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Abstract The silica/polymer-based isoHex-BTP adsor-
bent (isoHex-BTP/SiO,-P) was prepared for partitioning
Am(IIT) and Cm(III) from HLLW. Batch adsorption results
showed that isoHex-BTP/SiO,-P exhibited high affinity
and selectivity for Am(III) and Pu(IV) over U(VI), Ln(II)
and other typical fission products in 3 mol dm™ nitric
acid. The effects of contact time, initial Dy(IIl) concen-
tration and temperature on the adsorption of Dy(IIl) [as a
simulated element of MA(III) and a representative element
of Ln(IIl)] by isoHex-BTP/SiO,-P in 3 mol dm ™ nitric
acid were investigated. The adsorption of Dy(IIl) fitted
well to the pseudo-second-order kinetic model and the
Langmuir isotherm model. The adsorption thermodynamic
parameters revealed that the adsorption was a spontaneous,
endothermic and entropy-driving process.
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Introduction

The so-called minor actinides, americium, curium and
neptunium, as well as a small amount of residual plutonium
are the most important long-lived radionuclides, which are
responsible for the long-term radiation hazards of vitrified
high level liquid waste (HLLW) arising from the PUREX
process [1-3]. Separating and transmuting them to short-
lived or stable nuclides prior to the vitrification step could
have a significant beneficial impact on bringing down the
surveillance period from millions of years to a few hundred
years. The selective separation of trivalent minor actinides
[MAII): Am(III) and Cm(III)] from the trivalent lantha-
nides (Ln(II)) which are present being about 20 up to 50
times more abundant than MA(III) in HLLW [3, 4] is
important in P & T (Partitioning and Transmutation)
strategy since some of the lanthanides exhibit large neu-
tron-capture cross-sections, hence reducing transmutation
efficiency of the minor actinides [5]. However, MA(III)-
Ln(III)-separation is a challenging task that remains to be
solved owing to their similar coordination chemistry and
their disadvantageous ratio of presence in HLLW [4, 6, 7].
Currently, several two-step partitioning processes based on
liquid-liquid extraction have been designed: the minor
actinides and lanthanides are firstly co-extracted from the
bulk of the fission products using oxygen donor ligands,
e.g. CMPO [8], DMDOHEMA [9], TRPO [10] and DIDPA
[11] in TRUEX [12], DIAMEX [12], TRPO [10] and
DIDPA [11] processes, and subsequently the minor actin-
ides could be selectively separated from the lanthanides
using nitrogen or sulfur donor ligands in SANEX [1, 13,
14], CYANEX 301 [15, 16] processes, etc. Among various
nitrogen or sulfur donor ligands, 2,6-bis(5,6-dialkyl-1,2,4-
triazin-3-yl) pyridines (known as BTPs) turn out to be
highly selective extractants for MA(III) over Ln(IIl) from
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highly acidic solutions (HNO3; > 1 mol dm™3 ) [17]. They
fulfill CHON principle, i.e., the species consist entirely of
carbon, hydrogen, oxygen, and nitrogen atoms to make
them combustible to safe gaseous products [18, 19]. So,
many researches predominantly in Europe have been
focused on the design of nitrogen-donor ligands for
MA(II) separation [1, 7, 20]. However, a potential process
application requires selectivity, fast kinetics, stability, high
solubility and loading capacity [5]. The extracting agents
BTPs available so far suffer from one or more drawbacks
in liquid-liquid extraction system [5, 21], which might
result in generating a great amount of organic waste and
requiring extensive equipment for the multi-stage extrac-
tion, stripping and solvent-washing processes [22]. This
requires further optimization to comply with process con-
strains. Therefore, a series of BTP derivatives where C-H
bonds in the a-positions of the triazinyl rings are replaced
by C—C bonds have been developed to increase the stability
of this kind of ligands against hydrolysis and radiolysis as
well as to improve the extracted capacity and the strip
performance of MA(IID) [5, 6]. On the other hand, these
drawbacks can be alleviated by use of alternative tech-
niques such as extraction chromatography and liquid
membrane method [22-24]. Extraction chromatographic
technique combines the selectivity of liquid-liquid
extraction with the ease of operation of column chroma-
tography for the clean separation of MA(III) [15, 25-27].
Furthermore, the feed for the PUREX process produced by
dissolving commercial spent fuel (45.2 GWd tM™") in
4 mol dm™® HNO; contained 131917 pgg™' U,
1,153 ug g~ ' Pu, 24 pg g ' **Am and 6 pg g~ ***Cm
[3], therefore, compared to uranium and plutonium, the
minor actinides are significantly less abundant in the spent
fuel indicating that the scale of the separation process for
minor actinides from HLLW should be considerably
smaller than that of a main separation process such as
PUREX [28, 29].

As an alternative technology of the liquid-liquid
extraction process, we have reported a direct separation
process of MA(III) from HLLW based on extraction chro-
matography (Fig. 1) [29, 30]. The process uses a single-
column packed with silica/polymer-based BTP adsorbent
named as BTP/SiO,-P, e.g. isoHex-BTP/SiO,-P [isoHex-
BTP: 2,6-bis(5,6-diisohexyl)-1,2,4-triazin-3-yl)pyridine].
The extraction chromatographic material, isoHex-BTP/
SiO,-P adsorbent, using silica/polymer composite support
(Si0,-P) as the inert support and isoHex-BTP as the
extracting agent, was prepared. SiO,-P support contains a
macroreticular styrene—divinylbenzene copolymer which is
immobilized in porous silica particles with pore size of
0.6 um and mean diameter of 60 um. The content of
extracting agent isoHex-BTP in isoHex-BTP/SiO,-P
adsorbent was relatively high (up to 33.3 % of the total mass
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Fig. 1 Conceptual flowchart of the direct separation process of MA
(III) from fission products (FP) present in HLLW by extraction
chromatography

of the adsorbent). So the adsorbent may overcome the
limitation of the low solubility of BTPs in traditional ali-
phatic diluents [23, 26]. Compared to liquid—liquid extrac-
tion method, the main advantages of the partitioning process
include not only its high adsorption selectivity and affinity
towards Am(III) over Ln(IIl) and other fission products
present in HLLW, but also much smaller scale equipment
than that of PUREX process, savings in reagent and waste
disposal costs, possibility of direct separation of MA(III) in
the column mode [24, 29, 30].

In the present work, to further study the properties of
isoHex-BTP/Si0,-P, the adsorption behavior of **' Am(III),
B%pu(1v), >*¥U(VI), Ln(IIl) and other typical fission pro-
ducts by isoHex-BTP/SiO,-P adsorbent from nitric acid
solution was investigated. The effects of various parame-
ters including contact time, initial concentration of Dy(III)
and adsorption temperature on the adsorption of Dy(III) [as
a simulated element of MA(III) and a representative ele-
ment of Ln(II)] by isoHex-BTP/SiO,-P from 3 mol dm™
nitric acid solution were studied. The experimental
adsorption data depending on contact time were explained
by the pseudo-first-order and pseudo-second-order kinetic
models. The equilibrium adsorption data were analyzed
using the Freundlich and Langmuir isotherm models.
Thermodynamic parameters, Gibbs free energy change
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(AG), enthalpy change (AH) and entropy change (AS),
were calculated by using adsorption data changing on
temperature to evaluate the thermodynamic feasibility and
the spontaneous nature of the adsorption process.

Experimental
Materials and characterization

Various reagents, RE(NO3);-nH,O (RE: Y, La, Ce, Nd,
Sm, Eu, Gd and Dy, n = 5 or 6), other fission product (FP)
element nitrates [Sr(I) and Zr(IV)] and (NHy)e.
Mo,0,4-4H,0, were of commercial reagents of analytical
grade. The solutions of these metal ions were prepared by
dissolving the reagents into nitric acid solutions. Ru(IIl)
solution was obtained by diluting a commercially available
nitrosyl nitrate solution containing 1.5 % of Ru(III).
1 mmol dm™ of U(VI), trace amount of **'Am(III),
12Ey(1r), **Te(VID) and **’Pu(IV) were prepared from
their stocked solutions, respectively.

The purity of synthesized extracting agent, isoHex-BTP,
was 99 %. isoHex-BTP/SiO,-P adsorbent was prepared as
described in the previous studies of Wei et al. [31-34] by
impregnating isoHex-BTP molecules into the pores of the
silica/polymer composite support (SiO,-P). isoHex-BTP/
SiO,-P contained 0.5 g of isoHex-BTP in 1.0 g of SiO,-P,
i.e. the content of extracting agent isoHex-BTP was as high
as 33.3 % of the total mass of the adsorbent. The chemical
structure of isoHex-BTP and scanning electron microscope
(SEM) image of isoHex-BTP/SiO,-P are shown in Fig. 2
[29, 34].

Batch adsorption experiment

The adsorption behaviors of 24 Am(IID) (1,000 Bq cm™),
Z%Pu(IV) (50 Bgem™),  ZPUVI) (1 mmol dm™),
1S2Ey(II) (1,000 Bq cm™), *Tc(VID) (1,000 Bq cm™)
and other typical fission products by isoHex-BTP/SiO,-P
adsorbent from nitric acid medium were studied in a batch
adsorption mode. The effects of adsorption parameters
including contact time (10 min—72 h), initial Dy(IIl) con-
centration and adsorption temperature (288-308 K) on the
adsorption of Dy(Ill) by isoHex-BTP/SiO,-P from
3 mol dm ™ nitric acid solution were studied in the batch
adsorption mode, too.

For each batch experiment, 5 cm® of aqueous solution
containing metal ions and nitric acid was added to 0.1 g
isoHex-BTP/SiO,-P in a glass vial with Teflon stopper. The
mixture was shaken mechanically at 120 rpm for prede-
termined contact time in a constant temperature water bath.
Then the aqueous phase was filtrated through a membrane
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Fig. 2 Chemical structure of isoHex-BTP (a) and SEM image of
isoHex-BTP/SiO,-P (b)

filter with 0.20 pm pore. The concentration of individual
metal ions such as Sr(II), Y(III), Zr(IV), Mo(VI), Ru(III),
La(Ill), Ce(I), Nd(III), Sm(II), Eu(Ill), Gd{II) and
Dy(Ill) present in aqueous phase before and after the
adsorption was analyzed by Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES: Shimadzu
ICPS-7510). The individual radioactivity of **'Am and
2By was determined by HPGe-y-detector (GEM70P-
PLUS, Ortec). The individual radioactivity of **Tc(VII)
and >**Pu(IV) was measured by Super Low Level Liquid
Scintillation Analyzer (PE Tri-Carb 3170). The concen-
tration of U(VI) was measured by UV spectrophotometer
(LabTech UV1000/1100).

In a batch experiment, the distribution coefficient
(Ky, cm® g_l) was calculated by Eq. (1) or Eq. (2):

_ Co—C. V
K 3oy =L e 1
om gy =0 )
_ Ag—A. V
K 3oy =2 el L 2
s(om gy =0t @

The equilibrium adsorption capacity, g. (mmol g™ '),
and the adsorption capacity at the time 7, ¢, (mmol g™ "),
were obtained using Egs. (3) and (4), respectively:

(Co—Ce) V

ae(mmol &™) = 7050 Wi )
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(mmol g—l) _ (CO - Ct) 14 ( 4) Table 1 Distribution coefficients of trace amount of 152Eu(III) and
4 1,000 x Wg 1 mmol dm™ stable Eu(Ill) (298 K, phase ratio: 0.1 g5 cm™,
5 5 shaking speed: 120 rpm, contact time: 24 h)
where Cy (mmoldm™) [Ap (Bqcm™)] and C,

(mmol dm73) [A. (Bq cm73)] are the concentration
(radioactivity) of metal ions in the aqueous phase initially
and at equilibrium, respectively. V (cm®) and Wy (g) indi-
cate the volume of the aqueous phase and the weight of
isoHex-BTP/Si0,-P, respectively. C; (mmol dm™) is the
metal ion concentration in aqueous phase at a given contact
time ¢.

Most of the experiments were repeated three times for
better accuracy and blank experiments were also performed
in this study. The experimental error was observed to be
within £5 %.

Experimental results

Selective adsorption of Am(III) and Pu(IV) by isoHex-
BTP/SiO,-P

To study the impact of the initial nitric acid concentration on
the adsorption of actinides and some typical fission products
by isoHex-BTP/SiO,-P, 0.1 g isoHex-BTP/SiO,-P was
batch equilibrated with 5 cm® of solution containing
241 Am(III) (1,000 Bq cm ™), 'S?Eu(III) (1,000 Bq cm ™),
PTe(VID) (1,000 Bq cm™?), ***PuV) (50 Bq cm™),
1 mmol dm ™ ***U(VI) and stable Eu(II) at various initial
nitric acid concentrations for 24 h of contact. Figure 3 shows
the plots of distribution coefficients, Ky, of these nuclides
with varying nitric acid concentration. Evidently, Ky of

4x10*
—m—2* A
—e— P2gy() v
4 —
~ —v—2Puav)
o 10t H—e—>u(vD
E —O— stable Eu(III)
el
N \
1x10° F u
v
0
0 i 2 3 4

[HNO; ;455 (ol dm™)

Fig. 3 Effect of initial nitric acid concentration on the distribution
coefficient of >*'Am(IID), "?Eu(IID), >*Pu(IV), **Tc(VID), 28U(VI)
and stable Eu(IIl) (298 K, phase ratio: 0.1 g 5 cm >, trace amount of
2 Am(IID), P2Eu(D), *Te(VID) and >*°PuIV), 28U(VI) and stable
Eu(II): 1 mmol dm >, shaking speed: 120 rpm, contact time: 24 h)
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Am(III) remarkably increased from 1 to 16,200 cm® g~

with increasing nitric acid concentration from 0.01 to
3 mol dm™> owing to the participation of NO;~ in com-
plexation reaction between Am(III) and isoHex-BTP/SiO,-P
[29]. And then the slight decrease of K4 of Am(III) from
3 mol dm ™ to higher concentration of nitric acid is thought
to be due to a competition reaction of Am(III) or HNO5 with
isoHex-BTP/SiO,-P [17]. While for Pu(IV), K, extraordi-
narily increased from 3 to 34,500 cm® g~ ' with increasing
nitric acid concentration from 0.5 to 4 mol dm . Generally,
both Am(III) and Pu(IV) were adsorbed efficiently from 2 to
4 mol dm ™ nitric acid solutions. However, the adsorption
of "?Eu(11l), **Tc(VII) and U(VI) was very weak through-
out the investigated nitric acid concentration range
(0.01-4 mol dm™? ). Although the distribution coefficients
of trace amount of 152Eu(III) were higher than those of
1 mmol dm ™ stable Eu(IIl) in 2-4 mol dm™> nitric acid
solutions as shown in Fig. 3 and Table 1, they are still much
lower than those of trace amount of Pu(IV) and Am(III). The
order of adsorbability was Pu(IV) > Am(II) > Eu(Il),
Tc(VII) and U(VI) within the nitric acid concentration range
of 2—4 mol dm .

Since isoHex-BTP/SiO,-P is a potential adsorbent in the
direct separation process of MA (III) from HLLW by
extraction chromatography in our research work, knowing
its selectivity for Am(III) and Pu(IV) over Eu(Ill), U(VI)
and Tc(VII) does not suffice. According to the nitric acid
concentration of HLLW (about 3 mol dm™>) and the
experimental data in Fig. 3, 3 mol dm— HNOj; solution
was chosen to investigate the adsorption of actinides [i.e.
241Am(III), 239Pu(IV) and 238U(VI)] and some typical fis-
sion products by isoHex-BTP/SiO,-P for 24 h of contact at
298 K. The distribution coefficient of each element is
illustrated in Fig. 4. It can be observed that Sr(Il), Zr(IV),
Mo(VI), Tc(VID), Ru(Ill), Y(II), all Ln(Ill) and U(VI)
showed very weak or almost no adsorption towards iso-
Hex-BTP/SiO,-P. Such low values in the distribution
coefficient were due to the weak complexation of these
metal ions with isoHex-BTP/SiO,-P. Contrastively, Ky
values of Pu(IV) (20,400 cm® g™') and Am(II)
(16,200 cm® g~ ") were extremely high. The reason is that
the radial extension of the 5f orbitals of Pu(IV) and Am(III)
is further than the 4f orbitals of Ln(Ill) and outermost
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electron orbitals of other fission products, which causes
bonds of Pu(IV) and Am(III) to have more covalent char-
acter and Pu(IV) and Am(II) forming more stable com-
plexes with isoHex-BTP/SiO,-P [35]. The extremely high
selectivity of Pu(IV) can be interpreted as the size fit of
isoHex-BTP cavity being preferable for Pu(IV), which
needs further researches [7, 17, 35]. The separation factors
between **'Am(II) or **°Pu(IV) and the most affinity
nuclide, Eu(Ill), among the other experimental metal ions,
(SFzAlAm/lszEu = Kd 2‘“Am/Kd‘52Eu) and
SF239Pu/‘52Eu(SF239Pu/152Eu = Kd zzgpu/KdlszEu), were 61 and

SF24‘Am/‘52Eu

77, respectively. The separation factors between **' Am(III)
or 2?Pu(IV) and the other metal ions were far more than
100.

As described in our previous report [29], isoHex-BTP/
SiO,-P exhibited high selectivity for Am(III) over Ln(III)
and other typical fission products. These results in the
present work further suggest that isoHex-BTP/SiO,-P has
relatively high selectivity and affinity for Am(III) and
Pu(1V) over U(VI), Tc(VII), Eu(Ill) and other typical fis-
sion products in 3 mol dm ™ nitric acid solution. And the
adsorbed Am(III) and Pu(IV) can be stripped into dilute
nitric acid (<0.1 mol dm~>) or distilled water because
Am(III) and Pu(IV) showed almost no adsorption in
<1 mol dm™ nitric acid solutions and the adsorption of
Am(II) and Pu(IV) is readily reversible by changing the
nitric acid concentration (as shown in Fig. 3). So it is
possible to direct separate Am(III) and residual Pu(IV)
from other metal ions present in HLLW by extraction
chromatography using isoHex-BTP/SiO,-P.

According to Fig. 4 and our previous work [29, 30], K4
value of Dy(III) was dominantly higher than those of other
fission products in 3 mol dm > HNO; and the adsorption
behavior of Dy(IIl) by BTP/SiO,-P adsorbent was similar
to that of MA(II) owing to their similar coordination
chemistry [6, 7]. Furthermore, Dy(IIl) is hardly contained
in HLLW. So as a simulated element of MA(II]) and a
representative element of Ln(IIl), Dy(Ill) adsorption by
isoHex-BTP/Si0,-P from 3 mol dm™? nitric acid solution
was investigated to evaluate its adsorption kinetics, iso-
therms and thermodynamics in this study.

Effect of contact time on Dy(IIl) adsorption

To determine the equilibrium time for the adsorption,
Dy(III) (initial concentration: 6 mmol dm73) adsorption by
isoHex-BTP/SiO,-P from 3 mol dm™~> HNOj; solution was
studied as a function of contact time at different tempera-
tures (288, 298 and 308 K, respectively). The results are
shown in Fig. 5. Generally, Dy(IIl) adsorption capacity
increased with the increase in contact time and tempera-
ture. With increasing contact time, a rapid initial Dy(III)

2.4x10*
2.2x10*

2.0x10° "
_ 1.8x10° \

o 1.6x10°
o

T
O

K4 (cm

4x10° 52
3x10% Eu(()IH)

2x10° | R
1x10° [ 0 _g-0
0 R I N e S T TR, -

Sr Y Zr Mo Tc Ru La Ce Nd Sm Eu Gd Dy U PuAm
Elements

Fig. 4 Adsorption of actinides, lanthanides (III) and other typical
fission products by isoHex-BTP/SiO,-P (298 K, [HNOslinitial:
3 mol dm~>, phase ratio: 0.1 g 5 cm ™3, trace amount of 2‘“Am(HI),
B9Ppu(IV), **Te(VID) and ?Eu(lll), stable Eu(Ill) and other metal ion
concentration: 1 mmol dm™, shaking speed: 120 rpm, contact time:
24 h)

adsorption within the first 3 h of contact was followed by a
steady stage which finally reached an apparent plateau until
adsorption equilibrium was attained. 48.8, 79.6 and 88.4 %
of the equilibrium adsorption capacity of Dy(IIl) occurred
within the first 3 h at 288, 298 and 308 K, respectively.
The sudden increase of g, at the very beginning of the
process is attributed to an abundant availability of active
sites on internal and external surface area of isoHex-BTP/
SiO,-P. With the progressive occupancy of these sites by
Dy(III), the process comes into a period of slower
adsorption, during which the less accessible sites can be
occupied by Dy(Ill). Furthermore, the experimental equi-
librium adsorption capacity (geexp) of Dy(Ill) increased
from 0.14 to 0.17 mmol g~' when adsorption temperature
increased from 288 to 308 K (as shown in Fig. 5 and
Table 2).

Effect of initial Dy(III) concentration on adsorption
capacity

The equilibrium adsorption capacity of Dy(IIl) by isoHex-
BTP/SiO,-P is a function of both the initial Dy(III) con-
centration and the adsorption temperature. The effect of
initial Dy(IIT) concentration ranging from 2 to 6 mmol dm™
on the equilibrium adsorption capacity of Dy(IIl) for con-
stant contact time (t = 72 h, to obtain the complete equi-
librium state) at constant temperature (288, 298 and 308 K,
respectively) is plotted in Fig. 6. Apparently, the equilibrium
adsorption capacity of Dy(IIl) (g.) increased by increasing
the initial concentration of Dy(III) and then reached the
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maximum adsorption capacity (g,,) at high initial concen-
tration. It was observed that at lower initial concentration of
Dy(Ill), the equilibrium adsorption capacity increased with
increasing the temperature from 288 to 308 K due to higher
utilization of active sites of isoHex-BTP/SiO,-P at higher
temperatures. However, the experimental maximum
adsorption capacity, ¢m,exp» almost remained constant
(G@mexp = 0.16, 0.17 and 0.17 mmol g_l at 288, 298 and
308 K, respectively, as shown in Fig. 6 and Table 3) despite
of increasing temperature because the total existing
adsorption sites of isoHex-BTP/SiO,-P are confined, which
resulted in a saturation adsorption of Dy(III) [36, 37].

Discussion

Adsorption kinetics

In order to examine the mechanism of adsorption potential
rate controlling steps such as mass-transport, and chemical

0.20

0.05 —O— 288K
—O— 298K
—/\— 308K
O‘OO i 1 i 1 i 1 i
0 20 40 60 80
t (h)

Fig. 5 Effect of contact time on adsorption capacity of Dy(Ill) by
isoHex-BTP/SiO,-P at various temperatures ([HNO3];pjga: 3 mol dm~3,

reaction processes of the adsorption of Dy(IIl) by isoHex-
BTP/SiO,-P, the experimental data obtained in the “Effect
of contact time on Dy(IIl) adsorption” were further ana-
lyzed using the pseudo-first-order and pseudo-second-order
kinetic models.

The pseudo-first-order kinetic model is based on the
approximation that the adsorption rate relates to the num-
ber of the unoccupied, adsorptive sites [38]. The linear
form of the model can be expressed as Eq. (5) [38, 39]:

In(¢e — q) =Inge — kit (5)

where g, (mmol gfl) and ¢, (mmol gfl) are the adsorption
capacity at equilibrium and at any time ¢ (h), and k; is the
adsorption rate constant (h™ .

The value of the adsorption rate constant (k) can be
calculated by plotting of In(g._g,) versus . k; and the
correlation coefficients (R2) at various temperatures were
determined as summarized in Table 2. R* was fairly low
(R* = 0.983, 0.670 and 0.531 at 288, 298 and 308 K,
respectively) and the value of k; decreased from 0.11 to
0.08 h™' with increase in temperature from 288 to 308 K

0.20

<

=

m
T

g, (mmol g'l)
o
)
1

0.05 - B 288K
O 298K
A 308K
0.00 . L . L .
0 2 4 6

C, (mmol dm's)

Fig. 6 Effect of initial Dy(IIl) concentration ranging from 2 to
6 mmol dm > on the equilibrium adsorption capacity of Dy(IIl) by

[Dy(II)];yiar: 6 mmol dm ™, phase ratio: 0.1 g 5 cm™, shaking speed: isoHex-BTP/SiO,-P at different temperatures (phase ratio:
120 rpm) 0.1 g 5 cm™>, shaking speed: 120 rpm, contact time: 72 h)
Table 2 The adsorption kinetic T (K) Pseudo-first-order Pseudo-second-order kinetic model Experimental
model Paramet.ers for Dy(11I) Kinetic model Geexp
adsorption by isoHex-BTP/ (mmol g~)
SiO,-P at various temperatures k (h™h R? Ge cale ko h (mmol g_1 ) R
([HNO3iniciar: 3 mol dm™, (mmol gfl) (g mmol ™! h’])
[Dy(ID]inigir: 6 mmol dm ™,
phase ratio: 0.1 g 5 cm™>, 288 0.11 0.983 0.15 1.99 0.05 0.988 0.14
shaking speed: 120 rpm) 298 0.12 0.670 0.15 8.05 0.19 0.999 0.16

308 0.08 0.531 0.16 26.29 0.67 1.000 0.17
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which conflicted with the experimental phenomenon,
indicating that the adsorption process does not fit to the
pseudo-first-order kinetic model.

Experimental data were also applied to the pseudo-
second-order kinetic model which is based on the
assumption that chemisorption is the rate-determining step
of adsorption process [40]. The linear form of the model
can be expressed as Eq. (6) [39, 40]:

t 1 t
@ kd 4 ©
where g, (mmol g~') and ¢. (mmol g~") are the adsorption
capacity at any time ¢ and at equilibrium, k» (g mmol~' h™")
is the adsorption rate constant of pseudo-second-order
kinetic model.

The adsorption rate constant k, and the calculated equi-
librium capacity ge . can be calculated by plotting of t/q,
versus ¢ for Dy(IIl) adsorption by isoHex-BTP/SiO,-P. The
kinetic parameters including k,, ge calc, £ (initial adsorption
rate, h = kzqg) and R? (correlation coefficient) at various
temperatures are listed in Table 2. As shown in Table 2, R?
for the pseudo-second-order kinetic plot increased from 0.988
to 1.000 with increasing temperature from 288 to 308 K and
ge calc Was almost equal to the experimental one (g cxp) at €ach
temperature. The results indicate that Dy(III) adsorption by
isoHex-BTP/SiO,-P fits much better to the pseudo-second-
order kinetic model than the pseudo-first-order kinetic model.
Therefore, it could be concluded that the adsorption is of the
chemisorption type due to sharing of electrons between iso-
Hex-BTP and 4f orbital of Dy(Ill) and the coordination
reaction between isoHex-BTP and Dy(Ill) is the rate-con-
trolling step of the kinetic behavior of adsorption [7, 17, 39].
Furthermore, the goodness of fitting of Dy(III) adsorption is
more favorable at higher temperature. gecxp and gecaic
increased from 0.14 to 0.17 mmol g~' and from 0.15 to
0.16 mmol g™, respectively, with increasing the temperature
from 288 to 308 K. Presumably the increase in adsorption
capacity may be attribute to the strengthening of adsorptive
forces between the active sites of isoHex-BTP/SiO,-P and
Dy(III) at higher temperatures. Meanwhile, k, and / increased
dramatically from 1.99 to 26.29 g mmol ™' h™" and from 0.05
to 0.67 mmol g~ ' h™", respectively, by raising temperature.
The increase in adsorption rate is correlated to the acceleration
in complexation reaction between Dy(IIl) and isoHex-BTP/
Si0,-P as the rate-controlling step of adsorption and accel-
eration of some originally slow steps such as diffusion of
Dy(III) in solution at higher temperatures.

In view of the adsorption temperature of 288 K, the
adsorption kinetic data fit well to both the pseudo-first-
order and pseudo-second-order kinetic models with rela-
tively high correlation coefficients (R* = 0.983 and 0.988,
respectively). One may be tempted to argue that the Dy(III)
adsorption by isoHex-BTP/SiO,-P at lower temperatures is

more correctly described by more than one adsorption
kinetic models.

Adsorption isotherms

Adsorption isotherms describe the relationship between the
equilibrium concentration of metal ions in solution and the
amount of metal ions adsorbed on a specific adsorbent at a
constant temperature. The adsorption isotherms of Dy(III)
by isoHex-BTP/SiO,-P as shown in Fig. 7 were obtained
from the experimental data in “Effect of initial Dy(III)
concentration on adsorption capacity” section. As shown in
Fig. 7, the adsorption capacity of Dy(IIl) increased as the
equilibrium concentration of Dy(Ill) increased, then
reached a steady stage which finally reached the maximum
adsorption capacity. The equilibrium concentration C, of
Dy(II) in solution decreased with increasing temperature,
i.e. the adsorption is favored at higher temperatures.

The equilibrium data for Dy(III) adsorption were also
analyzed with the most common adsorption isotherm
models, the Freundlich and Langmuir isotherm models, to
reveal the adsorption mechanism [38, 41].

The Freundlich adsorption isotherm model is used to
describe the adsorption of an adsorbate on a heterogeneous
surface of an adsorbent. The linear form of the model is
given as Eq. (7) [38]:

1
log g. = log Kg + n—log C. (7)
F

where Kp is a constant related to the maximum adsorption
capacity and 1/ng is an empirical parameter related to the
adsorption intensity.

Linear plot of logg. versus logC. shows that the
adsorption follows the Freundlich isotherm model. Kg and
ng were calculated from the intercept and the slope of the
plot. The parameters ng, Kr and R? (correlation coefficient)
for Dy(Ill) and isoHex-BTP/SiO,-P system at various
temperatures of 288, 298 and 308 K in the Freundlich
equation are summarized in Table 3.

The Langmuir adsorption isotherm model is widely used to
describe the adsorption of an adsorbate on a homogeneous, flat
surface of an adsorbent and each adsorptive site can be
occupied only once in a one-on-one manner [38]. Mathe-
matically, the linear form of the model is given in Eq. (8) [39]:

. 1 C.
+ (8)

e B Kigm C]:

where g. (mmol g~') is the adsorption capacity at equi-
librium, C. (mmol dm™) is the equilibrium concentration
of an adsorbate in solution, ¢,,, (mmol g_l) is the maximum
adsorption capacity to form a monolayer onto an adsorbent
surface, Ki. (dm3 mmol_l) is Langmuir adsorption constant
related to energy of adsorption which quantitatively reflects
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Table 3 The Freundlich and Langmiur adsorption isotherm parameters and their correlation coefficients at various temperatures ([HNO3] inigiar:
3 mol dm™>, phase ratio: 0.1 g 5 cm™>, shaking speed: 120 rpm, contact time: 72 h)

T (K) Freundlich isotherm parameters

Langmiur isotherm parameters

Experimental gp, cxp

ng Ky (mmol gf') R?

Qm,calc
(mmol gfl)

X " 2 (mmol g_l)
L L

(dm>® mmol™h)

288 8.67
298 9.12
308 11.12

0.16
0.17
0.18

0.953
0.794
0.621

0.16
0.17
0.17

23.44
74.25
105.64

0.022-0.007
0.007-0.002
0.005-0.002

0.999
1.000
1.000

0.16
0.17
0.17

that affinity between the adsorbent and adsorbate. The
fundamental characteristic of a Langmuir isotherm
parameter (R ) can be expressed in terms of a dimension-
less separation factor or an equilibrium parameter, which is
defined by Eq. (9) [38]:

1

- - 9
1+ K. Cy ( )

Ry
where Cy (mmol dm_3) is the initial concentration of an
adsorbate. According to the value of Ry, the shape of the
isotherm may be interpreted as follows: Ry > 1: unfavor-
able adsorption, Ry = I: linear adsorption, 0 < R < I:
favorable adsorption, Ry = 0: irreversible adsorption [38].
The linear plot of C./g. versus C. shows that the
adsorption of Dy(Ill) by isoHex-BTP/SiO,-P obeys Lang-
muir isotherm model. The values of ¢, and Kj were
determined from the slope (1/g,,) and intercept (1/Ky g.,) of
the Langmuir plot. Langmuir parameters for (fitting
adsorption data, g, cqc (the calculated maximum adsorp-
tion capacity), Ky, Ry and R? (the correlation coefficient)
values at various temperatures are reported in Table 3.
As can be seen, the correlation coefficient (R2 > 0.999)
for the Langmuir isotherm plot was much higher than that
for the Freundlich plot (0.621 < R® < 0.953) at individual
temperature. The calculated maximum adsorption capacity
(gm.carc = 0.16, 0.17 and 0.17 mmol g_1 at 288, 298 and
308 K, respectively) from Langmuir isotherm model was
equal to the experimental one gmcx, at each individual
temperature. The results indicate that the equilibrium
adsorption data fit much better to the Langmuir isotherm
model than the Freundlich isotherm model, which means
that adsorption of Dy(III) occurs on a homogeneous surface
by monolayer sorption and each adsorptive site of isoHex-
BTP/SiO,-P can be occupied by Dy(III) only once in a one-
on-one manner. Both g, caic and g exp slightly increased
from 0.16 to 0.17 mmol g~ ', with increasing the solution
temperature. The increase in maximum adsorption capacity
may be due to the higher coordination reaction between
Dy(III) and isoHex-BTP/SiO,-P and the higher utilization
of all available active sites of isoHex-BTP/SiO,-P for
adsorption at higher temperatures. However, the increase in
the maximum adsorption capacity with increasing the
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Fig. 7 Adsorption isotherms of Dy(IIl) by isoHex-BTP/SiO,-P at
various temperatures ([HNO;]ipitiaiz 3 mol dm™3, phase ratio:
0.1 g 5 cm™>, shaking speed: 120 rpm, contact time: 72 h)

temperature from 288 to 308 K was very limited (as shown
in Table 3). The reasonable conjecture is a saturation
adsorption of Dy(IIl) towards the total existing adsorption
sites on internal and external surface area of isoHex-BTP/
SiO,-P to form a monolayer adsorption, as discussed in
“Effect of initial Dy(III) concentration on adsorption
capacity” section. High K} values indicate high adsorption
affinity. K; values dramatically increased from 23.44 to
105.64 dm® mmol " with increasing the temperature from
288 to 308 K, suggesting that increasing temperature could
increase the affinity of isoHex-BTP/Si0O,-P for Dy(III). The
values of Ry (0 < Ry < 1) indicate that the adsorption of
Dy(III) by isoHex-BTP/SiO,-P is favorable. Furthermore,
Ry values decreased with increasing temperature, revealing
that the adsorption reaction is more favorable at higher
temperature than lower temperature.

Adsorption thermodynamics
From the adsorption kinetics and isotherm results, it can be

seen that the increase in temperature generally increased
the adsorption properties of Dy(IIl) by isoHex-BTP/SiO,-
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Table 4 Adsorption thermodynamic parameters for Dy(III) adsorption by isoHex-BTP/SiO,-P ([HNOs]ipitiaiz 3 mol dm~3, [DyID Jinitial:
6 mmol dm >, phase ratio: 0.1 g 5 cm™>, shaking speed: 120 rpm, contact time: 48 h)

AH (k] mol™h) AS (kJ mol™' K71 AG(kJ mol™h) R?
288 K 298 K 308 K
7.25 0.06 —10.03 —10.63 —11.23 0911

P. So values of thermodynamic parameters including
enthalpy change (AH), entropy change (AS) and Gibbs free
energy change (AG) were determined to confirm the
adsorption nature.

In order to obtain the thermodynamic parameters, the
temperature dependence of Dy(IIl) adsorption by isoHex-
BTP/Si0,-P at equilibrium was examined at initial Dy(IIT)
concentration of 6 mmol dm™ in the temperature range
from 288 to 308 K. Thermodynamic parameters, AH, AS
and AG, associated to the adsorption process were deter-
mined using Egs. (10) and (11) [39, 41]:

AS AH
Ink, == 22 10
M= " Rr (10)
AG = AH — TAS (11)

where Ky, AS, AH, AG, T and R are the distribution coef-
ficient, the entropy change (kJ mol™' K™'), the enthalpy
change (kJ mol™"), Gibbs free energy change (kJ mol™'),
absolute temperature (K) and the universal gas constant
(0.0083 kJ mol ™' K1), respectively.

AH and AS for the adsorption of Dy(IIl) by isoHex-
BTP/SiO,-P can be individually derived from the slope
and intercept of the plot of InKy versus 1/T from Eq. (10).
The thermodynamic parameters are summarized in
Table 4. Obviously, the negative AG value in each indi-
vidual temperature indicates that the adsorption of Dy(III)
by isoHex-BTP/SiO,-P is thermodynamically feasible and
spontaneous and the adsorption process would be a
product-favored reaction [42]. The AG values became
more negative with the rise in temperature suggesting that
spontaneous nature of adsorption increases at higher
temperatures. The positive value of enthalpy change
(AH = 7.25 kJ mol™") verifies the endothermic nature of
the Dy(IIl) adsorption by isoHex-BTP/SiO,-P. The posi-
tive value of AS suggests the increase in the degree of
randomness at the solid-solution interface mostly
encountered in Dy(IIl) binding due to the release of water
molecules of the hydration sphere [42] during the fixation
of Dy(Ill) on isoHex-BTP/SiO,-P surface [38]. Further-
more, the positive AS value, 0.06 kJ mol ™! K™, indicates
that the adsorption process is probably irreversible and
favored complexation and stability of adsorption [39].
Although the enthalpy change value was positive, Gibbs
free energy change was negative at each individual tem-
perature and the adsorption was spontaneous, which

indicates that Dy(III) adsorption by isoHex-BTP/SiO,-P is
an entropy-driving process.

Conclusions

Within the scope of this work, the isoHex-BTP/SiO,-P
adsorbent exhibited remarkable selectivity and affinity for
Am(II) and Pu(IV) over U(VI), Eu(Il), Tc(VII) and other
typical fission products in 3 mol dm ™ nitric acid solution.
Many factors such as contact time, initial concentration of
Dy(IIT) and adsorption temperature had strong impacts on
adsorption of Dy(III) (as a simulated element of MA(III) and
a representative element of Ln(IIl)) by isoHex-BTP/SiO,-P
from 3 mol dm™ nitric acid solution. The adsorption data
depending on contact time fit much better to the pseudo-
second-order kinetic model with high correlation coeffi-
cients (0.988 < R? < 1.000) than the pseudo-first-order
kinetic model, indicating that Dy(III) adsorption by isoHex-
BTP/SiO,-P occurs by chemisorption mechanism and the
coordination reaction between isoHex-BTP and Dy(III) is
the rate-controlling step of the adsorption process. The
adsorption data depending on initial Dy(IIl) concentration
were analyzed by the Freundlich and Langmuir isotherm
models. The equilibrium adsorption data follow much better
the Langmuir isotherm model than the Freundlich isotherm
model at the each individual temperature of 288, 298 and
308 K, which means that the adsorption of Dy(III) occurs on
a homogeneous surface of isoHex-BTP/SiO,-P and each
adsorptive site of isoHex-BTP/SiO,-P can be occupied by
Dy(IIl) only once in a one-on-one manner. The values of
Gibbs free energy change (AG = —10.03, —10.63 and
—11.23 kJ mol™! at 288, 298 and 308 K, respectively),
enthalpy change (AH = 7.25 kJ mol™") and entropy change
(AS = 0.06 kJ mol~' K™') indicate that the adsorption
process is spontaneous, the endothermic nature and an
entropy-driving process. These results also revealed that
increasing temperature is benefit to the adsorption process of
Dy(Ill) towards isoHex-BTP/SiO,-P by increasing the
equilibrium adsorption capacity, the maximum adsorption
capacity, the adsorption rate, the adsorption affinity and the
spontaneous nature of adsorption process.

The results demonstrated that isoHex-BTP/SiO,-P is a
promising adsorbent for the direct separation of Am(III)
and residual Pu(IV) from Ln(IIT) and other typical elements
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present in HLLW. Through this study, essential adsorption
kinetics, adsorption isotherm and thermodynamics data
were collected for an engineering design of the column
separation of MA(III) from HLLW by isoHex-BTP/SiO,-P.
In addition, more detailed property evaluations of isoHex-
BTP/SiO,-P by column separation experiments are under
the way.
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