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1. Introduction 
 

Radioactive waste management is a major 
challenging issue to solve in the nuclear industry. 
Among the nuclides in the waste, cesium-137 (Cs-
137) has become a major concern due to its long 
half-life and toxicity. Since Cs-137 is soluble in the 
aqueous phase, the released Cs-137 would readily 
migrate through groundwater pathways [1]. 

Silica is a popular material in the field of surface 
modification studies. Silanol groups on the silica 
surface can covalently bind with organosilyl 
functional groups by the condensation reaction. 
Through the condensation process, various functional 
groups such as carboxyl (-COOH), phosphonate (-
P=O(OH)2), and hydroxyl (-OH) can be attached on 
the silica surface, i.e., silica surface functionalization. 
The functionalized ligands would interact with 
aqueous Cs, improving the sorption performance of 
the silica [2-3]. In the present study, we have 
functionalized the silica surface with three different 
functional groups, e.g., COOH, OH, and P=O(OH)2. 
Their adsorption capacities of Cs were measured and 
compared by batch sorption experiments. 
 

2. Materials and Methods 
 
2.1 Preparation of Adsorbents 

 

All functionalization processes were conducted in 
anhydrous and anoxic conditions (99.999% Ar, H2O 
and O2 < 1 ppm). 300 mg of silica (Sigma-Aldrich, 
S5130) was added to the borosilicate bottle 
containing 50 mL of anhydrous toluene. The mixture 
was magnetically stirred at 400 rpm for 10 minutes. 
Organosilane reagents, 3-(triethoxysilyl)propyl-
succinic anhydride (TESPSA 95%, BOC science), 
(3-glycidyloxypropyl) trimethoxysilane (GPTMS 
98%, Sigma-Aldrich), and (2-
diethylphosphatoethyl)triethoxysilane (DPTS 95%, 

Gelest) were injected into the suspension. The 
injected amount of organosilane was 0-70% based on 
the weight of silica and stirred for 12 hours after the 
injection. Functionalized silica was separated by 
centrifugation and washed with ethanol and 
deionized water several times. The product was then 
subsequently freeze-dried for 48 hours. 
 
2.2 Hydroxylation 

 

After the preparation of adsorbents, each ligand of 
functionalized silica was hydroxylated by addition of 
0.1 M aqueous solution of perchloric acid (diluted 
HClO4) to form sorption sites. The final product was 
washed with deionized water and freeze-dried for 24 
hours (Fig. 1). 

 

 
 

Fig. 1. Schematic illustration of functionalization onto 
silica surface: (A) carboxylation, (B) phosphonation, and 

(C) hydroxylation. 

 
2.3 Characterization  
 

To quantitatively evaluate the functional group 
density, the functionalized silica particles have been 
analyzed by ATR-FTIR, EA, and TGA analysis.  
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2.4 Batch Sorption Experiments  
 

Cesium chloride (99.9% CsCl, Sigma-Aldrich) 
was dissolved in 200 mL of distilled water and 10-4 
M cesium was prepared. The pH was adjusted by 
adding 0.1 M HClO4 and 0.1 M NaOH solution. 
After the injection of functionalized silica, 2 mL of 
the solution was sampled periodically from the 
beginning and immediately separated by a membrane 
filter (Amicon Ultra-centrifuge 10K filter). The 
cesium concentration in diluted solution was 
quantitatively analyzed by ICP-MS. 
 
 

3. Result and Discussion 
 
3.1 Characterization 

 

The functional group density was compared and 
quantitatively evaluated by two analyzes (EA, TGA). 
Table 1 shows that the density of each representative 
organosilane converges within a certain range. 
 
Table 1. Comparison of functional group density 

 

Analysis 
TESPSA 
density 
(/nm2) 

GPTMS 
density 
(/nm2) 

DPTS 
density 
(/nm2) 

EA  0.212 0.008 0.233 0.016 0.148 0.020 

TGA 0.223 0.015 0.296 0.039 0.168 0.010 

Average 0.217 0.008 0.264 0.021 0.158 0.011 

 
From the above results, it was confirmed that a 

monolayer was formed with a surface ligand density 
of 0.217 /nm2 for TESPSA, 0.264 /nm2 for GPTMS 
and 0.158 /nm2 for DPTS. 
 
3.2 Sorption of Cesium onto Functionalized Silica 

 
Batch sorption experiments were conducted under 

pH 6.8 condition, as shown in Fig. 2. The molar ratio 
of cesium to the functional group was controlled by 
the functional group : cesium = 3:1 (mol). Among 
three oxygen-containing functional groups, carboxyl 
group (-COOH) showed the highest adsorption 
capacity (0.14 mol-CS/mol), followed by phosphoric 
acid (-P=O(OH)2, 0.13 mol-Cs/mol) and then 
hydroxyl group (-OH, 0.08 mol-Cs/mol). 

 
Fig. 2. Cesium sorption capacities of each functional group 

(functional group : cesium = 3:1 (in molarity), pH 6.8). 
 

4. Conclusion 
 

Functionalized silica with various functional 
groups was synthesized and compared on a molar 
scale. Among the three functional groups, the 
carboxyl group showed the highest adsorption 
capacity for cesium, suggesting that the 
functionalization of the carboxyl group might 
improve the sorption affinity for cesium. 
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