state as well as
comparable and overlapping ionic radii as Ln(III), which
leads to their similar chemical properties and makes the
separation from Ln(IIl) difficult. Currently, two-step-sep-
aration processes are considered. First, Ln and MA are co-
separated from high acidity HLLW by means of the tra-
ditional O-donor extracting agents, e.g., CMPO [4],
TODGA [5], TRPO [6], and DIDPA [7] in the SETFICS,
TRUEX, TRPO, and DIDPA processes, etc. These adsor-
bents show good stabilities against nitric acid and radiation,
but poor selectivity between MA and Ln. Second, MA
could be selectively separated from Ln using the N- or S-
donor ligands in CYANEX 301 [8] and SANEX [9] pro-
cesses, etc.

A new kind of N-donor ligands, BTPs (BTP: 2,6-bis-
(5,6-dialkyl-1,2,4-triazin-3-yl)-pyridines), first used for
MA(II) separation from HLLW by Kolarik [10, 11], has
been studied widely due to its high extraction selectivity
for Am(III) over Eu(IIl). The separation factor SF /g, has
been obtained around 100 in a wide range of nitric acid
concentration ([HNOs]: 0.01-4 M, M = mol L_l). More-
over, the ligands contain only C, H, and N elements and
fulfill the CHON principle, allowing them to be completely
combustible into gaseous products after use. However,
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BTPs with simple n-alkyl ligand groups, e.g., n-propyl-
BTP and n-butyl-BTP, have low stability against nitric acid
and/or radiation. The instability is caused by the abstrac-
tion of hydrogen from the pseudo-benzylic position of the
triazine rings, followed by the forming of alcohols and
ketones and ultimately leading to the loss of alkyl chains
and decay of the extractants [9, 12]. To overcome the
drawback of instability, a series of modified BTPs has been
synthesized, such as isopropyl-BTP [9], isobutyl-BTP [13],
and isohexyl-BTP [14-17] with branched alkyl structures
or CyMey-BTP [9, 12] and Me,-CA-BTP [18] with cycle
structures, replacing the methyl groups and avoiding the
pseudo-benzylic hydrogen. They all show improvement on
performance in chemical and/or radiation stability.
CA-BTP (bis-2,6-(5,6,7,8-tetrahydro-5,9,9-trimethyl-
5,8-methano-1,2,4-benzotriazin-3-yl)pyridine) with side
cycle structures shown in Fig. la is one of the most
potential candidates for MA and Ln separation from
HLLW [12]. The extraction properties of CA-BTP toward
24 Am(IIT) and 'S?Eu(III) using liquid—liquid extraction
technology were studied by S. Trumm et al. [19]. The
study found that CA-BTP had good acid resistance, high
solubility in 1-octanol, good selectivity, and satisfactory
extraction kinetic. Considering that MA content in HLLW
is much less than those of U and Pu in the spent fuel, the
scale of the separation of MA from HLLW would be
considerably smaller than that of PUREX. Wei et al.
proposed a separation process for MA and other key
radionuclides from HLLW based on the extraction chro-
matography technology [20]. The extraction chromatog-
raphy technology consists of two main parts. First,
obtaining the basic adsorption and separation information,
such as the optimum nitric acid concentration for
adsorption and separation, the adsorption kinetic and
desorption kinetic, adsorption isotherm, thermodynamics,
and stability by means of batch adsorption experiments.
Second, the continuous chromatography separation pro-
cess which includes three principle steps, i.e., pre-equi-
libration step using the same media as the following
adsorption step, but without the target metal elements in
the solution, followed by the adsorption step using the

Fig. 1 a Chemical structure of
CA-BTP (bis-2,6-(5,6,7,8-
tetrahydro-5,9,9-trimethyl-5,8-
methano-1,2,4-benzotriazin-3-

CA-BTP/SiO,—P adsorbent |

yl)pyridine) b SEM image of AN
=
N

/Z

A\
z

@ Springer

media in which some elements will be adsorbed onto the
adsorbent in the column and the non-adsorbed elements
will just flow through as the solution, and the desorption
step in which the adsorbed elements will be washed down
from the column step by step using different eluents based
on their different affinities between the adsorbates and
adsorbent. Compared with the liquid-liquid extraction
method, the extraction chromatography process uses
almost no organic solution in the separation process and
hence avoids a large amount of secondary organic waste
accumulation. Due to the complexity of HLLW, more
than one chromatography column may be required for the
separation.

In this work, a new kind of CA-BTP/SiO,—P adsorbent
was synthesized by impregnating CA-BTP molecules into
macro-porous and stable silica/polymer-based support par-
ticles (SiO,—P) for the separation of MA and some key
radionuclides from simulated HLLW by extraction chro-
matography batch experiments. The adsorption properties of
CA-BTP/SiO,—P toward Z%U(VI), Z°Pu(IV), **' Am(II),
99TC(VII), 152Eu(III), and some typical FPs in a wide range
of HNO; concentration were evaluated. The adsorption
behavior of Y(III), Ln(IIT) in 1 M HNOj solution and the
adsorption kinetic of 24 Am(IID), 2Eu(Ill) were also eval-
uated. In addition, the stability of the dry CA-BTP/SiO,—P
adsorbent against y-radiation was investigated.

Experimental
Reagents

The chemical reagents Ln(NOj3)3;-nH,O (where Ln =Y,
La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb, and n = 5-6), Ho
(Ho,03), Tm (Tm,03), and FP nitrates (where
FP = Sr(Il), Zr(IV), Cs(I)) were of analytical grade.
Ru(III) nitrosyl nitrate solution was in diluted nitric acid
containing 1.5 wt% of Ru(Ill) with the density of
1.07 g mL™'. The radionuclides ***U(VID), **’Pu(IV),
24 Am(IID), °Te(VID), and >?Eu(Il) were obtained from
China Institute of Atomic Energy (CIAE). The purity of
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CA-BTP was 95 %. Other agents such as nitric acid and
dichloromethane were of analytical grade and used
without further treatment.

Synthesis and characterization of CA-BTP/SiO,-P
adsorbent

The silica/polymer-based composite support particles
(Si0,—P) with the pore size of 0.6 um, pore fraction of
0.69, and mean diameter of 60 pm have been developed in
previous works [20]. P refers to macroreticular styrene—
divinylbenzene copolymer (SDB) and is immobilized in
porous silica (SiO,) particles. The synthesis procedure of
CA-BTP/SiO,—P adsorbent was similar with that in [21].
First, the macro-porous SiO,—P particles were washed with
methanol three times and dried in vacuum at 40 °C over-
night. Second, 5 g of CA-BTP extractant was weighed,
placed in a flask, and dissolved in dichloromethane. Sub-
sequently, 10 g of SiO,—P particles was added to the
solution and the mixture was shaken vigorously for 1.5 h at
room temperature. Then, the mixture was still for 1 h.
Afterwards, the diluent was removed at 40 °C under
reduced pressure by a rotary evaporator to impregnate and
immobilize CA-BTP into the pores of SiO,—P particles.
Then, the mixture was dried in vacuum at 40 °C overnight.
Finally, the silica-based CA-BTP/SiO,—P adsorbent was
obtained.

The synthetic CA-BTP/SiO,—P adsorbent was charac-
terized by the high-resolution field emission scanning
electron microscope (SEM, FEI COMPANY Sirion 200)
and the SEM image is shown in Fig. 1b. Both SiO,-P
particles and CA-BTP/SiO,—P adsorbent composition were
analyzed by the thermal gravimetry and differential ther-
mal analysis (TG-DTA, Shimadzu DTG-60) and the
results are shown in Fig. 2. The TG-DTA curves of SiO,—
P shown in Fig. 2a indicate that the content of P in SiO,—P
was around 16.9 wt% and the thermal decomposition
began at about 260 °C, followed by an exothermic peak,
and sustained to about 530 °C. The TGA curves of CA-
BTP/SiO,—P adsorbent are presented in Fig. 2b, in which
the thermal decomposition of the CA-BTBP/SiO,—P
adsorbent began at about 260 °C and the decomposition
process sustained to 530 °C. The CA-BTP/SiO,—P adsor-
bent lost 43.3 wt% of its original weight when it was
heated up to 570 °C. According to results above, the mass
composition of CA-BTP/SiO,—P was determined to contain
31.8, 11.5, and 56.7 wt% of CA-BTP compound, SDB
polymer, and SiO,, respectively.

Batch adsorption experiments

The adsorption properties of CA-BTP/SiO,—P adsorbent
toward 2U(VD), >*Pu(1v), >*' Am(1ID), *Tc(VI), P2Eu(IID),
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Fig. 2 Performance of thermal decomposition a TG-DTA curves of
SiO,—P b TG-DTA curves of CA-BTP/SiO,-P adsorbent (atmo-
sphere: O,, heating rate: 1 °C min~")

and some typical FPs were evaluated by batch adsorption
experiments. A definite amount of adsorbent (e.g., 0.1 g) was
mixed in a volume (e.g., 5 mL) of aqueous solution in a glass
vial with a screw cap. The vial was shaken mechanically at
120 rpm in a water bath at 25 °C for a pre-determined time.
Then, the aqueous phase was filtrated through a membrane
filter with 0.25 pm mesh. The radioactivities of 24 Am(I1I)
and "?Eu(III) in the solution before and after adsorption were
determined by the high-purity germanium multichannel
gamma spectrometer (GEM70P-PLUS, ORTEC) and the
radioactivities of 99TC(VII) and 239Pu(IV) were measured by
Super Low Level Liquid Scintillation Analyzer (PE Tri-Carb
3170). The concentration of >**U(VI) was measured by the
UV spectrophotometer (Lab Tech UV1000/1100). The Cs(I)
concentration was determined by the atomic absorption
spectrophotometer (AAS, SP-3801). The concentrations of
the other FP elements were analyzed by the inductively
coupled plasma atomic emission spectroscopy (ICP-AES:
Shimadzu ICPS-7510). The distribution coefficient Ky
(mL g™ '), separation factor SF,p, and uptake rate were
calculated by Egs. (1), (2), and (3), respectively:
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Stability of CA-BTP/SiO-P against y-radiation 1 2 3 4 5

To investigate the stability of CA-BTP/SiO,—P adsorbent
against y radiation, dry CA-BTP/SiO,—P adsorbent was
packed in glass vials and irradiated by ®°Co-y source with
the radiation dose rate of 1 kGy h™'. After receiving the
predetermined radiation doses, the CA-BTP/SiO,—P
adsorbent was analyzed by the ultraviolet and visible
spectrophotometer (Shimadzu UV-3600) to check the
changes in structure and was used for the adsorption of
24 Am(I1) and ?Eu(IIl) in batch experiments to exam the
property changes in adsorption and selectvitity.

Results and discussion

Effect of nitric acid concentration on adsorption
and selectivity

The effect of initial nitric acid concentration on the
adsorption of CA-BTP/SiO,-P toward actinides, e.g.,
UV, 2Pu(1v), > Am(III), and typical FP, e.g., Sr(II),
Cs(I), Zr(IV), Ru(IIl), Y(II), Ln(III), as well as some trace
amount of radionuclides 152Eu(III) and 99Tc(VII) was
evaluated in 0.01-5 M HNOj; solution. The results are
shown in Fig. 3. This figure indicates that, within the
experimental range of HNOj; concentration, CA-BTP/
SiO,—P adsorbent showed poor or almost no adsorption
abilities toward Sr(II), Cs(I), Y(III), the experimental
Ln(I1D), 2%U(VI), and "?Eu(Ill) with K, values less than 5,
where the results of Sr(II), Cs(I), Y(IIT), **U(VI), and the
lighter Ln(IIT) were superimposed by Dy(III). For elements
Z9pu(1v), ' Am(III), *°Tc(VID), and Zr(IV), the adsorp-
tion behavior followed a similar pattern, in which Ky values
first increased with increasing nitric acid concentration up
to 0.5-1.0 M and then decreased with the further increase
of nitric acid concentration. The reason for this behavior
may be that CA-BTP/SiO,—P adsorption toward the above-
mentioned few metal ions requires HY or NO;~ partici-
pation, so, the adsorption increased with increasing nitric

@ Springer

Nitric acid concentration (M)

Fig. 3 Effect of initial nitric acid concentration on adsorption
(adsorbent: 0.1 g, solution: 5 mL, 241Am(llI) and 152Eu(lll) and
2Te(VID): 1000 Bq mL™', ZPu(IV): 50 Bq mL~", Z*U(VI): 1 mM,
the other metal ions: 1 mM, temperature: 25 + 1 °C, contact time:
24 h, speed: 120 rpm)

acid concentration. However, as the co-extraction of HNO;
by BTP reduced the free BTP available at elevated nitric
acid concentration, the adsorption decreased as the nitric
acid concentration further increased [22]. Also, considering
the complicated hydrolysis states of the metal ions in
solution when the nitric acid concentration changed, e.g.,
M(OH)?~" (where M = 2*°Pu(1V), Zr(IV), and i = 0, 1, 2,
3, 4, where i decreases as nitric acid increases and the ionic
radius of M(OH)?_i increases as i increases) [23, 24], only
one or two hydrolysis states might be favored by CA-BTP/
SiO,—P adsorbent. Similar results were found in liquid—
liquid extraction in [19] where the extraction of CA-BTP
toward 241Am(III) first increased with the increase of the
nitric acid concentration and then reached the maximum at
about 1 M HNO; and decreased as the nitric acid con-
centration further increased. The results in [19] also
showed that extraction toward '>Eu(IIl) was very poor.
Also, CA-BTP/SiO,—P was a potential adsorbent for sep-
arating 239Pu(IV), 241Am(HI), and 99TC(VII) from most FPs
from HLLW within the nitric acid range of 0.5-1 M and
the following desorption can be realized by using water or
dilute nitric acid as eluent.

Adsorption in single target element system in 1 M
HNO;

In the second step of the two-step-separation processes for
separating MA(III) from HLLW, MA(III) is separated from
Y(III) and other fission-product Ln(III) in a low nitric acid
solution. According to Fig. 3, CA-BTP/SiO,—P adsorbent
had relatively good adsorption abilities toward **’Pu(IV)
and **'Am(II) in 0.5-1.0 M HNO; solution. The
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Fig. 4 Distribution coefficient (Ky) values in a single target element
system in 1 M HNO; solution (adsorbent: 0.1 g, solution: 5 mL,
2 Am(III) and "**Eu(IIl): 1000 Bq mL~", **Pu(IV): 50 Bq mL™",
Z8U(VD): 1mM, Y(I) and Ln(ll): 0.1 mM, temperature:
25 + 1 °C, contact time: 24 h)

adsorption behavior of CA-BTP/SiO,—P toward Y(III) and
almost all Ln(IIl) in a single target element system was
studied individually in 1.0 M HNOs;. The Ky values of
YD), 2?Pu(1V), **' Am(I1I), and almost all Ln(III) were
compared and shown in Fig. 4. It indicates that CA-BTP/
SiO,—-P had almost no adsorption toward Ln(IIl), lighter
than Dy(IIl). For Dy(IlI) and other heavier Ln(Ill), CA-
BTP/SiO,—P showed some adsorption and the adsorption
abilities increased as Ln(III) atomic number increased. For
239Pu(IV) and 241Am(HI), the adsorption was better than
those of Y(III) and all the experimental Ln(III). The results
were consistent with those shown in Fig. 3. Since HLLW
contains little or almost no Dy(III) and Ln heavier than Dy,
their effects on the separation of MA from HLLW using
CA-BTP/SiO,—P would be slight. Therefore, it is feasible
for CA-BTP/SiO,—P to be used as an adsorbent for sepa-
rating **'Am(III), **Tc(VIID), and the residual ***Pu(IV)
from fission products from HLLW, especilly for separating
24 Am(IID) from Y(III) and Ln(Il) fission products from
HLLW in the second step of the two-step-separation pro-
cesses mentioned above.

Effect of contact time on adsorption toward
21 Am(II) and "**Eu(III)

The adsorption kinetic of CA-BTP/SiO—P toward
24 Am(I1) and "?Eu(III) in 0.5 M HNO; was studied. The
distribution coefficients and uptake rate of 241 Am(I1D) and
15 2Eu(III) as a function of contact time are presented in
Fig. 5. It indicates that CA-BTP/SiO,—P showed almost no
adsorption toward IS2Ey(11D) as a function of contact time
within the 24 h experimental time. For 2HAm(IID), the
distribution coefficient (K,) and the uptake rate increased
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Fig. 5 Distribution coefficients and uptake rate of CA-BTP/SiO,—P
toward 241Am(lII) and 152Eu(IIl) as adsorbtion contact time changes
(**'Am(III) and "?Eu(I11):1000 Bq mL ™!, adsorbent: 0.1 g, solution:
5 mL, nitric acid: 0.5 M, temperature: 25 £ 1 °C, speed: 300 rpm)

slowly from 0.5 to 24 h, but still did not reach equilibrium
within the 24 h experimental time.

Although CA-BTP/SiO,—P adsorption toward **' Am(III)
did not reach equilibrium within the 24 h experimental time,
CA-BTP/SiO,-P is a potential candidate for separating
241 Am(III) from HLLW. Figure 5 shows that the adsorption
kinetic toward **' Am(III) was relatively fast during the ini-
tial 0.5 h contact time with the uptake rate reaching 43 %.
The reasons may be that, at the very beginning of the
adsorption, a large number of vacant surface sites were
available for the adsorption of **'Am(IIl). As more
241Am(III) was adsorbed, the remaining vacant surface sites
were more difficult to be occupied due to the repulsive forces
between the solute molecules on the solid surface and the
bulk phase. Also, 24 Am(I1I) was adsorbed and saturated in
the meso-pores and encountered more resistance as it tra-
versed deeper into the pores of the adsorbent [25]. In addi-
tion, the concentration of 241Am(III) in the solution
decreased as a function of contact time; hence, the available
241 Am(I1I) for adsorption also decreased.

Stability of CA-BTP/SiO,-P against y-radiation

Besides selectivity, the adsorbent stability against nitric
acid and radiation is also important for practical applica-
tions. The stability of CA-BTP against nitric acid was
studied [19] and good stability over a long time period
against nitric acid was achieved. Herein, the stability of
CA-BTP/SiO,—P adsorbent against y-radiation was focused
on. Dry CA-BTP/SiO,—P adsorbent was packed in glass
vials and irradiated by ®°Co-y source with the radiation
dose rate of 1 kGy h™'. After being irradiated to the pre-
determined doses, CA-BTP/SiO,—P adsorbent was ana-
lyzed using ultraviolet (UV) and visible spectrophotometer

@ Springer
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Fig. 6 Effect of radiation dose on UV curves (y-radiation conditions:
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Fig. 7 Effect of radiation dose on the uptake rate of >*' Am(III) and
I52Eu(III) (y-radiation conditions: radiation dose rate: 1 kGy h!,
24 Am(II) and "S?Eu(II): 1000 Bq mL~', adsorbent: 0.05 g, solu-
tion: 2.5 mL, nitric acid: 0.5 M, temperature: 25 + 1 °C, contact
time: 24 h, speed: 300 rpm)

and was used in batch experiments for adsorption toward
2 Am(I10) and "S?Eu(IID).

The samples for UV test were prepared by dissolving
10 mg CA-BTP/SiO,-P adsorbent into 10 mL acetonitrile
where the CA-BTP molecules were dissolved into ace-
tonitrile. The supernatant liquor was further diluted for 25
times with acetonitrile, i.e., the CA-BTP molecule con-
centration for the final UV test was about 2.9 x 107>
mol mL™". The results of UV test are shown in Fig. 6. This
figure indicates that the CA-BTP molecules showed no
damage sign by y-irradiation in the experiment as the
curves with different radiation doses and the curve without

@ Springer

irradiation were almost completely overlapped within the
experiment error. Furthermore, batch adsorption experi-
ments using the y-irradiated adsorbent for adsorption
toward 241Am(III) and ]52Eu(III) were conducted in 0.5 M
HNO; with the contact time of 24 h. Results are shown in
Fig. 7, representing that the uptake rates of '3*Eu(III) and
241 Am(IIT) showed almost no changes as the radiation dose
increased.

Conclusions

The CA-BTP/SiO,—P adsorbent was synthesized for the
purpose of separating minor actinides and some key long-
lived radionuclides from HLLW using the extraction
chromatography method. The adsorption behavior of CA-
BTP/SiO»—P toward “3U(VD, 2*Puv), **'Am(ID),
99Tc(VII), 152Eu(III), and some typical FPs was studied in
batch adsorption experiments. It was found that CA-BTP/
SiO,—P showed almost no adsorption toward most FPs,
while its adsorption abilities toward ***Pu(IV), **' Am(III),
and *°Tc(VII) were relatively good in 0.5-1 M HNO;
solution. The results indicated that CA-BTP/SiO,—P can be
a potential adsorbent for the separation of ***Pu(IV),
24 Am(I10), and *°Te(VID) from HLLW, especially for the
use in the second step separation process of the two-step-
separation processes for separating MA(II) from Y(II)
and Ln(IIT) from HLLW. Stability against y-radiation was
also evaluated and the results indicated that dry CA-BTP/
SiO,-P adsorbent showed good stability against y-radiation
when the radiation dose was up to 161 kGy.

Based on the above results, the future work will mainly
focus on the continuous chromatography separation
experiment for separating MA(III) from Y(III) and Ln(III)
from HLLW in the second step process of the two-step-
separation processes mentioned above. Furthermore,
239Pu(IV) and 99Tc(VII) can also be removed together if
necessary. The appropriate media for the pre-equilibration
and adsorption steps is 0.5—-1 M HNO3, and water will be a
good candidate of eluent for the desorption of the adsorbed
24 Am(IID), 2°Pu(1V), and **Tc(VID).
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