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Abstract 

Much attention has been paid on the selective separation and effective utilisation of 99Tc from high 
level radioactive liquid waste (HLLW). TOA-MC was developed as an absorbent for Re (VII), a substitute 
for Tc (VII) due to their similarities of chemical behaviour in this study. The uptake (%), normally above 
95% of Re (VII) for TOA-MC in the presence of dilute HNO3 (0.01~0.1M) was strongly retained and 
decreased with higher HNO3 concentration by batch method. The surface morphology and thermal 
stability of microcapsules were characterised by scanning electron microscopy (SEM) and 
thermogravimetric analysis (TGA), respectively. The diameters in the range of 700-800 μm and size 
distribution of the microcapsules were examined using digital microscope (DM). The chemical structures 
of the synthesised microcapsules and two starting materials of TOA and sodium alginate (NaALG) were 
performed using Fourier transform infrared spectroscopy (FTIR). 

Introduction 

Recently, significant attention has been focus on the selective separation, recovery and effective 
utilisation of rare metals resulting from conversion to valuable resources from high-level radioactive liquid 
wastes (HLLW) [1-3]. 99Tc, is only a major radioactive nuclide with a long half-life (t1/2= 2.14×105 years) 
in isotopic abundance of fission products (FPs) in the nuclear reactor. The most stable oxide state of 
technetium (Tc) is pertechnetate anion, TcO4

- and dissolved TcO4
- is easily migrated into geochemical 

environment due to its high mobility, and solubility under oxidising conditions. Therefore, Tc is considered 
to be one of the important hazardous elements in HLLW [4]. The stable element, 100Ru, can be generated 
and utilised as one of valuable and rare metals to the leading industries as for the second resource [5] from 
99Tc by transmutation after reprocessing of spent nuclear fuels. 

In this paper, tri-n-octylamine (TOA)-xerogel microcapsules have been successfully synthesised. 
Core-Shell encapsulation or microencapsulation is a process of enclosing micrometer-sized particles of 
solids or droplets of liquids or gases in an inert shell, which in turn isolates and protects them from the 
external environment. The commercial applications of micro-encapsulation are numerous, e.g., adhesives, 
powder perfume, pesticides, herbicides, essential oils, flavors, self-healing material, time release 
technology for pharmaceuticals and so forth [6]. Most microcapsules have pores with diameters between a 
few micrometers and a few millimeters. The coating materials generally used for coating include ethyl 
cellulose, poly vinyl alcohol, gelatine and sodium alginate. The sodium alginate has been employed in the 
preparation of gels for the delivery of biomolecules such as drugs, peptides and proteins [7]. Generally a 
hydrophobic core is usually protected by a hydrophilic shell [8]. 
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Recently the applications of microcapsules (MCs) enclosing extractants for the separation and 
recovery of metal ions attracted considerable interests [9-11]. In this study, an organic extractant having a 
strong affinity for Re (VII), tri-n-octylamine (TOA), was encapsulated by NaALG, as shown in Figure 1. 
Alginate is the salt of alginic acid with carboxyl groups capable of forming gels by ion-exchange reaction 
with multivalent metal ions. This immobilising property of alginate has led to its extensive applications 
[12]. However, the characterisation of tri-n-octylamine microcapsule (TOA-MC) has not been thoroughly 
studied. Therefore, in this paper, it aims at the preparation of TOA-xerogel microcapsules, surface 
morphology, thermal stability, characterisation of chemical structures of the TOA-MCs, and uptake 
properties of Re(VII). 

Figure 1: Chemical structures of (1) NaALG and (2) the extractant, TOA 
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Experimental 

Materials 

The sodium alginate (NaALG) with viscosity of 500-600 cP and the organic extractant, tri-n-
octylamine (TOA, tertiary amine) were purchased from Wako Pure Chemicals Ind. Ltd and Tokyo 
Chemical Ind. Co., respectively. Dropping needles (27 G×3/4”, 0.4×19 mm) were supplied by Terumo 
Medical Corporation. Rh (III), Ru (III), Re (VII), Mo (VI) and Pd (II) were supplied by Wako Pure 
Chemicals Ind. Ltd. Here, Re(VII) ions (ReO4

-) were used as a substitute for Tc(VII) ions (TcO4
-) as ReO4

- 
ions are chemical analogues of TcO4

- ions. 

Preparation of TOA microcapsules (MCs) 

0.75g of sodium alginate (NaALG) and 50 mL deionised water (DIW) were mixed as solution type 
(1.5 wt%), which was kneaded with 1 g of TOA for 15 min mixing and 5 min deforming twice. The well-
kneaded sol-gel was injected dropwise into 0.5 M Ca(NO3)2 solution (200 mL) using a syringe needle tip 
by peristalic pump (EYELA MP-1000) with constant stirring at room temperature to obtain creamy white 
suspension of hydrogel beads. These hydrogel beads were stirred gently in the solution for 3 hours and 
allowed to stand for about 12 hours to enhance the aging. After filtration and separation from the Ca(NO3)2 
solution, the TOA-CaALG xerogel microcapsules (MCs) were washed with DIW for several times and 
spread gently on a laboratory tray, and then were dried at ambient temperature for 3 hours and finally dried 
at 30°C for 2 days. The TOA-CaALG xerogel MCs were further shaken with 0.1 M HNO3 for 24 hours, 
washed with DIW, subsequently spread on a laboratory tray, dried at room temperature for 3 hours and 
finally air-dried at 30°C for 2 days to form hydrogen type TOA-HALG xerogel MCs, abbreviated as TOA-
MC in this study. 
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Instrumentation for characterisation of microcapsules 

Scanning electron microscopy (SEM) 

The surface morphology of the microcapsules was observed using scanning electron microscopy 
(TM3030 Miniscope, Hitachi). 

Fourier transform infrared spectroscopy (FT-IR) 

The chemical composition and functional groups of microcapsules were confirmed by FT-IR 
spectrometer (Horiba FT-730 spectrometer, Kyoto, Japan) in the frequency range between 4 000 and 
400 cm-1, and 4 cm-1 resolution. The samples were prepared by grinding the samples with dried potassium 
bromide (KBr) powder in the concentration range of 0.2% to 1% and compressed into a disc to obtain a 
clear pellet. 

Thermogravimetry analysis (TGA) 

The thermal stability of microcapsules was determined with thermogravimetry analyser (TG 8120, 
Thermo PlusEvo, Rigaku Corporation). The samples were heated from 25 to 1200°C at heating rate of 
10°C/min under air flow. Pt crucible was used as the sample pan holder and about 10 mg of dry TOA-MC 
was used as sample mass. 

Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 

The concentrations of five elements of Rh, Ru, Re, Mo and Pd were determined using ICP-AES 
analysis (SPS7800, SII Nano Technology Inc.). 

Determination of uptake (%) and distribution coefficient (Kd) 

The uptake and distribution of Rh (III), Ru (III), Re (VII), Mo (VI) and Pd (II) ions for TOA-MCs 
from different concentrations of HNO3 solution were performed by the batch method. 50 mg of TOA-MCs 
was placed in an aqueous solution (5 cm3), 10 ppm of each metal ion solution at 25±1°C and vibrated for 
24 hours, which was sufficient to achieve equilibrium. The concentrations of these metal ions in the 
solution were measured by ICP-AES. The uptake percentage (R, %) and the distribution coefficient (Kd, 
cm3/g) are defined as: 

R= (C0 - Ct)/C0 × 100, (%) (1) 
Kd= [(C0 - Cf)/Cf] × V/m, (cm3/g) (2) 
where C0, Ct and Cf are the concentration of metal ions initially, at time t and at equilibrium, respectively; m (g) 
is the weight of MCs; V (cm3) is the volume of the aqueous phase.  

Results and discussions 

Surface morphology 

SEM images of synthesised microcapsules are shown in Figure 2. The MCs are spherical and porous 
and the diameter is in the range of 700-800 μm. On the surface of the MCs, oil droplets of TOA extractant 
(~10 μm) are found to be encapsulated, as shown in Figure 2 (b). 
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Figure 2: SEM images of synthesised microcapsules (a) X 150 (b) X 2000 

a) b) 

  

Chemical structure characterisation of microcapsule 

Figure 3 shows the IR spectra of TOA-MC and its starting materials (NaALG and TOA). The 
presence of relatively broad absorption peak appeared at 3 200-3 500 cm-1 is assigned as strong hydrogen 
bond, O-H group and absorption peak observed at around 1 700 cm-1 is related to C=O of stretching 
vibration of carboxyl group. The strong absorption peak at 1 050-1 150 cm-1 is associated with C-O 
stretching vibration, whereas the C-N stretching vibration of aliphatic amines appears as medium band in 
the approximate region of 1 020-1 250 cm-1 shown in Figure 3 (b) TOA and it seems overlapped with the 
former C-O single bond absorption. All the above characteristic peaks are able to find in the spectra of 
TOA-MC and NaALG, affirming that the shell of NaALG is formed. The multi-banded absorption peaks 
located at 2 800-3 000 cm-1 belong to the saturated aliphatic C-H group (sp3 carbon) and the absorption 
peaks at around 1 375 and 1 465 cm-1 are identified as CH3 and CH2 bending group vibrations, indicating 
the core content is TOA. 

Figure 3: FT-IR spectra of (a) TOA-MC; (b) NaALG (shell material) and TOA (core material) 

a) b) 

  

Thermal stability of the microcapsules 

Figure 4 shows the thermogravimetry (TG) and derived thermogravimetry (DTG) curves of TOA-
MC. The former curve measures the mass change of the sample with a thermo-balance, whereas the latter 
one measures the slope or derivative of the mass change with temperature. With increase in temperature, 
the weight loss increases until all the TOA-MC gets burnt. The TG curve indicates that the mass loss 
(~10%) between 50 and 200°C, is mainly due to the dehydration, i.e., the removal of entrapped residual 
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water from TOA-MC, and the sharper mass loss (~60%) at temperatures between 200 and 290ºC is mainly 
attributed to the thermal decomposition of alginate polymer [7]. Obviously, the microcapsules are 
chemically stable below 200°C, indicating that the prepared microcapsules have a good thermal stability to 
endure the decay heat of HLLW. In addition, the residual weight fraction has been decreased to less than 
3% for the final stage of TG profile, implying that the TOA-MC has environmentally friendly character. 

Figure 4: TG (solid)/DTG(dashed) curves of TOA-MC 

 

Uptake (%) of Re and HNO3 concentration  

As shown in Figure 5, when much higher concentration of HNO3 (aq) was used, an elution efficiency 
of greater than 80% was achieved using the TOA-MC. This suggests that at lower concentrations of HNO3, 
the uptake of Re (VII) using TOA-MC (represented as R3N, an aliphatic quaternary amine, where TOA-
MC denoting C8H7 or C10H21) is governed by the solvent extraction ability of pertechnetic acid with resin 
(Equation 1). In contrast, the uptake (%) of Re (VII) tends to gradually decrease above concentrations of 
0.1 M HNO3. This may be due to the effects of related reactions including solvent extraction (Equation 2) 
and ion exchange (Equation 3), indicating that nitric acid extraction using TOA-MC is the dominant 
process and that the forward reaction of Equation 3 is restricted at higher concentrations of HNO3. 

R3N(o) + H+ + ReO4
-(aq) ⇌ R3NH+ReO4

-(o) (1) 
R3N(o) + H+ + NO3

-(aq) ⇌ R3NH+NO3
-(o) (2) 

R3NH+NO3
-(o)+ 2ReO4

- R3NH+ReO4
-(o)+NO3

-(aq)  (3) 

Figure 5: Uptake of Rh(III), Ru(III), Re(VII), Mo(VI) and Pd (II) 
by TOA-MCs at different concentrations of HNO3 
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Conclusion 

TOA-MCs were successfully synthesised by sol-gel method. The FT-IR results show that the core 
material, TOA had been completely encapsulated inside NaALG shell. The regular spherical and granules 
MCs are observed by SEM with average size of 750 μm. The TGA results reveal that MCs has the thermal 
stability. The uptake (%), normally above 95% of Re (VII) for TOA-MC in the presence of dilute HNO3 
(0.01~0.1M) was strongly retained and decreased with higher HNO3 concentration by batch method. 
Therefore, TOA xerogel MCs are effective for the separation of Re (VII) and Tc(VII) ions from radioactive 
waste solutions. 
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