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Abstract 

The Fenton oxidation of nuclear grade cationic exchange resin was investigated in 

view of the effects of initial temperature, H2O2 dosage, catalyst type and 



  

concentration as well as initial pH. Initial temperature and H2O2 dosage exhibited a 

significant positive effect on the decomposition of cationic resins, whereas the initial 

pH showed a negative effect. Ferrous ions had higher catalytic ability than copper 

ions to the H2O2 activation for resin decomposition, and the best Fe2+ concentration 

was 0.3 M. Under the conditions of initial temperature of 75 °C, H2O2 dosage of 200 

mL, Fe2+ concentration of 0.3 M and initial pH of 0.01, a weight reduction of 73% 

was achieved. The experimental results on Co-substituted mock samples indicated 

that the radionuclides loaded in the resins were concentrated in liquid residue. The 

decomposition of cationic resins followed the two-stage first-order kinetics that 

composed of a dissolution period of resin beads (first-stage) and a followed 

degradation stage of resin solution (second-stage). Combined with the UV-visible and 

infrared spectra and their corresponding density functional theory (DFT) calculations, 

the dissolution of resin beads was due to the desulfonation of the sulfonated aromatic 

rings and the oxidative fragmentation of the polymer backbone by hydroxyl radicals 

(•OH) formed in Fenton reactions. After the dissolution of resin beads, the oxidative 

degradation and mineralization process proceeded by the attack of •OH mainly in 

aqueous medium. 

Keywords: Cationic resin; Fenton reagent; Two-stage; Kinetics; Mechanism 

1. Introduction 

Ion exchange resins (IERs) are extensively used for water treatment in different 

systems of the power plants including nuclear reactors. These resins, used for the 



  

treatment of the water contaminated by radioactive ionic species, are classified as 

nuclear grade (NG) resins, which are manufactured by incorporating some special 

features (e.g. high exchange capacity and mechanical strength, wide applicability and 

versatility) [1, 2]. Spent resins are radioactive wastes, coming from various systems of 

the nuclear reactors, such as the primary and secondary cooling water, moderator 

water, spent fuel storage building water, etc. [1] These spent resins are loaded by 

radionuclides including uranium-235, uranium-238, strontium-90, cobalt-60 and 

caesium-137. Medium-level radioactive spent resins from a Chinese nuclear power 

plant were about 15 m3/a for each nuclear power unit with the radioactive 

concentration of 3.7 × 105−3.7 × 1010 Bq/L containing 8% 60Co, 27% 131I, 55% 137Cs 

and 10% other nuclides; low-level radioactive spent resins were about 10 m3/a for 

each unit with the radioactive concentration of <3.7 × 105 Bq/L containing <1% 60Co, 

27% 131I, 72% 137Cs and <1% other nuclides. These resins should be treated and 

disposed properly to minimize the potential hazard to the ecological environment and 

human health, and to maintain the sustainable development of the nuclear power. 

For the treatment of radioactive spent resins, various technologies such as 

immobilization (e.g. cementation, vitrification, bituminization and plastic 

solidification), oxidative decomposition (including dry oxidation and wet oxidation), 

super compaction, high integrity container and microbial conversion treatment have 

been extensively studied [3]. Immobilization, especially direct cementation, is 

commonly applied to dispose spent resins, providing a more stable form. The spent 



  

resins are physically encapsulated into cement-based solidification systems without 

any chemically bonding, and the cement and resins have not been solidified together 

[4]. Because the resin swells or shrinks when water is adsorbed or released, there is 

force and space existing between the dehydration resins and packing material, which 

leads to the decrease of mechanical strength of the final waste form and the leak of 

radioactive nuclides into contacting water [3-5]. Due to volume bulging and organic 

swelling problems, direct cementation requires several pretreatment procedures to 

reduce the amount of wastes. Dry oxidation, such as pyrolysis and incineration [6, 7], 

has a good performance on waste volume reduction, but harmful substances such as 

sulphuric or nitric oxides and additionally radionuclides may emit at high 

temperature. Wet oxidation has been developed to overcome these issues, such as acid 

digestion [8], Fenton oxidation [9-12], supercritical water oxidation [13-16], radio-

sensitive photocatalysis [17], the hybrid process of Fenton dissolution followed by 

sonication and/or wet air oxidation [18, 19]. These techniques also have some 

disadvantages such as special requirements of container (especially for acid 

digestion), high temperature and pressure required in supercritical water oxidation, 

extra consumption of energy, high cost of treatment facility, etc. To date, there is still 

difficult in storage of radioactive waste from nuclear power plants, and there is no 

satisfactory industrial treatment for these wastes that needs additional studies.  

Wet oxidation using the Fenton reagent has been proposed as an alternative method 

in destructing spent resins. Many fundamental and practical studies have been done on 



  

resin decomposition by Fenton oxidation. The Oak Ridge National Laboratory 

(ORNL, Tennessee, USA) has used Fenton’s reagent (H2O2 and Fe2+) to destroy ion-

exchange resins in radioactive waste tanks in laboratory-scale and pilot-scale tests 

[20]. The optimal reaction conditions were a dilute acidic solution (pH 3–5) and 

moderate temperatures (T 60–100 °C), and reaction products especially gaseous 

products were identified, such as carbon dioxide, carbon monoxide and trace 

quantities of volatile organics [20]. The Institute of Nuclear Energy Technology at 

Tsinghua University (INET, Beijing, China) has investigated the decomposition 

behavior of cationic, anionic, and mixed ion-exchange resins by H2O2–Ni2+/Cu2+, 

H2O2–Mn2+/Cu2+, H2O2–Fe2+, H2O2–Cu2+, and H2O2–Fe2+/Cu2+ systems [21, 22]. The 

effects of temperature, amount of H2O2 and catalyst on reaction processes were 

studied, and the analytical results indicated that the radioactive nuclides were 

concentrated in decomposed solution and solid residues, and no radioactivity was 

detected in the off-gas [21, 22]. Zahorodna et al. [23, 24] have applied the optimal 

experimental design methodology to investigate the effects of reaction parameters on 

resin oxidation by Fenton process, i.e. Fe2+ and H2O2 concentrations and temperature, 

as well as to determine the optimal process parameter ranges. The photo-Fenton 

process was found to enhance the mineralization rate of resins, and the evolution of 

sulfate (SO4
2-), CO2, formic and oxalic acids was investigated to elucidate the 

oxidative mechanisms and differentiation between Fenton and photo-Fenton processes 

[24]. Our earlier studies have also evaluated the influencing factors on resin 



  

degradation by Fenton and Fenton-like processes, such as temperature, type and 

concentration of catalysts, H2O2 dosage and pH value, and the possible degradation 

mechanisms of cationic resin and anionic resin were proposed [9, 10, 25]. Thus, most 

of these previous researches focus on examining the effects of reaction conditions. 

Few studies have examined the reaction kinetics of resin by oxidative processes. 

Gunale et al. [18, 19] have studied the hybrid processes for the degradation of IER, 

which were the Fenton process for the dissolution of IER followed by wet oxidation 

and/or sonication for the mineralization of IER. The kinetics of catalytic wet oxidation 

of the waste obtained after Fenton process was studied, showing that the 

mineralization reaction followed a two-step mechanism, viz. the fast oxidation of the 

organic substrate followed by a slower oxidation of low-molecular-weight compounds 

formed, such as acetic acid and oxalic acid [18, 19]. However, little attention has been 

paid to examining the kinetics of both dissolution and degradation of resins by Fenton 

process. Since the resin is a high polymer, the degradation mechanism is very 

complicated. Density functional theory (DFT) calculation can open up a new way for 

the exploration of degradation mechanism of refractory organic pollutants. The 

relevant decomposition mechanisms based on both experimental and simulation 

results have not been reported, which need to be further studied. 

The spent resins generated from a nuclear power plant are usually present in a 

mixed or partially mixed form of cationic and anionic resins. The mixed resin can be 

analyzed (semi-quantitatively) using a FTIR based spectroscopic method [1], and 



  

separated by a fluidized bed gravimetric separator utilizing their density difference 

[16]. Because of the difference in functional groups of cationic and anionic resins as 

well as the interaction of the corresponding byproducts, cationic resin was chosen as 

the target contaminant to better optimize the reaction conditions and to investigate the 

reaction mechanism in this work. The effects of reaction temperature, catalyst type 

and concentration, H2O2 dosage and solution pH on the dissolution and degradation of 

nuclear grade cationic resins were investigated. The corresponding reaction kinetics of 

dissolution stage and degradation stage were studied. The Fenton oxidation of cationic 

resins was also evaluated in view of the weight reduction of resins, the experimental 

results on Co-substituted mock samples, as well as the decomposition mechanism 

combining experimental results and DFT calculation. 

2. Materials and methods 

2.1. Resins and chemicals 

The nuclear grade cationic resin (ZG C NR 50) used in this study is made by 

Zhejiang Zhengguang Industrial Co., Ltd., which has been applied in the primary loop 

of reactor in several nuclear power plants, the experimental reactors and the nuclear 

waste treatment plant in China. The characteristics and performance of the cationic 

resin are listed in Table 1. This NG cationic resin is a cross-linked styrene-

divinylbenzene (ST-DVB) copolymer with the strong acid cation exchange site (e.g. –

SO3
-H+) (Table 1). 

Ferrous sulfate (FeSO4·7H2O), copper sulfate (CuSO4·5H2O), H2O2 (30%, wt%) 



  

and NaOH were supplied by Sinopharm Chemical Reagent Co., Ltd. For the 

determination of chemical oxygen demand (COD) value of the oxidized resin 

solution, potassium dichromate (K2Cr2O7), silver sulfate (Ag2SO4), sulfuric acid 

(H2SO4) and potassium hydrogen phthalate (C8H5KO4) were obtained from 

Sinopharm Chemical Reagent Co., Ltd., and mercury sulfate (HgSO4) was purchased 

from Guizhou Tongren Chemical Reagent Factory. All chemicals were of analytical 

grade and used without further purification, and second distilled water was employed 

in this study. 

2.2. Experimental set-up and procedures 

All experiments were conducted in a four-necked round-bottomed flask (500 mL) 

placed in a thermostatic water bath (LWB-24, LongYue Instrument Equipment Co., 

Ltd., Shanghai, China) with a mechanical stirrer, as depicted in Fig. 1. The speed of 

the stirrer was about 500 rpm. Twenty grams of cationic resins and 50 mL of catalyst 

solution (FeSO4·7H2O or CuSO4·5H2O) were first added into the reactor. The pH 

value was adjusted by NaOH solution. The oxidative reactions were initiated by 

adding a desired dosage of H2O2 to the mixture of resins and catalyst solution, and 50 

mL of catalyst solution was continued to be added into the reactor at a flow rate of 1 

mL/min. Gases released were condensed during the operation, and the temperature of 

solution was recorded. Samples were taken at predetermined time intervals, and 

diluted for COD analysis. After 180 min, the reaction was stopped, and the weight of 

the residue was measured after dried in a vacuum oven at 80 °C for a week. Each 



  

experiment was carried out at least in duplicate, and all results were expressed as a 

mean value. 

Because Co and Cs are known as the primary radionuclides that can be substituted 

in spent cationic resins generated from nuclear power plants, non-radioactive Co-

substituted mock samples were prepared to investigate the emission and distribution 

of Co during the Fenton oxidation of spent resins. Twenty grams of cationic resins 

were saturated by 0.5 M CoCl2·6H2O. 

The percentage of weight reduction was calculated according to the following 

formulation: 

where w0 is the weight of original dry resins, and wt is the weight of dried residue 

after the reaction. It should be noted that the addition of the catalysts (and NaOH) was 

eliminated in the calculation. 

2.3. Analytical methods 

The dissolution and degradation of cationic resins was determined by measuring the 

increase and decrease of COD value of the resin solution with a standard dichromate 

method [26]. The measurement was carried out on a HACH DRB200 digestion and an 

A360 scanning UV/VIS spectrophotometer (AOE Instruments Co., Ltd., Shanghai, 

China). Test solutions (3 mL) were pipetted into a dichromate solution with 

concentrated sulfuric acid and digested at 165 °C for 15 min. The analyses of 

absorbance for the change in color of the dichromate solution were determined at the 

Weight reduction (%) = (1 - wt/w0) × 100% (1) 



  

wavelength of 440 nm. 

The pH values were measured with a PHS-3E instrument (Shanghai INESA 

Scientific Instrument Co., Ltd., China). The Co concentration was analyzed by an 

atomic absorption spectrophotometer (AAS-300, Perkin-Elmer, USA). All solution 

samples were measured in transmittance mode from 190 to 900 nm at 1 nm intervals 

using a quartz cell by an A360 scanning UV/VIS spectrophotometer (AOE 

Instruments Co., Ltd., Shanghai, China). The morphology changes of the surface of 

resins were observed using a field-emission scanning electron microscope (FE-SEM; 

MAIA3 LM; Tescan, USA) with energy dispersive X-ray detector (EDX). Fourier 

transformed infrared (FTIR) spectra were recorded on a VERTEX 70 Bruker FTIR 

spectrometer, Germany. 

2.4. Computational method 

Density functional theory [27] (DFT) calculations were used to investigate the 

reaction mechanism of cationic resins. The hybrid Becke-3-Lee Yang Parr (B3LYP) 

density functional method [28] with the 6-31G (d) basis was employed for the 

geometry optimization and frequency analyses for cationic resins, sulfonated styrene-

divinylbenzene monomer, intermediates and products. To eliminate the systematic 

errors and to obtain a considerably better agreement with the experimental vibrational 

frequencies, a scaling factor of 0.9613 was applied to the theoretically calculated 

frequencies [29, 30]. All calculations were carried out using Gaussian 16 package 

[31]. 



  

3. Results and discussion 

3.1. Experimental observation 

When the reactor was heated under the initial temperature of 75 °C, the Fenton 

reaction of cationic resins was initiated by the addition of H2O2 into the mixture of 

resins and ferrous solution. The original pH (not adjusted) was about 0.01. During the 

180 min of reaction, the evolution of the shape of cationic resins and the color of resin 

solution can be seen in Fig. 2. At early stage of reaction, the color of resins gradually 

became black, while the resins started to dissolve. After about 30 min, cationic resins 

started to completely dissolve. An hour later, all the resin beads turned into yellow 

liquid. During this period of time, there was a small amount of gas released, and no 

problem with foaming occurred. The color of resin solution became lighter, and the 

reaction ended with the formation of a yellow solution in 180 min.  

Fenton process used for the decomposition of IERs is primarily based on the 

efficient generation of hydroxyl radicals (•OH) utilizing ferrous ions as the catalyst to 

decompose H2O2 (reaction 2) [32]. The formed Fe3+ can be reduced to Fe2+ by H2O2 

and HOO• according to the reactions (3) and (4), which allows the recycling of Fe2+ 

[9]. Resin beads are first dissolved by the attack of •OH (such as reaction 5), and then 

the oxidative degradation and mineralization proceeds mainly in aqueous medium 

[24]. The degradation of the styrene unit and the cross-linking agent can be 

represented as the reactions (6) and (7), respectively [21]. 

Fe2+ + H2O2→ Fe3+ + •OH + OH- (2) 



  

3.2. Effect of operational parameters on the Fenton oxidation of cationic resins 

3.2.1. Effect of initial temperature 

The COD value of resin solution changes during the reaction time at various initial 

temperatures (i.e., 60, 75 and 90 °C) as shown in Fig. 3a. When the initial temperature 

of reaction was 75 °C, the curve can be divided into two parts: an increase of the COD 

value followed by a decline stage, which is similar to earlier studies [17, 20]. Peak 

COD value was reached at about 30 min, indicating that resin beads became almost 

completely dissolved. Combined with the resin dissolution phenomenon observed in 

Fig. 2, the increase of the COD value within 30 min could be mainly ascribed to the 

dissolution of resin beads, whereas the followed decrease of the COD value is due to 

the degradation of resin solution. 

As seen in Fig. 3a, when initial temperature increased from 60 to 75 °C, the 

complete dissolution time was shortened from 150 to 30 min, while the final COD 

value of resin solution (after 180 min) was decreased from 7498 to 6057 mg/L. As the 

initial temperature was further increased to 90 °C, the highest COD value was 

detected in just 5 min, and COD value was reduced to 2590 mg/L at 180 min, 

Fe3+ +H2O2 →Fe2++HOO•+ H+ (3) 

Fe3+ +HOO•→Fe2++O2+ H+ (4) 

C8H8SO3 + 20H2O2→ 8CO2 + 23H2O + H2SO4 (5) 

C8H8 + 20H2O2→ 8CO2 + 24H2O (6) 

C10H10 + 25H2O2→10CO2 + 30H2O (7) 



  

indicating that higher initial temperature enhances both the dissolution and 

degradation of cationic resins. An important observation here revealed that even at 

initial temperature of 60 °C, the complete dissolution of resin beads was obtained. In 

comparison with other methods, Fenton process for spent resin decomposition can be 

operated at mild conditions (relatively low temperature and normal pressure), which is 

a significant advantage for application. 

The change of solution temperature during resin decomposition by Fenton process 

is shown in Fig. 3b. When Fenton reagent was added into the reactor, solution 

temperature rose, and after the complete addition of Fenton reagent in about 60 min, 

solution temperature dropped to the initial value, suggesting that the decomposition of 

resins by Fenton process is exothermic. 

3.2.2. Effect of H2O2 dosage 

The obtained results for resin decomposition as a function of H2O2 dosage at 

various reaction times with 0.3 M Fe2+at pH ≈0.01 and initial temperature of 75 °C are 

displayed in Fig. 4a. As H2O2 dosage increased from 100 to 150 mL, COD value of 

resin solution increased from 4158 to 6997 mg/L within 10 min, because more 

radicals formed in the system enhanced the dissolution of cationic resins [11]. After 

180 min of reaction, with the increase of H2O2 dosage, COD value decreased greatly 

from 6057 to 1768 mg/L, showing the obviously enhanced degradation of resins, 

which could be ascribed to the increasing amount of reactive oxidants such as •OH 

and the dilution by H2O2 solution. When H2O2 dosage was further increased to 200 



  

mL, the complete dissolution time was shortened from 30 to 15 min, and the final 

COD value of resin solution was reduced to 498 mg/L. 

The degree of cross-linking (DVB) is defined as the mass ratio between cross-

linking agent (divinylbenzene, in this study) and cationic resin [33], which is 8% as 

seen in Table 1. As expressed by reaction (7), the degradation of one mole 

divinylbenzene consumes 25 moles of H2O2 in stoichiometry. Assuming that the mass 

percentage of poly styrene sulfonic acid (the rest part of cationic resin) is about 92%, 

the degradation of one mole styrene sulfonic acid consumes 20 moles of H2O2 in 

stoichiometry, as seen in reaction (5). Thus, the theoretical consumption of 30% H2O2 

(with the density of 1.11 g/cm3) for 13.55 g dry resin could be calculated as 160 mL. 

Considering the scavenging effect of hydroxyl radicals by excess H2O2 and the 

decomposition of H2O2, adding more H2O2 could not effectively improve the 

dissolution and degradation of resins, but increases the cost of the treatment [21, 34, 

35]. Hence, the H2O2 dosage of 200 mL was adopted for the decomposition of 

cationic resins. 

3.2.3. Effect of catalyst type and concentration 

Oxidation processes using 0.3 M Fe2+ and 0.3 M Cu2+ as the catalyst for resin 

decomposition were investigated and compared. From Fig. 4b, we can see that 

Fe2+/H2O2 system is significantly more effective than Cu2+/H2O2 system. After 180-

min oxidation of resins using Cu2+/H2O2, there were still some solid residues left in 

the final solutions. For cationic resins, higher valence states of metal ions enhance the 



  

absorption and exchange of metal ions with the exchange sites on the resin, increasing 

the catalytic oxidation of resins [21]. The valence states of Fe3+/Fe2+ redox couple are 

higher than that of Cu2+/Cu+ couple, resulting in the higher catalytic ability of Fe2+ to 

the H2O2 activation for resin decomposition. Jian et al. [21] also found that cation-

exchange resin could be oxidized more efficiently by Fe2+ acted as the catalyst than 

that by other catalysts, such as Cu2+, Ni2+, Mn2+, Ni2+/Cu2+ and Mn2+/Cu2+. 

The effect of Fe2+ concentration on resin decomposition was studied with 200 mL 

30% H2O2 at pH ≈0.01and initial temperature of 75 °C (Fig. 4c). When the Fe2+ 

concentration increased from 0.1 M to 0.3 M, the time for COD peak value occurred 

was shortened from 30 min to 15 min, and the final COD value was decreased from 

1565 to 498 mg/L, indicating that the increase of Fe2+ concentration enhanced both 

the dissolution and degradation of resins. The enhancing effect could be attributed to 

the increasing amount of Fe2+ absorbed onto the exchange sites of resins producing 

more reactive oxidants such as •OH [34]. Nevertheless, when the Fe2+ concentration 

was further increased to 0.5 M, the time for COD peak value occurred was prolonged 

to 20 min, and the final COD value was increased to 1461 mg/L, suggesting that the 

dissolution and degradation of resins was not further enhanced but a little decreased. 

Taking into account the total ion exchange capacity of the IER used in this work (4.90 

mmol/g), the concentration of Fe2+ needed for the saturation of 13.554 g dry resin is 

calculated as 33 mmol. Under our experimental conditions, 100 mL of 0.1 M, 0.3 M 

and 0.5 M Fe2+ solution amounts to 10, 30 and 50 mmol Fe2+, respectively. Hence, 



  

under conditions where Fe2+ concentration is ≤ 0.33 M, Fe2+ is practically 

quantitatively bound to the IER, and the Fenton reaction should take place almost 

completely at the surface of IER [24]. When the Fe2+ concentration was increased 

above the IER capacity (e.g., 0.5 M), a number of competitive reactions (Eqs. 8 and 9) 

occurred, negatively affecting the oxidation process [9, 32]. Thus, in our experiment, 

the optimum Fe2+ concentration was 0.3 M. 

3.2.4. Effect of initial pH 

The influence of initial pH value on resin dissolution and degradation was 

investigated at three different pH values of 0.01, 0.76 and 1.01, as shown in Fig. 4d. 

With the increase of pH, the dissolution and degradation of cationic resins were 

decreased, which can be mainly ascribed to the reduced formation rate and the lower 

oxidation potential of •OH [36, 37]. Similar results have been reported by our 

previous study [9]. 

3.3. Two-stage first-order kinetics 

As Fenton process is very complicated and it produces various reaction 

intermediates through numerous pathways, it is nearly impossible to simulate each 

individual reaction. Therefore, a model was used to develop an intrinsic rate equation 

for COD [14, 18, 19, 34]. The oxidative decomposition rate of Fenton process by 

using power-law expression was defined by 

Fe2+ + •OH → Fe3+ + OH- (8) 

Fe2+ +HOO•→Fe3++HO2
- (9) 



  

where k0 is the rate constant; t is time; [H2O2], [COD] and [Fe2+] are values of H2O2 

dosage, COD and Fe2+ concentration, respectively; m, n, p is the order of the reaction. 

For a given concentration of H2O2 and Fe2+, the term of k0[H2O2]
m[Fe2+]p becomes 

constant, and the rate expression can be written as 

For pseudo-first-order reaction (n = 1), the first-order rate expression is given by 

where ln[COD]0 is constant. 

The kinetics of Fenton oxidation of spent resins was studied, and the effect of initial 

temperature, H2O2 dosage, Fe2+ concentration and initial pH was investigated as seen 

in Fig. 5 and Table 2. It was concluded that the order with respect to COD is 1, since a 

plot of ln[COD]t versus time gives a straight line. The two-stage first-order kinetics 

composed of the dissolution period of resin beads (first-stage) and the degradation 

stage of resin solution (second-stage) was observed from Fig. 5a. When the initial 

temperature increased from 60 to 75°C, the complete dissolution period was 

shortened, and rate constant of dissolution (k1) was increased from 0.0064 to 0.0351 

min-1 (Table 2). As the temperature further increased from 75 to 90 °C, rate constant 

of degradation (k2) was increased from 0.0027 to 0.0218 min-1. As shown in Fig. 5b, 

from 100 to 200 mL H2O2 dosage, k2 was increased from 0.0027 to 0.0507 min-1. Fig. 

5c illustrates the effect of Fe2+ concentration on the second stage of resin degradation. 

r = -d[COD]/dt = k0[H2O2]
m[COD]n[Fe2+]p (10) 

r = -d[COD]/dt = k[COD]n (11) 

ln[COD]t = kt + ln[COD]0 (12) 



  

When Fe2+ concentration increased from 0.1 to 0.5 M, k2 was first increased from 

0.0165 to 0.0507 min-1, and then decreased to 0.0152 min-1. With the increased 

addition of NaOH, pH value was increased, leading to the inhibition of resin 

degradation with a decreased k2 value (Fig. 5d). The trend described in Fig. 5 and the 

data shown in Table 2 corroborated the effect of operational parameters on the Fenton 

oxidation of cationic resins discussed in the above section. 

3.4. Weight reduction of cationic resins 

Fig. 6 shows the effect of initial temperature, H2O2 dosage, Fe2+ concentration and 

initial pH on the percentage of weight reduction of cationic resins. As the initial 

temperature increased from 60 to 90 °C, the weight of residues was reduced from 

12.85 to 7.00 g with an increased weight reduction from 5% to 48%. Similarly, lower 

weight of residues and higher percentage of weight reduction were obtained with 

higher H2O2 dosage. When Fe2+ concentration was 0.3 M, the weight of residues was 

the lowest (3.66 g) with the highest weight reduction rate of 73%. With increasing 

initial pH value, the weight of residues was increased with decreasing weight 

reduction rate. These results were consistent with the effect of operational parameters 

on COD value of cationic resin solution and reaction kinetics during Fenton oxidation 

observed in the above sections. 

The optimum condition derived from the above results was: reaction temperature 

90 °C, 200 mL 30% H2O2, 0.3 M Fe2+ and pH 0.01. At this condition with the initial 

temperature of 75 °C, the final COD value of resin solution was 498 mg/L with the 



  

degradation rate constant of 0.0507 min-1, and the weight reduction rate reached up to 

73%. 

3.5. Experimental results on Co-substituted mock samples 

During the destruction of spent cationic resins from nuclear power plants, it is also 

very important to prevent the emission of radionuclides. Thus, the Fenton oxidation of 

Co-substituted mock samples was studied at 75 °C with 150 mL H2O2 and 0.3 M Fe2+, 

as shown in Fig. 7. Compared with the oxidation of raw resins under similar reaction 

conditions, it can be found that the decomposition of Co-substituted mock samples 

was faster than that of raw resins, suggesting that the swelling of the resins caused by 

the immersion in CoCl2·5H2O solution enhanced the oxidative destruction of resins 

[9]. The weight reduction rate of Co-substituted mock samples was 62%, which was 

also relatively higher than that of raw resins (54%). 

After saturated by 0.5 M CoCl2·6H2O solution, about 5.61 g Co2+ were exchanged 

on the resin surface. Within 180 min Fenton oxidation, about 5.56 g (99%) Co2+ was 

detected in resin decomposition solution, whereas about 0.000122 g (0.0022%) Co2+ 

was analyzed in 2.3 mL condensate of released gases, indicating that the radionuclides 

loaded in the resins remained in the decomposition solution. Thus, the availability and 

safety of the resin decomposition by Fenton process are fully verified. 

3.6. Decomposition mechanism 

The scanning electron microscopy (SEM) analyses were performed to investigate 

the morphological change of resins during disintegration process. Fig. 8 exhibits the 



  

SEM images of dried fresh cationic resin beads and resin residue after 10 min, 30 min, 

90 min and 180 min reaction. The surface of spherical beads became no longer 

smooth and were cracked within 10 min (Figs. 8b and 8c), which was resulted from 

the attack of hydroxyl radicals. Then the resin beads started disintegration and 

fragmentation until they were completely dissolved after 30 min (Fig. 8d), which 

corroborated the experimental observation and two-stage first-order kinetics discussed 

in the above section. The matrix crack and the resin disintegration was probably 

expected to the desulfonation of the aromatic rings, oxidative fragmentation of the 

polymer backbone and mineralization of decomposition solution by the attack of •OH 

and high pressure of CO2 formed through the reactions (5)−(7) [10, 18]. 

For the Co-substituted mock samples, the SEM observation of resin disintegration 

process is shown in Fig. 9. The diameter of resins was 503 μm after soaking with Co2+ 

solution (Fig. 9a), larger than that of fresh resins (363 μm, Fig. 8a), indicating the 

swelling of the resins after immersion, which further corroborated the faster 

decomposition of Co-substituted mock samples observed in Fig. 7. The EDX spectra 

(Fig. 9b) confirmed that Co2+ ions were exchanged on the resin surface. After 180 min 

reaction, according to the surface morphology of dried samples as seen in Fig. 9c., the 

resin beads were cracked. EDX analysis as seen in Fig. 9d displayed the existence of 

Co and the Fe catalyst in the resin residue. 

Ultraviolet-visible spectroscopy (Figs. 10 and 12) was used to verify the color of 

organics as well as to speculate the molecular structure, because organic compounds 



  

absorbing light in the UV or visible regions of the electromagnetic spectrum directly 

affects the molecular structure and the perceived color of the chemicals involved [38‒

40]. From Fig. 10, it can be seen that the degradation solution of resins was a dark 

color in twenty-time diluted solution after 5 min and 10 min reaction, and turned dark 

brown after 20 min with the corresponding absorption peaks blue-shift to shorter 

wavelengths. The color of resin solution was gradually lightened, showing an orange-

yellow at 30 min, with the absorption band below 450 nm. Finally, a yellow solution 

was observed, which is consistent with the experimental observation in Section 3.1. 

Because the cationic exchange resin used in this study is prepared by sulfonation of 

polystyrene cross-linked with divinyl benzene, sulfonated styrene-divinylbenzene 

monomer is modeled with the calculated bond length and energy to study the resin 

structure and decomposition mechanism as seen in Fig. 11. The distances of C4–C5, 

C5–C6 and C8–S9 bonds are 1.5415, 1.5460 and 1.7822 Å, respectively, relatively 

longer than other bonds, exhibiting smaller bond energies, which indicate that these 

bonds are weaker bonds and easier to be broken [41, 42]. 

After the cleavage of C4–C5, C5–C6 and C8–S9 bonds, the degradation 

intermediates of resin, such as ethylbenzenesulfonic acid, sulfobenzoic acid, 

ethylphenol, 4-ethylbenzoic acid, 1-(2-hydroxyphenyl) ethanone, 1-(3-

hydroxyphenyl) ethanone, 1-(4-hydroxyphenyl) ethanone, hydroxybenzoic acid, 

phthalic acid, benzenediol, benzoquinone and small molecule acids, were speculated 

[43, 44]. The corresponding UV spectroscopic data of sulfonated styrene-



  

divinylbenzene monomer and these intermediate compounds were calculated by 

Gaussian 16 package for the wavelengths between 150 nm and 400 nm (Figs. 12b‒e). 

The ultraviolet spectrum (between 190 nm and 400 nm) of resin solution during 

Fenton oxidation experiment was observed as shown in Fig. 12a. After 5 min of 

reaction, the absorption bands of the resin solution were observed in the 220–260 nm 

region (Fig. 12a), related mainly to sulfonated styrene-divinylbenzene monomers 

(Fig. 12b), and 200–240 nm which are principal absorptions of benzene ring 

compounds such as 4-ethylbenzoic acid, phthalic acid (Fig. 12c), sulfobenzoic acid 

(Fig. 12d) and other phenolic compounds. After 10 min of reaction, more absorption 

bands were observed at longer wavelengths (260−290 nm) in the UV spectrum (Fig. 

12a), which indicated that the fracture of carbon frame, desulfonation and detachment 

of benzene ring from carbon frame might happen, and more intermediates were 

produced during the Fenton oxidation. These absorptions might be related to 

hydroxyphenyl ethanone, hydroxybenzoic acid, benzenediol and benzoquinone (Fig. 

12c). The absorption bands of the resin solution at 20 min and 30 min were observed 

from 195 to 230 nm, and absorptions around 230–260 nm diminished (Fig. 12a), 

suggesting that resin beads (mainly sulfonated dstyrene-divinylbenzene monomers as 

seen in Fig. 12b) were decomposed into organic intermediates as the aromatic-ring 

opening occurring, such as hydroxyphenyl ethanone, hydroxybenzoic acid, phthalic 

acid (Fig. 12c), 4-ethylbenzenesulfonic acid, 2-sulfobenzoic acid, 3-sulfobenzoic acid 

(Fig. 12d), maleic acid and fumarid acid (Fig. 12e). It should be noted that after 



  

30min, similar UV spectra were obtained, which showed an absorption peak at the 

shorter wavelength (195 nm), further verified the two-stage decomposition of resins. 

The UV spectra indicated that the structure might be 2-ethylbenzenesulfonic acid, 3-

ethylbenzenesulfonic acid, 2-sulfobenzoic acid, ethylphenol, benzenediol, oxalic acid, 

etc., which eventually remained in solution. 

The FTIR spectra have also been used in the elucidation of structural performance 

of the cationic resin and its oxidized products [1, 10, 45]. The FTIR spectra of resin 

monomers and oxidized products were studied using DFT methods, which were 

compared with experimental results to analyze the molecular structure precisely [46, 

47]. The comparison of experimental FTIR spectrum of the fresh resin and calculated 

results of sulfonated styrene-divinylbenzene monomer are shown in Fig. 13, and the 

structures are listed in Table 3. The characteristic bands at about 3500 and 1640 cm-1 

in the experimental FTIR spectrum are probably attributed to the interference of H2O. 

The bands corresponding to C-H stretching vibration are identified at 2926 and 2992 

cm-1. The observed region of 1674−1349 cm-1 corresponds to the C-H in-plane 

vibration on the carbon skeleton and benzene ring of the resin, the C=C stretching on 

the benzene ring and the associated complex vibration. The bands appearing at 1147 

and 1120 cm-1 are assigned to the sulfonic groups (C-S and S=O wagging vibration). 

Several bands in the region of 1030 to 561 cm-1 are observed, corresponding to the 

stretching and deformation of benzene ring. The detailed dynamic characteristics of 

these vibration patterns can be seen in the supplementary material (slides 1−3). 



  

The changes of experimental FTIR spectra during the Fenton oxidation of resins at 

75 °C with 200 mL H2O2 and 0.3 M Fe2+ are shown in Fig. 14. Based on the 

calculated FTIR spectra of the speculated intermediates of resin (Figs. S1−S4, 

supplementary material), the experimental FTIR bands and tentative assignments are 

displayed in Table 4. After 10 min of reaction, there is little change in the FTIR 

spectrum compared with the experimental FTIR spectrum of the fresh resin, which is 

consistent with the SEM and UV analyses. The lower intensity of the characteristic 

bands at 1120, 1031, 1002, 833, 774, 669 and 560 cm-1, associated with –SO3H, C-H 

vibration on the benezene ring, O-H in-plane wagging of hydroxyl and carboxyl 

groups, phenolic hydroxyl groups, benzene ring deformation and C-H wagging of 

aliphatic groups, may be related to the oxidation of carbon skeleton and sulfonic acid 

groups of resins by •OH. In the 30-min sample, some bands associated to C-H 

stretching vibration of aliphatic groups disappears, and an important feature is 

observed at 3403 cm-1 corresponding to O-H stretching of hydroxyl groups. The bands 

at 1665, 1291 and 1173 cm-1 exhibit a higher intensity, which is possibly due to the 

formation of carboxylic acids. Meanwhile, relevant increase of bands appeared at 

1173−850 cm-1, associated to C-H vibration of benzene ring, C-O or C-C stretching, 

O-H wagging, indicating that many aromatic substances based on benzene ring 

substitution with •OH are produced. The corresponding substances containing 

sulfonic groups are significantly reduced, which is speculated that most of the sulfonic 

groups on the resins are directly broken or substituted with •OH forming phenolic 



  

hydroxyl groups. The carbon skeleton of resins is cracked and oxidized by •OH, 

generating Carbonyl-containing carboxylic acids, ketones, aldehydes, etc. These 

results further vierify the dissolution stage of resin beads (first-stage) mostly ascribed 

to the desulfonation of resin molecules and the oxidative fragmentation of the carbon 

skeleton. After a 90 min reaction, the characteristic bands associated with the 

carbonyl, hydroxyl groups and their complex vibration exihibit a higher intensity, 

indicating the formation of carboxylic acid substances. The sulfonic acid species 

disappeared, and the corresponding substances with fatty groups also decreased, 

speculating that the sulfonic groups and the carbon skeleton almost disappeared, and 

some benzene rings are broken and oxidized to carboxylic acids. From the FTIR 

spectrum of 180-min sample, many bands disappear, only left the main features 

appear at 1646 cm-1 (H2O, benzene ring vibration and C=O stretching), 1465 and 

1417 cm-1 (C=C stretching and C-H vibration on the benzene ring, C-H wagging), 

1004 cm-1 (SO4
2-, H wagging on the C=C bond), 656 and 575 cm-1 (SO4

2-, O-H out-

of-plane deformation of carboxylic acids). There are still some benzene compounds 

such as phenol, benzenediol, benzoic acid and terephthalic acid remaining in solution. 

At the same time, some of the benzene rings are oxidized and opened to form 

saturated and unsaturated acids, with a high concentration of sulfate leaving in 

solution. 

Based on the above analysis, the cation resin degradation mechanism was inferred. 

The oxidation and mineralization of organic pollutants by Fenton process are 



  

principally induced by •OH via hydrogen abstraction, electrophilic addition to π-

systems and electron transfer [24, 48, 49]. For cationic resins used in this work, Fe2+ 

was initially exchanged with H+ on the IER, and Fenton reactions first occurred on the 

resin beads. Hydroxyl radicals produced by Fenton reactions on the IER first initiate 

the oxidative fragmentation of the polymer backbone (the breakdown of C5–C6 bond, 

Eq. 12) as well as the desulfonation of the sulfonated aromatic rings (Eqs. 5 and 13) 

[24]. Hydrogen abstraction would mainly concern the tertiary C-centers of the 

polystyrene backbone for oxidative fragmentation (reaction 12) [24]. As shown in 

reaction (13), electrophilic addition of •OH to π-systems would happen on the 

aromatic moieties of the polymer substrate for desulfonation [24]. After the first stage 

of dissolution of resin beads, complex substituents on the benzene ring were oxidized 

and replaced by simpler carboxyl and hydroxyl groups, which were further oxidized 

by •OH to form quinones, especially p-benzoquinone, and then oxidized to form ring-

opening unsaturated acids and saturated acids. These carboxylic acids might be finally 

oxidized to CO2 and H2O (Eqs. 5−7). 

4. Conclusions 

Fenton oxidation has been proven to be a potential and promising method for the 

C8H8SO3 + 20H2O2→ 8CO2 + 23H2O + H2SO4 (5) 
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dissolution and degradation of cationic resins. The operational parameters, such as 

initial temperature and pH, H2O2 dosage, catalyst type and concentration, were 

investigated and optimized. Complete dissolution of cationic resins and minimum 

COD value were obtained with H2O2 200 mL, Fe2+ 0.3 M at initial temperature 75 °C 

and pH 0.01, corresponding to a weight reduction of 73%. The two-stage first-order 

kinetics was observed during the oxidation of cationic resins, which was composed of 

a dissolution stage of resin beads mostly ascribed to the desulfonation of resin 

molecules and the oxidative fragmentation of the polymer backbone by •OH, and a 

followed degradation stage of resin solution mainly ascribed to the oxidation of 

intermediates by •OH in aqueous medium. It is concluded that wet oxidation using the 

Fenton reagent is an effective pretreatment method to reduce the amount of the spent 

resins. 
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Figure captions 

Figure 1. Schematic diagram of the experimental set-up used for the Fenton oxidation 

of cationic resins. 



  

Figure 2. Evolution of the shape and color of resin solution during the Fenton process 

with 0.3 M Fe2+ and 100 mL H2O2 at pH ≈ 0.01 and initial temperature of 75 °C. 

Figure 3. (a) Effect of initial temperature on the dissolution and degradation of cationic 

resins; (b) the change of solution temperature during resin decomposition by Fenton 

process. Reactions were conducted with 0.3 M Fe2+ and 100 mL H2O2 at pH ≈ 0.01. 

Figure 4. Effects of (a) H2O2 dosage, (b) catalyst type, (c) Fe2+ concentration, and (d) 

initial pH on resin decomposition. Except for the investigated parameter, other 

parameters fixed on T75 °C, H2O2 200 mL, Fe2+ 0.3 M and pH ≈ 0.01. 

Figure 5. Pseudo-first-order plots for resin dissolution and degradation by Fenton 

process: (a) effect of initial temperature; (b) effect of H2O2 dosage; (c) effect of Fe2+ 

concentration; (d) effect of initial pH. Except for the investigated parameter, other 

parameters fixed on T75 °C, H2O2 200 mL, Fe2+ 0.3 M and pH ≈ 0.01. 

Figure 6. The percentage of weight reduction at different operational conditions. Except 

for the investigated parameter, other parameters fixed on T75 °C, H2O2 200 mL, Fe2+ 

0.3 M and pH ≈ 0.01. 

Figure 7. Decomposition of raw resins and Co-substituted mock samples at 75 °C with 

150 mL H2O2 and 0.3 M Fe2+. 

Figure 8. SEM images of spent resin during decomposition process at 75 °C with 200 

mL H2O2 and 0.3 M Fe2+: (a) fresh cationic resin beads, 500×; (b) after 10 min,500×; 

(c) after 10 min, 10000×; (d) after 30 min,500×; (e) after 90 min, 500×; (f) after 180 

min, 300×. 



  

Figure 9. SEM images and EDX spectra of Co-substituted mock samples (a, b) and 

decomposition residue after 180 min (c, d). 

Figure 10. Ultraviolet-visible spectrum of resin solution during decomposition process 

at 75 °C with 200 mL H2O2 and 0.3 M Fe2+. 

Figure 11. Optimized geometries of the model of sulfonated styrene-divinylbenzene 

monomer with calculated bond length and energy. The units of length and energy are 

angstrom (Å) and kJ/mol, respectively. 

Figure 12. Ultraviolet spectrum of resin solution during decomposition process at 75 

°C with 200 mL H2O2 and 0.3 M Fe2+ (a), and calculated UV spectroscopic data of 

sulfonated styrene-divinylbenzene monomer and intermediate compounds (b–e). 

Figure 13. The experimental FTIR spectrum of the fresh resin and calculated FTIR 

spectrum of sulfonated styrene-divinylbenzene monomer. 

Figure 14. The changes of the FTIR spectrum of resin during decomposition process at 

75 °C with 200 mL H2O2 and 0.3 M Fe2+. 
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Figure 4 
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Figure 6 
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Figure 7 
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Figure 10 

 

Figure 11 
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Figure 12 

Bond Bond length Bond energy

C1–C2 1.5144 435.82

C3–C4 1.5140 436.95

C4–C5 1.5415 328.31

C5–C6 1.5460 316.20

C6–C7 1.5224 421.13

C8–S9 1.7822 372.14



  

 

Figure 13 
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Table 1. The characteristics, performance and structure of the cationic resin. 

3500 3000 2500 2000 1500 1000 500

5
3

7
5

6
0

7
7

3
8

3
3

1
0

0
2

1
0

3
1

1
1

2
0

1
1

4
4

1
3

6
0

1
4

1
3

1
4

5
1

1
5

1
5

1
5

2
81
6

4
3

2
8

5
0

2
9

1
8

Wavenumber (cm
-1
)

  

 

 10 min

5
7

8

8
5

0
8

8
31
0

0
7

1
0

4
8

1
0

6
6

1
1

7
3

1
2

9
1

1
4

0
8

1
6

6
5

3
4

0
3

3
5

4
5

A
b
s
o
rb

a
n
c
e

 30 min

  

 

5
7

5

8
5

0
8

8
6

1
0

0
71

0
6

9

1
1

7
4

1
3

2
1 1
2

8
8

1
6

6
3

3
3

8
0

 

 

 

 90 min

5
7

5
6

5
6

1
0

0
4

1
1

1
3

1
4

1
71
6

4
6

 180 min

 

 

 

2
9

2
6

5
6

1
6

6
9

7
7

48
3

1

1
0

0
0

1
0

3
0

1
1

4
7

1
1

2
0

1
3

4
9

1
4

1
1

1
4

4
9

1
4

9
3
1

6
0

0  

 

 

 0 min

1
6

4
1



  

Table 2. Parameters of two-stage first-order kinetics for Fenton oxidation of cationic 

resins. 

Properties ZG C NR 50 

Physical form Tan to brown translucent beads 

Functional group Sulfonic acid 

Ionic form as shipped H+ (> 99.5%) 

Degree of cross-linking (DVB) 8% 

Total volume capacity ≥ 1.80 mmol/mL 

Total ion exchange capacity ≥ 4.90 mmol/g 

Moisture retention capacity 50–58% 

Particle size 0.4–1.2 mm (≥ 95%) 

Diameter <0.4 mm ≤ 1% 

Whole beads ≥ 90% 

Bulk density 0.75–0.85 g/mL 

True density 1.18–1.24 g/mL 

Maximum operating temperature 100 °C 

Structure 

 

Operational parameters k1 (min-1) R2 k2 (min-1) R2 

Initial temperature (°C) 60 0.0064 0.9835 – – 

 75 0.0351 0.9317 -0.0027 0.8478 

CHCH2 CH2CH3 CH CH3

CH CH2 CH3CH3

m n

SO
3
H



  

Table 3. The experimental and calculated FTIR bands and tentative assignments of the 

fresh resin. 

Table 4. The experimental FTIR bands and tentative assignments based on the DFT 

 90 – – -0.0218 0.9459 

H2O2 dosage (mL) 100 – – -0.0027 0.8478 

 150 – – -0.0173 0.9463 

 200 – – -0.0507 0.9992 

Fe2+ concentration (M) 0.1 – – -0.0165 0.9372 

 0.3 – – -0.0507 0.9992 

 0.5 – – -0.0152 0.9711 

Initial pH 0.01 – – -0.0507 0.9992 

 0.76 – – -0.0297 0.9698 

 1.01 – – -0.0209 0.9638 

Experimental band 

positions (cm-1) 

Calculated band 

positions (cm-1) 

Assignments 

2926 2926, 2992 C-H stretching 

1641, 1600, 1493, 

1449, 1411, 1349 

1674, 1653, 1564, 

1541, 1460, 1368 

C-H in-plane vibration (benzene ring), 

C=C stretching (benzene ring) 

 1527, 1526 C-H in-plane vibration (carbon skeleton) 

1147, 1120 1186, 1135, 1099 C-S and S=O wagging (-SO3H group) 

1030, 1000 1037, 1033 C-H in-plane deformation (benzene ring) 

831, 774 862, 777 C-H out-of-plane deformation (benzene 

ring) 

669 640 benzene ring asymmetrical in-plane 

stretching 

561 548 benzene ring symmetrical in-plane 

stretching 



  

calculations during decomposition process of resin. 

Experimental band positions (cm-1) 

Assignments 

10 min 30 min 90 min 180 min 

 3545, 

3403 

3380  O-H stretching 

2918, 2850    C-H stretching (benzene ring, -

CH2 and -CH3 on the aliphatic 

group) 

 1665 1663 1646 H2O, C=C stretching (benzene 

ring), C-H in-plane vibration 

(benzene ring), C=O stretching 

1643    H2O, C=C stretching (benzene 

ring), O-H and benzene ring 

complex vibration 

   1465, 

1417 

C=C stretching (benzene ring), 

C-H in-plane vibration (benzene 

ring), benzene ring in-plane 

deformation, C-H wagging 

 1408   C-H in-plane vibration (benzene 

ring), C-H stretching (aliphatic 

group), O-H in-plane 

deformation (hydroxyl and 

carboxyl), C=C stretching 

(benzene ring) 

1528, 1515, 

1451, 1413 

   C=C stretching (benzene ring), 

C-H in-plane vibration (benzene 

ring), benzene ring in-plane 

deformation, C-H wagging 



  

(aliphatic group) 

1360    benzene ring in-plane 

deformation, C-H wagging, C-O 

stretching (carboxylic acid) 

  1321, 

1288 

 C-H in-plane vibration (benzene 

ring), O-H in-plane wagging, C-

H wagging (aliphatic group) 

 1291   C-O stretching (carboxylic acid), 

C-H in-plane vibration (benzene 

ring), C-H wagging (aliphatic 

group), O-H in-plane wagging 

 1173 1174  C-H in-plane vibration (benzene 

ring), C-O stretching or C-C 

stretching, O-H in-plane wagging 

(hydroxyl and carboxyl) 

1144, 1120    -SO3H, C-H in-plane vibration 

(benzene ring), O-H in-plane 

wagging (hydroxyl and carboxyl) 

 1066, 

1048 

1069  C-H in-plane vibration (benzene 

ring), C-O stretching, O-H in-

plane wagging 

1031, 1002    C-H wagging (aliphatic group), 

C-C stretching, C-S stretching, 

benzene ring in-plane 

deformation 

 1007 1007 1004 H wagging on the C=C bond, 

SO4
2- 

833, 773 883, 850 886, 850  C-H out-of-plane deformation 



  
Highlights: 

 Cationic resins were first dissolved and then degraded by Fenton oxidation.  

 The oxidation of cationic resins followed the two-stage first-order kinetics. 

 Complete dissolution of resin beads and 73% of weight reduction were observed. 

 Reaction mechanism was deduced by experimental results and DFT calculations. 
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