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ABSTRACT 

Sorption of protactinium on silica colloids was studied in the pH range of 1 to 12 in NaClO4 

medium using radiotracer technique.  Silica was characterized using X-ray diffraction, light 

scattering and surface area measurements. The point of zero charge for silica colloids was about 

pH 2. The sorption of protactinium was about 98% in the pH range of 3 to 9 and was lower (70-80 

%) below pH 3 and above pH 9. The quantitative sorption in the pH range 3 to 9 could be 

explained by surface complexation model. The reduction in sorption was attributed to electrostatic 

repulsion as the fraction of protactinium exists as cationic species at pH ≤ 2 and anionic species 

above pH 9. There was reduction in the sorption of protactinium in the presence of humic acid 

below pH 2 and above pH10. Sorption of protactinium on silica in presence of 0.05M HF was 

about 99% between pH 3 to 8 and below 30% in the low and high pH region. Isotherm study 

revealed an exponential decrease in protactinium activity in solution with increase in silica. 
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INTRODUCTION  

Immense potential of 
232

Th for breeding „fissile‟ isotope 
233

U in a thermal neutron reactor has been 

recognized [1]. India has large thorium deposits, which are proposed to be exploited in future. 

However, there are several challenges in the front and back end of the thorium fuel cycles. One of 

them is the formation of 
231

Pa, an alpha emitting isotope in the thorium burn-up chain (Fig. 1) with 

a relatively long half-life (32760 y). During separation of 
233

U from irradiated thorium by 

THOREX process, 
231

Pa
 
along with fission products remain in the aqueous phase and forms part of 

the high level radioactive waste.
  231

Pa could have long term radiological impact and need to be 

suitably resolved [1]. 

It has been envisaged that high level waste originating from nuclear reprocessing plant will be 

stored underground after suitable treatment [2]. It is of major concern that if radioactive waste 

comes in contact with flowing ground water, subsequently radionuclides may leach out and 

migrate [3]. The rate of radionuclide transport will depend upon the groundwater velocity and the 

distribution of radionuclides between aquifer solid and groundwater. It is expected that elements 

with extremely low aqueous solubility and strong sorption on aquifer solid will be relatively 

immobile. However, unexpected appearance of low solubility plutonium at a significant distance 

from known source has been reported [4]. The three phase model of contaminant transport known 

as colloidal-facilitated transport of contaminant has been used to explain the migration of 

plutonium in ground water [5]. The three phase system consists of stationary aquifer solid; the 

mobile aqueous phase and non aqueous mobile colloids. The genesis and stabilization of ground 

water colloids, the factors controlling their transport through the porous media and the importance 

of major pathways and mechanism to predict the role of colloids in subsurface transport of 

contaminants have been discussed by McCarthy and Zachara [6]. Both organic and inorganic 

materials such as humic substances, microorganisms, mineral products and weathering products 

are known to exist as colloids in ground water. 

Protactinium compounds readily hydrolyse in aqueous solution forming hydrophilic colloidal 

systems with strong adsorption properties. Protactinium is a likely candidate for colloidal 

facilitated transport, owing to its low solubility and tendency to form colloids. The common 

colloids present in the ground water are hydrous oxides of silica, alumina and iron whereas most 

important natural ligands are humic acids. The presence of humic acid may affect the sorption and 
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migration of radionuclides in the ground water [7–9]. The knowledge of extent of association of 

protactinium with natural colloids is one of the important parameters for predicting colloid 

facilitated transport. Interaction of natural and anthropogenic radionuclides and actinides with 

components of natural water has been surveyed by Lieser [10] and Silva and Nitsche [11] 

respectively. Sorption of niobium [12] and uranium [13] on hydrous silica has been reported. 

In this paper, we report the sorption behavior of protactinium on silica colloids as a function of 

pH using 
231

Pa radiotracer. The sorption experiments were carried out in a solution of 0.05 M 

NaClO4 in the pH range of 1-12. Sorption of protactinium on silica was also studied in the presence 

of humic acid and HF under identical conditions. 

EXPERIMENTAL 

Colloidal silica (commercial grade AEROSIL 200) and humic acid (Sigma Aldrich) were used for 

the sorption experiment. 

The powder XRD pattern of silica was recorded on a Philips (PW1710 model) X-ray 

diffractometer with Ni filtered Cu-K radiation. Specific surface area was measured by indigenous 

surface area analyzer using single point BET (Brunauer–Emmett–Teller) method. 

Dynamic light scattering measurements were performed using a Malvern 4800 Autosizer 

employing a 7132 digital correlator. The light source was He-Ne laser operated at 632.8 nm with 

maximum power output of 15 mW. The correlation functions were analyzed by the method of 

CONTIN analysis. Measurements were made at a constant angle of 130
0
. 

Zeta potentials of silica, humic acid and silica-humic acid combined system were measured using 

Malvern zeta sizer nano-Z instruments, UK by phase analysis light scattering with applied field 

strength of 2.5x10
3
 V m

-1
. The light source was He-Ne laser (632.8 nm) operated at 4 mW. The 

measurement was carried out using a quartz cuvette (universal „dip‟ cell) with 10 mm light 

pathway. All the measurements were performed at 25
 
± 1

 o
C. 

In all the experiments, ionic strength of the medium was maintained at 0.05 M NaClO4 and pH was 

adjusted between 1 - 12 by using dilute NaOH solution or HClO4. Humic acid in sodium form was 

used as received for the experiments. Ultrasonication (1 minute, 60 kHz, power = 140 W) of 

sample solution was carried out before zeta potential measurements. 

For determination of proton exchange capacity of humic acid, varying amounts of accurately 

weighed sodium salt of humic acid (250 – 1000 mg) was equilibrated with 0.1 M barium hydroxide 

solutions (50 mL) on a mechanical shaker for about 24 hours. After equilibration, solution was 

filtered and precipitate was washed with distilled water. Filtrate and washings were combined and 

concentration of sodium was determined in combined solution by flame atomic emission 

spectrometric technique [14]. The total exchange capacity was determined by Baryta method [15].  

Varying amounts of humic acid (0.5–15 mg L-1) was added to 10 mL 0.05 M NaClO4 solution 

and equilibrated for about 30 min. The absorbance of the solution was measured at 257 nm using 

UV–Vis spectrophotometer (V-530, Jasco) and calibration curve was plotted. Silica (2 g L
-1

) was 

added to solution of 0.05 M NaClO4 and was equilibrated for 2 h. The equilibrated solutions were 

made up to 10 mL with deionised water, after adjusting the pH (1–12) and maintaining the desired 

concentration of humic acid (15 mg L
-1

). Solution was equilibrated for 48 h. Phase separation was 

carried out using high speed centrifuge at 6800 rpm for 1 h and the completeness of separation was 

checked by dynamic light scattering technique. The absorbance of the solution was measured at 

257 nm and concentration of humic acid was obtained from calibration plot (Fig. 2). 

For preparing radiotracer, an old stock of 
231

Pa in organic medium was extracted by 0.5M HF 

solution. A white gelatinous precipitate appeared when aqueous phase was made neutral and basic. 

EDXRF measurement of precipitate showed the presence of Ti and Zr. Hence 
231

Pa was purified by 

anion exchange method [16], using 9M HCl + 0.004M HF as loading and eluting medium. The 

eluted fractions containing 
231

Pa was neutralized with NH4OH. On evaporation of the above 

solution, white crystals of NH4Cl appeared which was removed by heating in a platinum crucible. 

The residue was taken in HNO3 and few drops of HF were added. The concentration of 
231

Pa in the 

final solution was 2.20±0.04 μg mL
-1

. 

All sorption experiments were carried out in polypropylene container. Sorption experiments 

were carried out after removing HF by repeated evaporation with HNO3. 
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Sorption studies were carried out by equilibrating 

231
Pa with silica (2g L

-1
) in 0.05M NaClO4 

medium for 48 h in the pH range of (1–12). Phase separation was carried out using high speed 

centrifuge (10000 rpm) and the completeness of separation was checked by dynamic light 

scattering technique. Activity in the supernatants was measured using High Purity Germanium 

(HPGe) detector (EG&G ORTEC) coupled with 8k channel analyzer (relative efficiency: 30 %; 

resolution: 1.9 keV at 1132 keV of 
60

Co). Sorption was calculated using the using the following 

equation by comparing count rate of standard solution and supernatant after equilibration with 

silica.  

                                                 Sorption (%) = (A0-A)/A0 x100 

where A0 = count rate of standard solution and A = count rate of supernatant. 

Sorption of protactinium on silica in presence of humic acid also carried out in the similar way. 

To study the effect of fluoride ions, sorption of protactinium on silica was carried out in presence 

of 0.05M HF. 

Sorption isotherm was obtained by varying the silica concentration from 1-20 mg mL
-1

 and a 

fixed protactinium concentration of 17.6 ng mL
-1

 in 2M HNO3 medium. 

RESULT AND DISCUSSION 

X-ray diffraction pattern (Fig. 3) indicated that silica was amorphous and specific surface area and 

particle size were 160 ± 20 m
2
 g

-1
 and 160-310 nm respectively. The total proton exchange 

capacity of humic acid was 4.0±0.1 meq g
-1

. Zeta potential of silica, humic acid and their combined 

system were also measured (Fig. 4). 

The sorption of humic acid (2 mg L
-1

) on silica (2 g L
-1

) was measured as a function of pH in 

0.05 M NaClO4 solution and the results are shown in Fig. 5. Percentage sorption of humic acid 

decreased from 78.6 % at pH 1 to 5.4 % at pH 12. At lower pH (≤ 2), the zeta potential of silica is 

slightly positive whereas that of humic acid is negative, which is the rationale behind the observed 

sorption up to pH 2. Above pH 2, zeta potential of silica is negative and its magnitude increases 

with increasing pH whereas zeta potential of humic acid is negative between pH 1 and 12. 

Electrostatic repulsion reduces the sorption of humic acid on silica above pH 2. Even though there 

was a reduction in the sorption with increasing pH, some amount of humic acid was still sorbed on 

silica, which is not fully understood [17, 18]. Sorption of humic acid on silica decreased with 

increasing pH and showed upward trend beyond pH 10 

The sorption of protactinium on silica as a function of pH is shown in Fig. 6. The sorption 

behaviour can be explained in terms of ionic species of protactinium in aqueous medium and the 

zeta potential of silica. The species of protactinium that exist in non-complexing media (0.1 M 

Na/HClO4) are (a) PaO(OH)
2+

 between pH 0.3 - 2  (b) PaO(OH)2
+
 or PaO2

+
 between pH 2 - 5 (c) 

Pa(OH)5 or PaO2(OH) between pH 5 - 9 and (d) Pa(OH)6 
–
 above pH 9. Zeta potential of silica is 

positive ≤ pH2 and protactinium also exists as doubly positive charged species resulting in 

negligible sorption because of electrostatic repulsion. Between pH 3-5, zeta potential of silica is 

negative and protactinium exists as monopositive species which leads to enhanced sorption. 

Between pH 5 - 9, quantitative sorption can be explained in terms of surface complexation. 

          OHOHPaSiOOHPaSiOH saqs 245   

Above pH 9, protactinium exists as negatively charged species and zeta potential of silica is highly 

negative, and electrostatic repulsion results in the decreased sorption.  

In presence of humic acid, the sorption behaviour of protactinium between pH 3 - 9 is the same 

as that in the absence of humic acid. The lower sorption below pH 2 can be explained in terms of 

reduced magnitude of zeta potential of silica in presence of humic acid. Above pH 9, the functional 

groups of humic acid are fully ionized and the carboxylate group complexes with protactinium, 

which results in decreased sorption. The sorption pattern of protactinium on silica in 0.05M HF 

medium (Fig. 7) is similar to that in presence of humic acid. However, the sorption below pH 2 and 

above pH 9 in presence of HF was much lower compared to that in presence of humic acid.   
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Isotherm for the sorption of protactinium on silica is shown in Fig. 8. Similar trend has been 

reported by Inoue et. al [19]. The sorption capacity of silica for protactinium during the present 

work was 67 ng g-1.
 

CONCLUSIONS 

Protactinium is strongly associated with colloidal silica in the pH range of 1 - 12, which may lead 

to colloidal facilitated transport of protactinium as pseudo colloid. Humic acid and HF affects the 

sorption of protactinium below pH 2 and above pH 9. The results of this study will be useful for 

modeling migration behavior of protactinium in natural aquatic system. It is planned to elucidate 

the sorption mechanism of protactinium using spectroscopic techniques.  
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 Fig. 1: 
231

Pa production from thorium 
 

 

 
Fig. 2. Calibration plot of humic acid 

 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. XRD pattern of silica 
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Fig. 4. Zeta potential 
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Fig. 5: Sorption of humic acid on silica 

 
Fig. 6: Sorption of Pa on silica in presence 

and absence of humic acid 

 
 

 

 

 

 

 

 
 
         
 
 
 
 
 
 
 
 
 
 

 

Fig 7: Sorption of Pa on silica 

in 0.05 M HF medium 

 

 
Fig 8: Isotherm for sorption of Pa on silica 
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