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Abstract 23 

We report herein the use of ferric iron (Fe
3+

) and sulfite (SO3
2−

) to activate persulfate 24 

(S2O8
2-

). Decolorization and mineralization of reactive Brilliant Red X-3B (a model azo 25 

dye) by an Fe(III)/sulfite/persulfate triple system have been investigated in aqueous 26 

solutions. Initial pH and dissolved oxygen are important factors influencing X-3B 27 

decolorization in this system. The rapid decolorization process occurred in 30 min and 28 

about 85% of X-3B was decolorized in this triple system at initial pH 6.0. Moreover, 29 

about 66.4% of the TOC was removed through reaction for 36 h. The generation of 30 

SO4
−

 and HO

 were identified through radical quenching experiments and by electron 31 

spin resonance (ESR), which contributed to 61.1% and 28.9% of the oxidation process. 32 

Degradation products of X-3B were identified by LC-ESI-MS, and the degradation 33 

pathway was proposed. Furthermore, other organic pollutants, such as Orange II, 34 

metoprolol, imipramine, naproxen, estradiol, and amitriptyline, could also be 35 

efficiently degraded in this triple system. The results of the present work suggest that 36 

the Fe(III)/sulfite/persulfate triple system can be used for the rapid decolorization and 37 

partial mineralization of dyeing wastewater at near-neutral pH values.  38 

Keywords: Decolorization; Ferric iron; Sulfite; Persulfate; Neutral pH 39 

 40 

1. Introduction 41 

An efficient method for chemical oxidation based on the sulfate radical (SO4
−

) has 42 

gained widespread attention. In recent decades, studies have investigated the 43 

application of SO4
−

 in the degradation of organic contaminants, such as dyes, 44 
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pesticides, and antibiotics that are non-biodegradable in municipal wastewater 45 

treatment [1-4]. Persulfate (S2O8
2−

, E
0
=2.01V) is generally recognized as a strong 46 

oxidant when SO4
−

 (E
0
=2.6V) is generated, and the SO4

−
 can be effectively activated 47 

by a variety of means such as UV irradiation, heat, alkaline pH, and so on [5-7]. Among 48 

these approaches, the addition of a transition metal appears to be the most viable way 49 

for achieving persulfate activation [8,9]. In this regard, Fe(II) and Fe(III) are the most 50 

commonly used metal activators due to their natural abundance in environmental media 51 

[10,11]. 52 

However, the traditional Fe(II)/persulfate system has several drawbacks, including 53 

scavenging of SO4
−

 by excessive Fe(II), rapid conversion of Fe(II) to Fe(III) [4,12], 54 

and a low efficiency of Fe(II) recovery, which result in the generation of voluminous 55 

iron sludge and restrict its practical application [11]. Thus, a significant decrease in 56 

degradation efficiency was observed with increasing pH, primarily due to the 57 

precipitation of iron at higher pH values [13-16]. To overcome these deficiencies, 58 

different approaches have been used to control Fe(II) depletion rate and relieve Fe(III) 59 

precipitation in related studies. The introduction of organic and inorganic ligands for 60 

iron is one of the most attractive methods to overcome these defects. Citric acid [17,18] 61 

and EDTA [11,19] have been the most commonly used ligands in the Fe(II)/persulfate 62 

process to prevent iron precipitation from aqueous solutions. However, it should be 63 

borne in mind that adding organic ligands to the system increases the total organic 64 

carbon in the solution, and therefore may cause environmental pollution and increase 65 

subsequent wastewater treatment costs. 66 
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In our previous work, we reported novel systems utilizing Fe(II)-sulfite and 67 

photo-Fe(II)-sulfite for the SO4
−

-mediated decolorization of Orange II [20-22]. As an 68 

inorganic ligand, sulfite can form stable FeHSO3
+
/FeSO3

+
 complexes with Fe(II) and 69 

Fe(III), and SO4
−

 can be simultaneously generated through a series of reactions [23-25]. 70 

By forming such complexes, sulfite enhances the solubility and stabilizes Fe(III) in 71 

aqueous solution at near-neutral pH and promotes Fe(III)/Fe(II) redox cycles. In 72 

addition, Na2SO3 is much more stable than K2S2O8, and Fe(II)-sulfite is more 73 

environmentally friendly than systems containing K2S2O8 [20]. Consequently, Na2SO3 74 

has potential to replace K2S2O8 in wastewater treatment. To the best of our knowledge, 75 

there has been only one report of the combined use of potassium persulfate and sodium 76 

sulfite, in which N-acryloyl morpholine was polymerized onto chitosan as a redox 77 

initiator [26]. Very few data are available concerning environmental conditions and 78 

reaction mechanisms in activating persulfate by the Fe(III)-sulfite complex. 79 

In the present work, Fe(III)-sulfite complex has been used to activate persulfate and 80 

accelerate Fe(III)/Fe(II) redox cycles. Reactive Brilliant Red X-3B, a model azo dye, 81 

was chosen as a target contaminant. The aim of this study was to examine the 82 

decolorization and mineralization of X-3B by an Fe(III)/sulfite/persulfate triple system 83 

at near-neutral pH values. For this purpose, the effects of Fe(III) concentration, sulfite 84 

concentration, persulfate concentration, initial pH, and dissolved oxygen on the rapid 85 

decolorization process were investigated. Furthermore, total organic carbon (TOC) was 86 

analyzed to examine the extent of mineralization.  87 

 88 
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2. Materials and methods  89 

2.1. Materials 90 

Reactive Brilliant Red X-3B (≥90%, structures provided in Table A1, Supporting 91 

Information) was supplied by Sinopharm Chemical Reagent Co., Ltd (52 Ningbo RD, 92 

Shanghai, China). Orange II, metoprolol, imipramine, naproxen, estradiol, and 93 

amitriptyline were also supplied by Sinopharm Chemical Reagent Co., Ltd. Ferric 94 

sulfate (Fe2(SO4)3), sodium sulfite (Na2SO3), and potassium persulfate (K2S2O8, 95 

≥99.5%) were obtained from Wuhan Chemicals Corporation. NaOH and H2SO4 were 96 

obtained from Sinopharm Chemical Reagent Co., Ltd., and were used to adjust the pH 97 

of solutions. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was from Sigma-Aldrich Co., 98 

China. tert-Butyl alcohol (TBA) and ethanol (EtOH) were obtained from Sinopharm 99 

Chemical Reagent Co., Ltd., and were used as scavengers of the radicals. All chemicals 100 

were of analytical reagent grade or of higher purity and were used without further 101 

purification. Doubly-distilled deionized water (Milli-Q) was used to prepare all 102 

solutions. 103 

2.2. Oxidation Reaction 104 

All experiments were carried out in a 250 mL glass reactor with tubing to allow the 105 

bubbling of gas. Each solution was maintained under constant magnetic stirring at room 106 

temperature (293 ± 2 K). A certain amount of X-3B solution was mixed with 107 

Fe(III)-Na2SO3 solution. The initial pH was adjusted with dilute NaOH and H2SO4 as 108 

quickly as possible. The pH was measured using a pHS–3C meter and adjusted as 109 

needed. The reaction started when K2S2O8 was added to the solution. At the same time, 110 
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the pH was measured once again; the variation in pH after the addition of K2S2O8 was 111 

less than 0.1 pH units. Aliquots of the solution were withdrawn at various intervals and 112 

measured on a spectrophotometer. The experiments were conducted in triplicate, and 113 

the variations are shown as error bars in the figures. The initial concentration of X-3B 114 

was 40 mg L
-1

 in all of the experiments. 115 

2.3. Analysis 116 

The concentrations of X-3B and Orange II were measured by means of a UV-3000 117 

spectrophotometer at wavelengths of 540 and 485 nm, respectively. The calibration 118 

curve for the detection of X-3B is shown in Fig. A1 (supplementary data). The 119 

concentrations of metoprolol, imipramine, naproxen, estradiol, and amitriptyline were 120 

analyzed by means of a Shimadzu Essentia LC-15C HPLC system with an Agilent 121 

HC-C18 column (5 μm, 250 mm  4.6 mm) [27-31]. The pH was measured using a 122 

pHS–3C meter and the dissolved oxygen (DO) concentration was measured by an 123 

HQ-10 DO meter. TOC analysis was performed on an Analytik Jena multi N/C 2100. 124 

DMPO was used as the spin-trapping agent in the ESR experiments. Detailed 125 

parameters and the experimental ESR procedure are provided in the Supporting 126 

Information Text A1. X-3B products were determined by LC-ESI-MS. Detailed 127 

parameters and the LC-ESI-MS analytical procedure are provided in the Supporting 128 

Information Text A2.  129 

 130 

3. Results and discussion 131 

3.1. Decolorization of X-3B by the Fe(III)/sulfite/persulfate triple system 132 
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To assess the performance of the Fe(III)/sulfite/persulfate triple system, reactive 133 

Brilliant Red X-3B was chosen as a target contaminant, and its decolorization process 134 

was investigated. Fig. 1 shows the results of X-3B decolorization in different systems at 135 

near-neutral pH (6.0). It was found that no decolorization occurred merely in the 136 

presence of Fe(III), Na2SO3, K2S2O8, or Na2SO3/K2S2O8. The decolorization of X-3B 137 

was negligible in the Fe(III)/K2S2O8 system because of the inability to activate K2S2O8 138 

and iron precipitation from the aqueous solution. In contrast, Fe(III)/sulfite, 139 

Fe(II)/persulfate, and Fe(III)/sulfite/persulfate systems were proved to be capable of 140 

inducing X-3B decolorization, among which the Fe(III)/sulfite/persulfate system was 141 

the most effective. More than 80% of the X-3B was decolorized within 30 min in this 142 

system, as compared to only 44.2% and 11.8%, respectively, in the Fe(III)/sulfite and 143 

Fe(II)/persulfate systems.  144 
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Fig. 1 – Decolorization of X-3B by different systems at near-neutral pH values. 146 

Reaction conditions: [X-3B]0 = 40 mg L
−1

, [Fe
3+

]0 = 0.1 mmol L
−1

, [Na2SO3]0 = 1 mmol 147 

L
−1

, [PS]0 = 2 mmol L
−1

, pH 6.0. 148 
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 149 

A summary of the reactions in the Fe(III)/sulfite/persulfate triple system is given in 150 

Table 1. There are two pathways to generate SO4
−

 in this triple system: Fe(III) firstly 151 

serves as a metal ion for the formation of Fe
III

SO3
+
 complex with SO3

2−
 and as a radical 152 

initiator for SO3
−

 (eqs. 1 and 2), SO5
−

 (eq. 3), and SO4
−

 (eq. 4) with the generation of 153 

Fe(II) (eq. 2) [23]. Sequentially, Fe(II) can react with S2O8
2−

 through a series of 154 

processes to produce SO4
−

 and 

OH (eqs. 812) (Scheme 1). The continuous 155 

generation of SO4
−

 and 

OH is largely subject to the redox cycling process of 156 

Fe(III)/Fe(II). The slow decolorization in the first 10 min can be explained by the fact 157 

that the slow decomposition of FeSO3
+
 limits the reaction rate in this system [20]. Any 158 

process that accelerates the Fe(III)/Fe(II) redox cycling will certainly be favorable for 159 

enhancing radical generation. In contrast, the Fe(III)/Fe(II) redox cycling process 160 

cannot be achieved in the Fe(II)/persulfate system, wherein the rapid conversion of 161 

Fe(II) to Fe(III) limits the ultimate oxidizing capability [32,33]. To the best of our 162 

knowledge, the Fe
III

SO3
+
 complex is stable in the pH range 3.06.0, and this prevents 163 

the iron from precipitation at pH 6.0. Fig. A2 shows the UV/Vis spectra of Fe(III) (0.1 164 

mmol L
-1

), X-3B (40 mg L
-1

), and a mixture of Fe(III) and X-3B. According to these 165 

UV/Vis spectra, the absorbance of the mixture of Fe(III) and X-3B was simply a 166 

superposition of their respective absorption spectra, suggesting that iron and X-3B did 167 

not form a complex in this work. Therefore, the Fe(III)/sulfite complex is a good 168 

alternative for activating persulfate in aqueous solution at near-neutral pH values. 169 

 170 
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Table 1 – A summary of reactions in the Fe(III)/sulfite/persulfate triple system. 171 

Reactions (k/M
-1

s
-1

)  Refs. 

Fe
3+

 + HSO3
−
 ↔ FeSO3

+
 + H

+
 log k = 2.45 (1)  [34] 

FeSO3
+
 → Fe

2+
 + SO3

−
 k = 0.19 s

-1
 (2)  [35] 

SO3
−

 + O2 → SO5
−

 k = (1.12.5)  10
9
 (3)  [36,37] 

SO5
−

 + HSO3
−
 → SO4

2−
 + SO4

−
 + H

+
 k  1.2  10

4
 (4)  [38] 

SO5
−

 + HSO3
−
 → HSO5

−
 + SO3

−
 k ＜ 3  10

5
 (5)  [39] 

2 SO5
−

 → 2 SO4
−

 + O2 k = 10
4
  10

8
 (6)  [39,40] 

2 SO5
−

 → S2O8
2−

 + O2 k = 10
7
  10

8
 (7)  [40] 

Fe
2+

 + S2O8
2−

 → Fe
3+

 + SO4
2−

 + SO4
−

 k = 2.7  10
1
 (8)  [41] 

SO4
−

 + Fe
2+

 → Fe
3+

 + SO4
2−

 k = 4.6  10
9
 (9)  [42] 

SO4
−

 + S2O8
2−

 → SO4
2−

 + S2O8
−

 k = (6.16.3)  10
9
 (10)  [43] 

SO4
−

 + OH
−
 → SO4

2−
 + HO


 k = (1.46.5)  10

7
 (11)  [43] 

SO4
−

 + H2O → SO4
2−

 + H
+
 + HO


  k = 1.1  10

1
 (12)  [43] 

HSO3
−
 + H

+
 ↔ SO2 + H2O k = 6.2  10

4
 (13)  [44] 

SO4
−

 + HSO3
−
 → SO4

2−
 + SO3

−
 + H

+
 k = 1.3  10

8
  2.5  10

9
 (14)  [39,45] 

The good performance of this triple system was also successfully verified with other 172 

organic pollutants, such as Orange II, metoprolol, imipramine, naproxen, estradiol, and 173 

amitriptyline (Fig. A3). The degradation of imipramine, amitriptyline was 57.5% and 174 

47.6% respectively. However, less than 30% of metoprolol, naproxen and estrodiol was 175 

decolorized in the Fe(III)/sulfite/persulfate triple system. It was found that this triple 176 

system is suitable for the selective removal of organic pollutants from mixed industrial 177 

wastewater. This feature implies that this triple system can potentially be applied in 178 
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industrial wastewater treatment. 179 

3.2. Effect of initial pH 180 

To understand the effect of initial pH on the X-3B decolorization process with this 181 

triple system, experiments were conducted at pH 2.07.0. The initial concentrations of 182 

Fe(III), Na2SO3, and K2S2O8 were 0.1, 1, and 2 mmol L
−1

, respectively. Fig. 2 shows 183 

that similar degrees of decolorization were achieved within 30 min at pH 3.06.0, albeit 184 

at different reaction rates, whereas the degradation of X-3B was significantly inhibited 185 

at pH 2.0 and 7.0. This can be explained by the fact that the effective concentration of 186 

HSO3
−
 decreased when the sulfur dioxide was formed at pH 2.0 (eq. 13) [44, 46], and 187 

this process sequentially influenced the generation of FeSO3
+
 complex and SO4

−
 (Eqs. 188 

1 and 2). At pH 7.0, the free Fe(III) was completely precipitated and, therefore, the 189 

decrease in X-3B decolorization was largely due to the loss of Fe(III) activity.  190 

 191 

0 5 10 15 20 25 30
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0.6

0.8

1.0

C
/C

0

Time / min

 pH 2.0  pH 3.0
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 pH 6.0  pH 7.0

 192 

Fig. 2 – Effect of pH on X-3B decolorization by Fe(III)/sulfite/persulfate triple system. 193 

Reaction conditions: [X-3B]0 = 40 mg L
−1

, [Fe
3+

]0 = 0.1 mmol L
−1

, [Na2SO3]0 = 1 mmol 194 
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L
−1

, [PS]0 = 2 mmol L
−1

. 195 

 196 

In order to further elucidate this phenomenon, variations in pH during the reaction 197 

process were recorded and the results are shown in Fig. A4. pH decreased sharply from 198 

initial values of 4.06.0, and eventually stabilized at about 3.5. It was believed that the 199 

H
+
 was generated through reactions (1), (4), and (12) [21], which are the main sources 200 

of hydrogen production. This may account for the similar decolorization efficiencies at 201 

pH 4.06.0. Although pH 3.0 and 4.0 proved to be optimal for X-3B decolorization, the 202 

initial near-neutral pH was more feasible for environmental applications. Therefore, all 203 

further experimental studies were carried out under near-neutral pH conditions.  204 

As a control experiment, the decolorization process of X-3B under different pH 205 

conditions by the Fe(II)/persulfate system was also investigated (Fig. A5a). At pH 5.0 206 

and 6.0, very limited decolorization rates were achieved, in stark contrast to the results 207 

with the Fe(III)/sulfite/persulfate triple system. The variation of DO was almost the 208 

same at different initial pH (Fig. A5b), which implied that the DO has no effect on the 209 

Fe(II)/persulfate system. Therefore, the variation of DO in triple system was caused by 210 

activation of sulfite. The pH was monitored during the reaction process, and no 211 

significant change was detected (Fig. A5c). The variation of pH was consistent with the 212 

decolorization of X-3B. It proved that the generation of SO4
−

 at near-neutral pH values 213 

was less than that at acid pH condition, as H
+
 was a byproduct in the process of 214 

persulfate activation. Higher pH will clearly lead to iron precipitation and restrict 215 

practical application of the Fe(II)/persulfate system at near-neutral pH values.  216 
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3.3. Effects of Fe(III), Na2SO3, and K2S2O8 concentrations 217 

X-3B decolorization at pH 6.0 in the presence of Fe(III), Na2SO3, and K2S2O8 at 218 

various concentrations was evaluated. Fig. 3 shows that there were close correlations 219 

between decolorization efficiency and Fe(III), Na2SO3, and K2S2O8 concentrations. It 220 

was observed that X-3B decolorization had a common tendency when the 221 

concentrations of these three reagents were changed. Firstly, the decolorization of X-3B 222 

was enhanced with increasing amounts of Fe(III), Na2SO3, and K2S2O8 until an optimal 223 

dosage ratio was reached. Higher dosage of these three reagents led to steady decreases 224 

in the decolorization efficiency.  225 
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Fig. 3 – Effects of Fe(III) (a), Na2SO3 (b), and K2S2O8 (c) concentrations on X-3B 230 

decolorization by Fe(III)/sulfite/persulfate triple system. Reaction conditions: [X-3B] = 231 

40 mg L
−1

, pH 6.0, (a) [Na2SO3]0 = 1 mmol L
−1

, [PS]0 = 2 mmol L
−1

; (b) [Fe
3+

]0 = 0.1 232 

mmol L
−1

, [PS]0 = 2 mmol L
−1

; (c) [Fe
3+

]0 = 0.1 mmol L
−1

, [Na2SO3]0 = 1 mmol L
−1

. 233 

 234 

It should be noted that, when the concentrations of Fe(III), Na2SO3, and K2S2O8 235 

exceed the optimal dosage ratio, the excess reagents compete with X-3B for depletion 236 

the SO4
−

 radicals. Therefore, the presence of excess reagents slows down the 237 
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formation of SO4
−

 radicals. In this triple system, iron is able to generate SO4
−

 radicals 238 

by the reaction with HSO3
−
 (eqs. 14) but also depletes SO4

−
 radicals from S2O8

2−
 239 

through eq. 9 [11]. Similarly, excess S2O8
2−

 and SO3
2−

 react with SO4
−

 radicals through 240 

eqs. 10 and 14, respectively [4, 20], and thereby reduce the decolorization efficiency of 241 

the triple system.  242 

3.4. Effect of dissolved oxygen 243 

The effect of oxygen on X-3B decolorization in the Fe(III)/sulfite/persulfate triple 244 

system at pH 6.0 was investigated by bubbling oxygen or nitrogen into the reaction 245 

solution. In the presence of oxygen, X-3B was decolorized more rapidly, whereas in the 246 

absence of oxygen (bubbling nitrogen), the decolorization was strongly retarded (Fig. 247 

4a). To our knowledge, DO is the oxidant involved in SO5
−

 generation (eq. 3), and is 248 

therefore indirectly responsible for the decolorization of X-3B. Variations in DO 249 

concentration were monitored to provide indirect proof during the bubbling oxygen 250 

process. It was observed that DO underwent a rapid depletion in the first 2 min, and 251 

then recovered during the following 30 min (Fig. A6). Moreover, the DO depletion 252 

rates vary at different initial pH. As shown in Fig. 4b, the depletion rates of dissolved 253 

oxygen decreased in the order pH 7.0  pH 6.0  pH 5.0  pH 4.0  pH 3.0. This trend 254 

was consistent with that in X-3B decolorization. It was found that at pH 3.07.0, the 255 

lowest DO concentration was always observed at 13 min; thereafter, reoxygenation 256 

slowly increased the DO concentration. The raise of DO concentration is due to both 257 

the aeration of the reaction solution and the spontaneous generation of oxygen through 258 

eqs. 6 and 7. Therefore, this result indicates that DO influences the decolorization rates 259 
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in the Fe(III)/sulfite/persulfate triple system. 260 
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Fig. 4 – Effect of oxygen on the decolorization of X-3B at pH 6.0 (a), variations of DO 264 

concentration at different initial pH (b) by Fe(III)/sulfite/persulfate triple system. 265 

Reaction conditions: [X-3B] = 40 mg L
−1

, [Fe
3+

]0 = 0.1 mmol L
−1

, [Na2SO3]0 = 1 mmol 266 

L
−1

, [PS]0 = 2 mmol L
−1

. 267 

 268 

3.5. Identification of the radicals 269 

DMPO was selected as the spin-trapping agent to identify the involved reactive 270 
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radicals (

OH and SO4

−
) by measuring the signals of DMPO−


OH adducts and 271 

DMPO−SO4
−

 adducts, respectively [47]. Fig. A7 shows that no radicals could be 272 

generated in DMPO + Fe(III), DMPO + persulfate, DMPO + sulfite systems because no 273 

peaks were observed. The intensity of the DMPO radical adduct signals was identified 274 

in the Fe(II)PS and Fe(III)PSsulfite processes. The observed characteristic signals 275 

were presumed to be a combination of DMPO−

OH adduct (with aN = aH = 14.9 G) and 276 

DMPO−SO4
−

 adduct (with aN = 13.2 G and aH = 9.6 G) [48], which confirmed that 277 

SO4
−

 and 

OH were generated in the Fe(II)PS and Fe(III)PSsulfite processes. 278 

Meanwhile, the intensity of the DMPO−

OH adduct signals may be more obvious than 279 

that of the DMPO−SO4
−

 adduct signals in this system. This phenomenon could be 280 

explained by the partial transformation from DMPO−SO4
−

 adducts to DMPO−

OH 281 

adducts [47,49]. 282 

To further understand the mechanism of the Fe(III)/sulfite/persulfate triple system, 283 

EtOH and TBA were selected as radical scavengers, and their effects on X-3B  284 

decolorization were measured at pH 6.0. In this experiment, EtOH and TBA were added 285 

at a 500:1 alcohol-to-oxidant molar ratio to identify the primary radical species. This 286 

method has been widely used by previous researchers, based on the fact that TBA can 287 

effectively quench agents for hydroxyl radicals, while it reacts with SO4
−

 at a 288 

negligible rate that is 1/1000 of the rate reacting with the hydroxyl radicals (kTBA, HO = 289 

(3.8–7.6) × 10
8
 M

−1
 s

−1
, kTBA, SO4

− = (4.0–9.1) × 10
5
 M

−1
 s

−1
, kEtOH, HO = (1.8–2.8) × 10

9
 290 

M
−1

 s
−1

, kEtOH, SO4
− = (1.6–6.2) ×10

7
 M

−1
 s

−1
) [50-52]. 291 

The data in Table 2 and Fig. A8a confirm the formation of SO4
−

 in the 292 
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Fe(III)/sulfite/persulfate triple system, which accounted for 61.1% of the decolorization 293 

of 40 mg L
−1

 X-3B. HO

 was also detected in this system, which accounted for up to 294 

28.9% of the decolorization of X-3B. Several reports have shown the relationship 295 

between SO4
−

 and HO

, and SO4

−
 can oxidize H2O or HO

−
 to generate HO


 through 296 

eqs. 11 and 12 [53]. SO5
−

 and SO3
−

 can also be generated (eqs. 2, 3, 5, and 14), 297 

whereas SO3
−

 is prone to be oxidized to SO5
−

 by oxygen (eq. 3) [23]. Consequently, it 298 

infers that SO5
−

 was responsible for the decolorization of the remaining 10% of X-3B. 299 

As a control, the mechanism of the Fe(III)/sulfite system was also investigated by a 300 

quenching experiment. It was found that SO4
−

, HO

, and SO5

−
 radicals contributed to 301 

73.9%, 16.4%, and 9.7% of the oxidation process, respectively (Fig. A8b). Therefore, 302 

SO4
−

 and HO

 were the major reactive oxygen species for the decolorization of X-3B. 303 

3.6. TOC removal in the triple system 304 

According to the above discussion, SO4
−

 and HO

 were verified as being mainly 305 

responsible for the decolorization of X-3B. It was further expected that it may 306 

mineralize the organic contaminants in the aqueous environment. In this study, TOC 307 

removal efficiency in the Fe(III)/sulfite/persulfate triple system was evaluated, and the 308 

results are shown in Fig. 5. The TOC reduction reached only 11.4% after 12 h, but then 309 

reached 41.5%, 49.6%, and 66.4% after 18 h, 21 h, and 36 h, respectively. Merely 5% 310 

TOC removal was observed during the first 2 h in our previous work [21]. It can be 311 

considered that mineralization in the SO4
−

 generating system involves a slow reaction, 312 

which is consistent with observations by Aditya Rstogi and Wang [3,15,54]. Thus, the 313 

Fe(III)/sulfite/persulfate triple system can achieve rapid decolorization and slow 314 
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mineralization of dyes. Finally, UV/vis spectra of X-3B in this system are shown in Fig. 315 

A9; the decolorization of X-3B was mainly due to the destruction of its chromophore 316 

groups (e.g., azo bonds), and this mechanism has potential for practical application in 317 

sulfite-contaminated wastewater and desulfurization of wastewater. 318 

 319 
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 320 

Fig. 5 – The removal of TOC by the Fe(III)/sulfite/persulfate triple system. Reaction 321 

conditions: [X-3B] = 40 mg L
−1

, [Fe
3+

]0 = 0.1mmol L
−1

, [Na2SO3]0 = 1 mmol L
−1

, [PS]0 322 

= 2 mmol L
−1

, pH 6.0. 323 

 324 

3.7. X-3B degradation pathway 325 

To examine the mechanism of X-3B degradation at near-neutral pH, reaction 326 

intermediates and X-3B products were identified using LC–ESI-MS. HPLC 327 

chromatograms and (+)-ESI-MS spectra of X-3B and four degradation products after 328 

30 min reaction are presented in Fig. A10. 329 

The proposed pathway for X-3B degradation according to the above results is 330 

illustrated in Fig. 6. Firstly, the N=N and C-N bonds are attacked by SO4
−

 or 

OH, 331 
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which leads to the bond breaking and a loss of small molecule fragments, such as DP 1, 332 

DP 2, DP 3 and aniline. Secondly, the fragments could be oxidized further. The chlorine 333 

atoms in DP 3 could be replaced by 

OH to form DP 4 [55]. In addition, the SO4

− 
334 

adduct wasn’t observed in this work, which was different from previous work [23]. 335 

 336 

 337 

Fig. 6 Proposed pathways for X-3B degradation in the Fe(III)/sulfite/persulfate triple 338 

system. 339 

 340 

4. Conclusions 341 

In this study, the Fe(III)/sulfite/persulfate triple system is proved be effective in rapid 342 

decolorization and partial mineralization of azo dyes. Fe(III)–sulfite complex can be 343 
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used to activate persulfate and prevent Fe(III) precipitation at near-neutral pH. 344 

Approximate 85% of X-3B was decolorized within 30 min at the optimum ratio of 345 

Fe(III)/sulfite/persulfate (0.1:1:2 mmol L
-1

). The decolorization efficiency of X-3B 346 

increased at lower pH and at higher concentration of oxygen presented in the solution. 347 

SO4
−

 and HO

 were identified to be the main reactive oxygen species through radical 348 

quenching and EPR/DMPO experiments, and two pathways are involved in the 349 

generation of SO4
−

 in this triple system. Furthermore, a TOC removal efficiency of 350 

66.4% was achieved during a lengthy 36 h process due to selective oxidation by SO4
−

. 351 

The attack by the oxysulfur radicals to X-3B led to four degradation products. 352 

Therefore, this Fe(III)/sulfite/persulfate triple system can potentially be applied 353 

prospects in wastewater treatment. 354 
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 520 

Table 2 –  Results of radical identification from the decolorization of X-3B. 521 

System 
Decolorization 

of X−3B (%) 

Change in 

decolorization 

of X−3B due to 

TBA (%) 

Decolorization 

due to HO
•
 (%) 

Change in 

decolorization 

of X−3B due to 

EtOH (%) 

Decolorization 

due to SO4 
•−

 

and HO
•
 (%) 

Decolorization 

due to SO5
•−

 

(%) 

Fe
3+

/ 

Na2SO3/PS 
84.7 −24.5 28.9 −76.2 90 10 

Fe
3+

/Na2SO3 45.2 −7.4 16.4 −40.8 90.3 9.7 

Conditions: [X-3B]0 = 10 mg L
−1

, [Fe
3+

]0 = 0.1 mmol L
−1

, [Na2SO3]0 = 1 mmol L
−1

, [PS]0 = 2 mmol L
−1

, [TBA]0 = [EtOH]0 = 500 mmol L
−1

, pHini 6.0522 
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  523 

 524 

 525 

Scheme. 1 – Pathways of SO4
−

 and 

OH generation in the Fe(III)/sulfite/persulfate 526 

triple system. 527 

 528 

 529 

 530 

 531 


