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9 

Abstract 10 

The effects of reducing agents on the degradation of 2,4,6-tribromophennol (TrBP) 11 

were investigated in a heterogeneous Fenton-like system using an iron-loaded natural 12 

zeolite (Fe-Z). The catalytic activity for TrBP oxidation in the presence of the Fe-Z and 13 

H2O2 was not appreciable. The addition of a reducing agent, such as ascorbic acid 14 

(ASC) or hydroxylamine (NH2OH), resulted in an enhancement in the degradation and 15 

debromination of TrBP. TrBP was completely degraded and debrominated at pH 3 and 5 16 

in the presence of NH2OH, while the degradation was significantly suppressed at pH 7 17 

and 9. Although the rates of TrBP degradation were relatively constant at pH 3, 5, 7 and 18 

9 in the presence of ASC, the percent degradation reached a plateau at 70%. These 19 

results show that ASC functions as a strong HO
●
 scavenger, as opposed to NH2OH, at 20 

pH 3 and 5. Thus, adding NH2OH is preferable for the degradation of TrBP via a 21 

Fenton-like system using Fe-Z as the catalyst. It is noteworthy that the complete 22 

mineralization of TrBP was achieved at pH 5, when NH2OH and H2O2 were 23 

sequentially added to the reaction mixture. Analysis of the surface of Fe-Z by X-ray 24 
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photoelectron spectrometry indicated that the Fe(III) on the surface of the catalyst was 25 

reduced to Fe(II) after treatment with ASC. Thus, the role of RAs can be of assistance in 26 

Fe(III)/Fe(II) redox cycles on the Fe-Z surface and enhance the generation of HO
●
 via 27 

the decomposition of H2O2. 28 

 29 

Keywords: Fe-loading; Natural zeolite; 2,4,6-Tribromophenol; Heterogeneous Fenton 30 

system; Reducing agents 31 

 32 

1. Introduction 33 

2,4,6-Tribromophenol (TrBP) is used in the manufacturing of TVs, computers and 34 

other household electric appliances as a flame retardant intermediate. As a result of 35 

extensive use, TrBP can be found in soils, landfill leachates and sewage sludge [1]. 36 

TrBP could have an endocrine disrupting activity in vivo, because it has been shown to 37 

interfere with the thyroid hormone system by competitive binding to transport proteins 38 

[2]. In terms of reducing the potential for pollution and related health issues, it is 39 

important to develop the techniques for the oxidative degradation of TrBP in 40 

contaminated environments. However, bromophenols are more difficult to oxidize than 41 

other halogenated phenols, such as fluorophenols and chlorophenols [3]. 42 

Fenton and Fenton-like processes have been the focus of studies dealing with the 43 

oxidative degradation of organic pollutants. In such systems, H2O2 is catalytically 44 

decomposed by Fe(II) to generate a powerful oxidant, the hydroxyl radical (HO
●
).  The 45 

overall process is referred to the Haber-Weiss reaction as below [4]: 46 

Fe(II) + H2O2 → Fe(III) + HO
●
 + OH

-
  (k = 63 M

-1
 s

-1
 [5])   (1) 47 

Numerous studies related to the degradation of chlorophenols by homogeneous Fenton 48 
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and Fenton-like systems have appeared [6-8], but much less information is available 49 

concerning the degradation of bromophenols. The homogeneous Fenton processes is 50 

limited to the pH range from 2.5 to 3.5, because Fe(III)-hydroxides are converted into 51 

sludge, leading to the deactivation of catalytic activity for oxidation [9]. To overcome 52 

such problems, heterogeneous Fenton-like systems in which Fe(II) or Fe(III) are 53 

supported to a solid support have been examined: e.g., minerals [10-13] and cation 54 

exchange resins [14, 15]. 55 

In particular, Fe-loaded zeolites have been demonstrated to function as active 56 

catalysts in the degradation of organic pollutants in the presence of H2O2 [16-21]. In 57 

these studies, synthesized zeolites such as Y-, ZSM-5 and Beta zeolites were mainly 58 

employed and Fe
2+

 or Fe
3+

 were loaded via cation-exchange reactions. Although natural 59 

zeolites are cheap and widely distributed, they have not been used extensively as 60 

catalysts, but are mainly utilized as adsorbents [22] and soil amendments [23-25]. The 61 

surface areas of natural zeolites (16 – 38 m
2
 g

-1
) [22-25] are much smaller than those the 62 

synthesized materials (300 – 800 m
2
 g

-1
) [17-21], because of the presence of impurities 63 

such as quartz and feldspar. Such smaller surface areas of natural zeolites may be a 64 

disadvantage in terms of achieving a higher catalytic activity. 65 

In homogeneous system, Fenton and Fenton-like systems combined with light 66 

irradiation [7, 8, 26] and electrochemical processes [27] have been examined to 67 

accelerate the redox cycle of Fe(III)/Fe(II) and the generated HO
●
. Although the 68 

addition of reducing agents (RAs) seems to be simple and effective in accelerating the 69 

reduction of Fe(III) to Fe(II), they may also serve as inhibitors of oxidative Fenton 70 

processes because of their oxidation by HO
●
. It has, however, been reported that the 71 

addition of RAs, such as ascorbic acid (ASC) and hydroxylamine (NH2OH), to 72 
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homogeneous Fenton-like systems can be effective in enhancing the generation of HO
●
, 73 

ultimately leading to the degradation of organic substrates [28-30]. In the present study, 74 

the addition of RAs, such as ASC, NH2OH, p-hydroquinone, oxalic, gallic and humic 75 

acids, to a heterogeneous Fenton-like system with an iron-loaded natural zeolite (Fe-Z) 76 

was examined. The reactivity of the heterogeneous Fenton-like system was evaluated 77 

using the oxidative degradation of TrBP as a model system. 78 

 79 

2. Materials and Methods 80 

2.1. Materials 81 

 ASC, NH2OH, p-hydroquinone, oxalic and gallic acids, employed as RAs, were 82 

purchased from Nacalai Tesque (Kyoto, Japan). The humic acid, a natural RA, was 83 

extracted from a Shinshinotsu peat soil sample (Hokkaido, Japan), as described in a 84 

previous report [31]. TrBP (98 % purity) was purchased from Tokyo Chemical Industry 85 

(Tokyo, Japan), and a stock solution (0.01 M) was prepared by dissolving it in 0.02 M 86 

NaOH. The standard sample of 2,6-dibromo-p-benzoquinone (2,6DBQ) was 87 

synthesized according to a previous report [32]. A natural zeolite sample was obtained 88 

from the town of Niki (Hokkaido, Japan). All other reagents were purchased from Wako 89 

Pure Chemicals (Osaka, Japan) and were used without further purification. The 90 

ultra-pure water, prepared by a Millipore ultra-pure system from distilled water, was 91 

used in all experiments. 92 

 93 

2.2. Synthesis of Fe-Z 94 

  The cation-exchange capacities (CECs) for each sample were determined, as 95 

described in a previous report [23], and the CEC of the natural zeolite was determined 96 
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to be 170 ± 7 (cmol kg
-1

), as shown in Table 1. The zeolite powder was stirred in 97 

aqueous FeSO4 (NH4)2SO4·6H2O under a N2 atmosphere at room temperature for 72 98 

hours, in which the amount of iron was adjusted to the equivalent mole of CEC for the 99 

zeolite. After filtration of the slurry, the resulting solid was washed with distilled water 100 

and then freeze-dried. The powder was calcined at 500 ºC for 8 h to obtain the 101 

Fe-loaded catalyst (Fe-Z). The inorganic element compositions (Al, Si, Ca and Fe) and 102 

specific surface areas (SSAs) for the original zeolite and Fe-Z were determined, as 103 

described in a previous report [24]. As shown in Table 1, the iron content (wt %) in the 104 

Fe-Z was 1.54±0.06%, corresponding to be 276±11 μmol-Fe g
-1

. In the present study, 105 

this was considered to be moles of catalytic sites in the Fe-Z. The specific surface areas 106 

(SSAs), total pore volume and pore size were determined by a N2-BET method using a 107 

BECKMAN COULTER SA3100-type instrument. 108 

 109 

2.3. Assay for the reaction mixture 110 

Test solutions, which contained TrBP (100 μM) and the RAs (0.25 – 10 mM) at pH 3, 111 

5, 7 or 9, were prepared, and 30 mL aliquots of these solutions were then placed in a 112 

100-mL Erlenmeyer flask that contained powdered Fe-Z (2.7 – 54.2 mg). After adding 113 

an aqueous solution of H2O2 (0.25 – 100 mM), the reaction mixture was subjected to 114 

shaking at 25ºC. During the reaction period, an 800 μL aliquot of the test solution was 115 

withdrawn and then mixed with a 400 μL of 2-propanol, followed by vigorous mixing. 116 

After centrifugation, a 20 μL aliquot of the supernatant was injected into a PU-980 type 117 

HPLC system (Japan Spectroscopic Co., Ltd.) to determine the concentration of the 118 

residual TrBP in the reaction mixture. The detailed conditions for the HPLC analysis are 119 

described in Supplementary data (Text S1). When 2-propanol was added to a mixture of 120 
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TrBP and Fe-Z without H2O2, nearly 100% of the TrBP was recovered. However, in the 121 

absence of 2-propanol, only 2 – 3% of the TrBP was adsorbed to Fe-Z. Thus, the 122 

adsorption of TrBP to the Fe-Z is negligible. The concentration of Br
-
 in the reaction 123 

mixture was analyzed by a DX-120 type ion chromatography (Dionex). 124 

The oxidation products, such as 2,6DBQ, that were produced in the reaction were 125 

acetylated, and these resulting acetyl derivatives were analyzed using a GC/MS system 126 

after extraction with n-hexane. The detailed procedures are described in Supplementary 127 

data (Text S2). The mass spectra of the detected peaks were assigned based on peaks for 128 

fragmentation ions. 129 

In the test for TrBP mineralization, aqueous mixtures containing 5 mM NH2OH and 130 

100 μM TrBP at pH 3, 5, 7 or 9 were prepared, and 30 mL aliquots of these solutions 131 

were placed to the 100-mL Erlenmeyer flask that contained 13.1 mg of Fe-Z. After 132 

adding a 150 μL aliquot of 1 M aqueous H2O2, the flask was allowed to shake for 180 133 

min. After the reaction, a 20 mL aliquot of the reaction mixture was mixed with 1 M 134 

aqueous Na2SO3 (1 mL), and the TOC of the solution was analyzed using a TOC-V 135 

CSH-type analyzer (Shimadzu). 136 

The consumption of H2O2 during the reaction was monitored using a 30-mL aliquot 137 

of the reaction mixture, which contained H2O2 (5 mM) and Fe-Z (436 mg L
-1

 for 138 

NH2OH and 216 mg L
-1

 for ASC) in the absence and presence of RAs (5 mM for 139 

NH2OH and 7 mM for ASC) at pH 3 and 9. A 200-μL aliquot of the reaction mixture 140 

was withdrawn and transferred to a 1.5-mL centrifuge tube. After centrifugation, a 10 141 

μL aliquot of the supernatant was diluted to 5 mL with pure water. The H2O2 in this 142 

solution was quantitatively determined by an N,N,-diethyl-p-phenylenediamine 143 

colorimetry [33]. 144 
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The iron in the reaction mixture, eluted from the Fe-Z after a 180 min period, was 145 

analyzed by ICP-AES after filtering the reaction mixture through a membrane filter 146 

(0.45 μm). 147 

 148 

2.4. X-ray photoelectron spectrometry 149 

XPS spectra were recorded using a JEOL JPC-9500F-type XPS spectrometer with 150 

Mg Kα radiation. The dried powdered sample was placed on a carbon tape attached to 151 

an aluminum sample holder. Before recording the XPS, the catalysts were evacuated in 152 

the XPS analyzer chamber. The pressure in the analysis chamber was maintained at less 153 

than 3.00×10
-6

 Pa. The analyzer was operated at a pass energy of 10 eV. The biding 154 

energy (BE) for Fe was referenced to the Si(2p) peak at 102.8 eV as an internal 155 

standard. 156 

 157 

3. Results and Discussion 158 

3.1. Characterization of the original zeolite sample and Fe-Z 159 

The Elemental composition, pore volume, particle size distribution, CEC and specific 160 

surface areas (SSAs), total pore volume and average pore diameter for the original 161 

zeolite and Fe-Z are summarized in Table 1. The Si/Al molar ratio of the original zeolite 162 

(15.6) remained constant compared to that for the Fe-Z (15.6). The CEC value for the 163 

Fe-Z was significantly smaller than that for the original zeolite, indicating that Fe binds 164 

tightly to the cation-exchange sites on the surface of the zeolite. The XRD patterns, 165 

shown in the Supplementary data section (Fig. S1), indicated that the minerals for the 166 

original zeolite and Fe-Z samples were clinoptilolite [(Na,K,Ca)4(Si30Al6)O72•24H2O] 167 

and mordenite [(Na,K,Ca)(Si10Al2)O24 •7H2O], and the structural type was consistent 168 
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with the typical natural zeolite heulandite (HEU) [34]. The SSAs for the original zeolite 169 

(24.7 m
2
 g

-1
) and Fe-Z (29.2 m

2
 g

-1
) were much smaller than those for the pure zeolites 170 

(300 – 800 m
2
 g

-1
) [17-21], indicating that the original zeolite and Fe-Z samples 171 

contained impurities. The content of zeolite in the original zeolite and Fe-Z was 172 

estimated to be 4 – 10% by comparison with the reported SSAs for pure zeolites. 173 

 174 

3.2. Influence of RAs on the kinetics of TrBP degradation 175 

The majority of RAs can serve as HO
●
 scavengers, leading to the inhibition of 176 

substrate oxidation via Fenton processes [35]. However, quinones have been reported to 177 

serve as electron shuttles for assisting Fe(III)/Fe(II) redox cycles in homogeneous 178 

Fenton-like processes [36], and humic acids, naturally occurring polyphenols, are also 179 

able to reduce Fe(III) [37]. In addition, oxalic acid, ASC and NH2OH are known as 180 

strong RAs that are used for the reduction of Fe(III) [39, 39]. Thus, the addition of these 181 

RAs was first examined for the degradation of TrBP via the heterogeneous Fenton-like 182 

system with the Fe-Z catalyst at pH 3. 183 

Figure 1 shows the degradation kinetics of TrBP in the presence and absence of RAs. 184 

In the presence of Fe-Z alone without RAs (g in Fig. 1), only 5% of the TrBP was 185 

degraded during a 180 min period, even in the presence of H2O2 (20 mM). For the 186 

controls without H2O2 and in the presence of H2O2 without the Fe-Z catalyst, no TrBP 187 

disappearance was observed. In Haber-Weiss processes leading to the generation of 188 

HO
●
 by the catalytic decomposition of H2O2 (eq 1), the Fe(III) species can be reduced 189 

to Fe(II) by H2O2 and HO2
●
,  as shown below [36]: 190 

Fe(III) + H2O2 → Fe(II) + HO2
●
 + H

+
    (k = 10

-3
 – 10

-2
 M

-1
 s

-1
) (2) 191 

Fe(III) + HO2
●
 → Fe(II) + O2 + H

+
      (k = 1 × 10

4
 M

-1
 s

-1
) (3) 192 
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In the Fenton and Fenton-like processes, H2O2 can assist the Fe(III)/Fe(II) redox cycle, 193 

as described in eq 2, while the rate of this reaction is much smaller than that for the 194 

formation of HO
●
 via the Haber-Weiss reaction in eq 1. In Fig. 1, the concentration of 195 

Fe-Z (109 mg L
-1

) was smaller than those for the reported systems (500 – 1000 mg L
-1

) 196 

[16-21]. However, when the concentration of Fe-Z was increased to 873 mg L
-1

, no 197 

enhancement in TrBP degradation was detected in the presence of catalyst alone. 198 

To enhance the reduction of Fe(III) to Fe(II) on the surface of the Fe-Z, variety of 199 

RAs were tested, as shown in Fig. 1 a – f. All of the RAs enhanced the degradation of 200 

TrBP, compared to the case in the presence of the Fe-Z alone (g in Fig. 1). Among these, 201 

ASC and NH2OH (a and f in Fig. 1) were particularly effective RAs in terms of 202 

enhancing the degradation of TrBP. Thus, oxidation characteristics of TrBP in the 203 

heterogeneous Fenton-like system with the Fe-Z were investigated by focusing on ASC 204 

and NH2OH. 205 

 206 

3.3. Optimization of dosages 207 

Figure 2a shows the influence of RA concentration on the percent degradation of 208 

TrBP and debromination at pH 3 for a 180 min period. The percent degradation of TrBP 209 

and debromination increased with increasing RA concentrations. Although more than 210 

90% of the TrBP and the release of 225 – 270 μM Br
-
, corresponding to 2.3 – 2.7 211 

bromine atoms in the degraded TrBP, were observed at concentrations of NH2OH  212 

above 3 mM. However, in the presence of ASC, the maximum percent of TrBP 213 

degradation approached, but did not exceed 70%, and the concentration of Br
-
 reached 214 

120 – 125 μM. 215 

The influence of H2O2 concentration on the degradation and debromination of TrBP 216 
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were investigated in the presence of 5 mM NH2OH and 7 mM ASC (Fig. 2b). A 95% 217 

degradation of TrBP was achieved at concentrations of H2O2 above 2.5 mM, although 218 

debromination increased up to 5 mM H2O2 and decreased thereafter. Br
-
 is known to 219 

serve as HO
●
 scavenger (k < 1×10

6
 M

-1
s

-1
) [5]. Thus, the slight decrease in Br

-
 220 

concentration at concentrations of H2O2 above 5 mM may be attributed to the oxidation 221 

of Br
-
. In the presence of ASC, the percent degradation of TrBP reached a plateau of 60 222 

– 65%, even when a higher concentration of H2O2 (100 mM) was used. Based on the 223 

experimental data shown in Figs. 2a and b, the following concentrations of RAs and 224 

H2O2 were determined to be optimal for the degradation of TrBP at 109 mg L
-1

 of Fe-Z: 225 

[RA] 5 mM, [H2O2] 5 mM for NH2OH; [RA] 7 mM, [H2O2] 20 mM for ASC. 226 

 227 

3.4. Influence of Fe-Z concentration on the reaction kinetics 228 

  Figure 3 shows the influence of Fe-Z concentration on the kinetics of degradation and 229 

debromination of TrBP at pH 3. In the presence of NH2OH (Fig. 3a and c), the initial 230 

rates for degradation and debromination of TrBP increased with an increase in the 231 

catalyst concentration, while the initial rates were stagnated above 436 mg L
-1

 of Fe-Z. 232 

In the presence of ASC (Fig. 3b and d), the initial rates for degradation and 233 

debromination of TrBP also increased with an increase in the catalyst concentration, 234 

although the TrBP was not degraded and debrominated completely, even in the higher 235 

concentration of the catalyst (827 mg L
-1

). These results suggest that, in terms of the 236 

complete degradation and debromination of TrBP, the addition of ASC is not effective, 237 

although NH2OH is a useful RA. From the experiments of afterword, 436 mg L
-1

 of 238 

Fe-Z was selected as the catalyst concentration for the case of NH2OH to degrade TrBP 239 

completely. 240 
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 241 

3.5. Influences of pH on the kinetics of TrBP degradation 242 

Figure 4 shows the influence of kinetics of degradation and debromination by a 243 

heterogeneous Fenton-like reaction with the Fe-Z in the presence of NH2OH (a and c) or 244 

ASC (b and d). At pH 3 and 5, TrBP was completely degraded within 60 min and the 245 

complete debromination (approximately 300 μM), which corresponds to the release of 3 246 

bromine atoms from the degraded TrBP, was observed in the presence of NH2OH. 247 

However, the degradation and debromination of TrBP were retarded at pH 7 (Fig. 4a 248 

and c, ▲). In addition, a minor amount of degradation of TrBP and debromination were 249 

observed at pH 9 (Fig. 4a and c, ▼). Thus, the effective pH values for debromination 250 

and degradation in the presence of NH2OH were 3 and 5. 251 

On the other hand, the pseudo-first-order rate constants for TrBP degradation 252 

remained constant  in the pH range of 3 – 9 in the presence of ASC (2.0×10
-2

 – 253 

2.7×10
-2

 min
-1

, Fig. 4b and d), while these values were slightly smaller than those at pH 254 

3 and 5 in the presence of NH2OH (6.0×10
-2

 – 6.2×10
-2

 min
-1

). Although the efficiency 255 

of TrBP degradation and debromination were independent of solution pH in the 256 

presence of ASC, the percent degradation of TrBP and debromination reached a constant 257 

level of 65 – 70% and 100 – 120 μM, respectively. These results indicate that the 258 

complete degradation and debromination of TrBP in the presence of added ASC are 259 

difficult under any conditions (i.e., concentrations of dosages and pH). 260 

The enhanced degradation of TrBP and debromination can be attributed to the 261 

reduction of Fe(III) to Fe(II) by RAs on the Fe-Z. NH2OH is a strong RA, when the 262 

solution pH is below its pKa value (5.94), while the reducing power of NH2OH is weak 263 

above pH 5.94 [28]. Thus, efficient degradation of TrBP and debromination at pH 3 and 264 
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5 (Fig. 4a and c) are due to the enhanced reduction of Fe(III) to Fe(II) by NH2OH. At 265 

pH 7 in the presence of NH2OH, the measured pH in the reaction mixture after a 180 266 

min period was 3.4, while the pH in the reaction mixture at pH 9 decreased to 7.2. Thus, 267 

the retardation of TrBP degradation and debromination at pH 7 in the presence of 268 

NH2OH (Fig. 4a and c, ▲) can be attributed to the fact that the reduction of Fe(III) to 269 

Fe(II) is initially retarded, and the attack of the generated HO
●
 to TrBP subsequently 270 

proceeds when the pH in the reaction mixture decreases. In contrast, ASC can reduce 271 

Fe(III) to Fe(II) in a wide pH range [29]. However, the stagnation of TrBP degradation 272 

and debromination suggests that the capability for HO
●
 scavenging by ASC is higher 273 

than that by NH2OH. 274 

 275 

3.6. Oxidation products and mineralization 276 

The oxidation of bromophenols may produce a variety of brominated quinones and 277 

oligomers [32, 40]. Figure 5 shows the GC/MS chromatograms of the extracts from 278 

reaction mixtures in the presence of ASC at pH 3, 5, 7 and 9 after a 180-min period. 279 

Although no oxidation products were detected at pH 3, the diacetate derivative of 280 

2,6-dibromo-p-benzoquinone (2,6DBQ, peak 1) was found as the major byproduct at 281 

pH 5, 7 and 9. Based on a standard sample of 2,6DBQ, the percent conversions of the 282 

degraded TrBP into 2,6DBQ were estimated to be as follows: pH 5, 20.3%; pH 7, 283 

11.6%; pH 9, 9.0%, decreasing with an increase in pH. Instead of peak 1, peaks 2, 3, 4 284 

and 5 increased at pH 7 and 9. Based on their mass spectra, these peaks were assigned 285 

to specific products (Table 2). Although peak 5 was a dimer of TrBP, a more persistent 286 

compound, this amount was quite small. In contrast, no peaks corresponding to 287 

oxidation products were observed in the presence of NH2OH at pH 3, 5, 7 and 9 after a 288 
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180 min period, suggesting the formation of the degradation of byproducts that are 289 

listed in Table 2. 290 

As shown in Fig. 5, only 2,6DBQ was detected as a major intermediate at pH 5. Thus, 291 

the kinetic curves of 2,6DBQ formation were compared in the presence of ASC and 292 

NH2OH at pH 5 (Fig. 6). In the presence of NH2OH, 2,6DBQ formation rapidly 293 

increased up to a reaction time of 30 min, decreased thereafter and then disappeared 294 

after a 180 min period. In the presence of ASC, the 2,6DBQ concentration increased up 295 

to 60 min and then gradually decreased up to 180 min, suggesting that the degradation 296 

of 2,6DBQ was incomplete. 297 

It is known that p-benzoquinone can be mineralized via oxidative ring-cleavage [26]. 298 

Thus, the disappearance of 2,6DBQ may be related to its mineralization. Figure 7a 299 

shows the percent mineralization of TrBP and the numbers of bromine atoms released 300 

from TrBP during the oxidation reaction at pH 3, 5, 7 and 9 in the presence of NH2OH 301 

after a 180 min period. The percent mineralization decreased with an increase in pH, 302 

and no mineralization was observed at pH 9. 303 

For practical use, the degradation in the neutral to weak acid region is preferable. The 304 

percents mineralization at pH 5 and 7 were 46% and 23%, respectively, and 0.6 – 0.7% 305 

of Fe was eluted from the Fe-Z at pH 5 in the presence of ASC and NH2OH after a 180 306 

min period. In addition, the catalytic activity for TrBP degradation was maintained after 307 

the ten recyclings of Fe-Z, as shown in Supplementary data (Fig. S2). Due to fact the 308 

trace amounts of Fe are eluted and the stability of Fe-Z, the sequential addition of 309 

NH2OH and H2O2 may be useful method. To achieve the complete mineralization of 310 

TrBP, the sequential addition of H2O2 and NH2OH (5 mM) at 180 min intervals was 311 

examined (↓ in Fig. 7b). Complete mineralization was achieved after 3 additions of 312 
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H2O2 and NH2OH. 313 

 314 

3.7. H2O2 consumption 315 

  NH2OH and ASC reduces the Fe(III) on the Fe-Z to produce Fe(II), and H2O2 is 316 

decomposed by the Fe(II) to produce HO
●
, as shown in eq 1. However, NH2OH and 317 

ASC can also serve as the HO
●
 scavengers as follows: 318 

NH2OH + HO
●
 → NH2O

●
 + H2O (k ≤ 5 × 10

8
 M

-1
 s

-1
 at pH 4 [41]) (4) 319 

HASC
-
 + HO

●
 → ASC

●-
 + H2O (k = 1.0 × 10

10
 M

-1
 s

-1
 [5]) (5) 320 

In addition, H2O2 is regenerated by the disproportionation of HO
●
 and HO2

●
 as follows: 321 

2HO
●
 → H2O2 (k = 5.5 × 10

9
 M

-1
 s

-1
 [5]) (6) 322 

2HO2
●
 → H2O2 + O2      (k = 8.5 × 10

5
 M

-1
 s

-1
 [36]) (7) 323 

HO2
●
  H

+
 + O2

●-
       (pKa = 4.8 [36]) (8) 324 

Although the formation of HO2
●
 by the reduction of Fe(III) with H2O2 (eq 2) is very 325 

slow, the disproportionation of the generated HO
●
 (eq 6) is fast reaction. Thus, the 326 

generated HO
●
 may be recombined to form H2O2, if no scavengers are present. However, 327 

H2O2 and Fe(II) in the system can serve as HO
●
 scavengers as follows: 328 

H2O2 + HO
●
 → HO2

●
 + H2O (k = 2.7 × 10

7
 M

-1
 s

-1
 [5]) (9) 329 

Fe
2+

 + HO
●
 → FeOH

2+
 (k = 4.3 × 10

8
 M

-1
 s

-1
 [5]) (10) 330 

Reactions 1, 2 and 9 are related to the consumption of H2O2. Because the concentration 331 

of H2O2 was much larger than those of Fe(II) and HO
●
, eq 9 would be dominant 332 

reaction for H2O2 consumption in the absence of RAs and TrBP. The levels of remained 333 

H2O2 in the reaction mixture can be determined by the balance between consumption 334 

and recombination. The consumption of H2O2 may be enhanced in the presence of RAs 335 

and TrBP, because HO
●
 recombination in eq 6 is suppressed. To verify this, the kinetics 336 
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of H2O2 consumption were examined in the absence and presence of RAs and TrBP. 337 

Figure 8 shows the consumption of H2O2 at pH 3 and 9 in the presence of ASC and 338 

NH2OH. Even in the absence of TrBP (▲ and ■), H2O2 underwent decomposition at pH 339 

3, compared to that in the presence of Fe-Z alone (Fig. 8a, ×). H2O2 was largely 340 

consumed at pH 9 in the presence of ASC, while no H2O2 decomposition was observed 341 

for the case of NH2OH (Fig. 8b, ▲). At pH 3 in the presence of NH2OH alone (Fig. 8a, 342 

▲), a slight decomposition of H2O2 was observed up to 60 min, while decomposition 343 

was enhanced thereafter. The small decrease in H2O2 concentration is due to the 344 

scavenging of HO
●
 by H2O2 and Fe(II), and the increased Fe(II) may mainly serves as a 345 

HO
●
 scavenger after 60 min. The fact that no decomposition of H2O2 occurred at pH 9 346 

in the presence of NH2OH alone (Fig. 8b, ▲) can be attributed to the fact that Fe(III) is 347 

not reduced to Fe(II) in weakly alkaline pH [28]. The larger decomposition rate of H2O2 348 

in the presence of ASC at pH 3 and 9 (Fig. 8, ■) demonstrates the capability of ASC for 349 

scavenging HO
●
, which is much larger than that for NH2OH, consistent with eqs 4 and 350 

5. 351 

  When the TrBP was added to the reaction mixture at pH 3 in the presence of NH2OH, 352 

the H2O2 rapidly decomposed (Fig. 8a, Δ), compared to the kinetic curve without TrBP 353 

(Fig. 8a, ▲). In contrast, the kinetics in the presence of ASC (Fig. 8a, ■ and □) were 354 

unchanged, even when TrBP was added. These results indicate that the efficiency of 355 

NH2OH for scavenging HO
●
 is much lower than that of TrBP and the oxidation of TrBP 356 

is the dominant reaction in the presence of NH2OH. 357 

 358 

3.8. Analysis of Fe on the Fe-Z by XPS 359 

 To elucidate the effect of RAs on the enhancement in Fenton degradation, the states of 360 
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Fe(III) on the surface of the Fe-Z were compared before and after treating with ASC. 361 

The ASC-treated Fe-Z was readily oxidized to Fe(III) under aerobic conditions. Thus, 362 

after treating the Fe-Z with the ASC, the sample was immediately transferred to a 363 

vacuum desiccator and dried in vacuo. The sample was stored in the desiccators until 364 

XPS spectra were obtained. Figure 9 shows the Fe(2p)3/2 core-level XPS spectra for 365 

Fe-Z before (a) and after treatment with ASC (b). The BEs for Fe(III) and Fe(II) species 366 

appear at 710.7 eV and 708.1 eV, respectively, based on those for magnetite (Fe3O4), 367 

which is a mixture of Fe(III) and Fe(II). The peak components for Fe(III) and Fe(II) in 368 

Fe-zeolite are close to one another (711.6 – 712.5 eV for Fe(III) and 709.9 – 710.4 eV 369 

for Fe(II)) [42]. Thus, waveform analyses were carried out for the Fe(2P)3/2 peaks. The 370 

rates of Fe(III) and Fe(II) components before and after treatment with ASC were 371 

estimated as follows: before the reaction, 100% Fe(III), 0% Fe(II); after ASC treatment, 372 

82% Fe(III), 18% Fe(II). These values confirm that RAs such as ASC can assist the 373 

Fe(III)/Fe(II) redox cycle to enhance the generation of HO
●
. 374 

 375 

3.9. Significance in application 376 

 Adding NH2OH to a heterogeneous Fenton-like system with the Fe-Z was more 377 

advantageous than the addition of ASC, in terms of the complete mineralization of TrBP. 378 

For the case of NH2OH, the end products of the reduction of Fe(III) are N2, N2O, NO3
-
 379 

and NO2
-
 [28]. At pH 3 and 5, approximately 30% of the NH2OH was converted into 380 

NO3
-
 and NO2

-
 after a 180 min reaction period, as shown in Supplementary data (Fig. 381 

S3). However, the formation of NO3
-
 and NO2

-
 is not desirable, and they should be 382 

removed before being sent to an aquatic environment by combining this process with an 383 

additional treatment technique (e.g., microbial treatment [42]). NH2OH is commercially 384 
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available as a 50% (ca. 15 M) aqueous solution (CAS No. 7803-49-8). As shown in Fig. 385 

6b, three additions of 5 mM NH2OH is required to completely mineralize TrBP. 386 

Approximately 1 L of a 50% aqueous NH2OH is required for the treatment of 1 m
3
 of 387 

wastewater. This may be a reasonable amount and suggests that such a system might be 388 

applicable for the treatment of wastewater. 389 

 390 

4. Conclusions 391 

Fe(II) was loaded onto the cation-exchange sites in a natural zeolite, and was strongly 392 

bound as the Fe(III) ionic form after calcination at 773 K. Although the prepared Fe-Z 393 

was not effective for the oxidation of TrBP via a Fenton-like process, the addition of 394 

ASC or NH2OH resulted in a significant enhancement in the degradation and 395 

debromination of TrBP. The kinetics of TrBP degradation and H2O2 consumption 396 

indicate that ASC serves as a strong HO
●
 scavenger at any pH and leads to the 397 

incomplete degradation of TrBP. Thus, ASC was not an effective RA for the enhanced 398 

degradation and debromination of TrBP. In contrast, the complete degradation and 399 

debromination of TrBP could be achieved at pH 3 and 5 in the presence of NH2OH, 400 

indicating that this RA is a suitable additive for enhancing heterogeneous Fenton-like 401 

oxidation reactions using Fe-Z. In addition, TrBP was completely mineralized at pH 5 402 

after the sequential addition of H2O2 and NH2OH. The role of RAs are to enhance the 403 

reduction of Fe(III) on the Fe-Z to Fe(II), which permits the generation of HO
●
 to be 404 

accelerated via the Haber Weiss reaction. 405 
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Figure captions 487 

 488 

Fig. 1. Effects of reducing agents on the kinetics of TrBP degradation. (a) ASC, (b) 489 

oxalic acid, (c) p-hydroquinone, (d) humic acid, (e) gallic acid, (f) NH2OH, (g) without 490 

RAs, concentrations 50 mg L
-1

 for humic acid and 10 mM for other reducing agents. 491 

[TrBP]0 100 μM, [H2O2] 20 mM, Fe-Z 109 mg L
-1

 (30 μM), pH 3. 492 

 493 

Fig. 2. Influence of the concentration of RAs (a) and H2O2 (b) on TrBP degradation (▲ 494 

and ■) and debromination (Δ and □). ▲ and Δ: NH2OH, ■ and □: ASC. (a) [TrBP]0 495 

100μM, [H2O2] 20 mM, Fe-Z 109 mg L
-1

 (30 μM), 180 min, pH 3; (b) [TrBP]0 100μM, 496 

[RAs] 5 mM for NH2OH and 7 mM for ASC, Fe-Z 109 mg L
-1

 (30 μM), 180 min, pH 3. 497 

 498 

Fig. 3. Influence of the concentration of Fe-Z on the degradation and debromination of 499 

TrBP in the presence of NH2OH (a and c) and ASC (b and d). (a) and (b): Kinetics for 500 

TrBP degradation. (c) and (d): Kinetics for debromination. (a) and (c): [H2O2] 5 mM, 501 

[NH2OH] 5 mM, pH 3. (b) and (d): [H2O2] 20 mM, [ASC] 7 mM, pH 3. 502 

 503 

Fig. 4. Kinetic curves for the degradation and debromination of TrBP at pH 3, 5, 7 and 9. 504 

Degradation of TrBP in the presence of NH2OH (a) and ASC (b). Debromination in the 505 

presence of NH2OH (c) and ASC (d). [TrBP]0 100μM, [H2O2] 5 mM for NH2OH and 20 506 

mM for ASC, [RAs] 5 mM for NH2OH and 7 mM for ASC, [Fe-Z] 436 mg L
-1

 (240 507 

μM) for NH2OH and 109 mg L
-1

 (60 μM) for ASC. 508 

  509 
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Fig. 5. The GC/MS chromatograms of a hexane extract of the reaction mixture at pH 3, 510 

5, 7 and 9 in the presence of ASC. [TrBP]0 100 μM, [H2O2] 20 mM, [ASC] 7 mM, Fe-Z 511 

109 mg L
-1

 (30 μM), reaction time 180 min. 512 

 513 

Fig. 6. Kinetics of TrBP degradation and 2,6DBQ formation at pH 5 in the presence of 514 

NH2OH (▲ and Δ) or ASC (■ and □). [TrBP]0 100μM, [H2O2] 5 mM for NH2OH and 515 

20 mM for ASC, [RAs] 5 mM for NH2OH and 7 mM for ASC, [Fe-Z] 436 mg L
-1

 (240 516 

μM) for NH2OH and 109 mg L
-1

 (60 μM) for ASC. 517 

 518 

Fig. 7. Influence of pH on the percent mineralization and numbers of bromine atoms 519 

released from TrBP after a 180 min period (a), and the variations in the percent 520 

mineralization at pH 5 by the sequential addition of H2O2 and NH2OH for every 180 521 

min (b). [TrBP]0 100 μM, [H2O2] 5 mM, [NH2OH] 5 mM, [Fe-Z] 436 mg L
-1

 (240 μM). 522 

 523 

Fig. 8. Kinetics of H2O2 decomposition at pH 3 (a) and 9 (b). Without RAs (×), NH2OH 524 

alone (▲), ASC alone (■), NH2OH + TrBP (Δ) and ASC + TrBP (□). [TrBP]0 100μM, 525 

[H2O2] 5 mM for NH2OH and 20 mM for ASC, [RAs] 5 mM for NH2OH and 7 mM for 526 

ASC, [Fe-Z] 436 mg L
-1

 (240 μM) for NH2OH and 109 mg L
-1

 (60 μM) for ASC. 527 

 528 

Fig. 9. Fe(2p)3/2 core-level XPS spectrum of the Fe-Z before (a) and after treatment with 529 

ASC (b). Conditions for the treatment: pH 9; ASC 10 mM; Fe-Z 200 mg L
-1

; reaction 530 

time, 180 min. 531 



Table 1. Inorganic element content, cation exchange capacity (CEC), specific surface area (SSA), total pore volume and average pore 

diameter for original zeolite and Fe-Z. 

Sample 

Inorganic elements (%) 
CEC 

(cmol kg
-1

) 

SSA 

(m
2
 g

-1
) 

Total pore 

volume 

(cm
3
 g

-1
) 

Average pore 

diameter 

(nm) Al Si Ca Fe 

Original zeolite 2.5±0.46 40.8±5.7 21.4±1.4 0.49±0.05 150±22 33.3 0.108 13 

Fe-Z 2.38±0.22 38.9±0.02 14.9±0.2 1.54±0.06 71.7±6.1 26.2 0.131 20 
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Table 2. Mass spectral assignments for oxidation products corresponding to peaks 1 - 5 in Fig. 4. 

Peak No. m/z [rel. int., fragment identity] Assigned structures 

1 
325 [1.02, M

+
], 310 [7.75, (M - CH2CO)

+
], 

268 [34.15, (M - 2CH2CO)
+
] 

 

2 
430 [1.24, M

+
], 388 [4.46, (M - CH2CO)

+
], 

346 [30.47, (M - 2CH2CO)
+
] 

 

3 
410 [1.44, M

+
], 368 [3.57, (M - CH2CO)

+
], 

326 [12.67, (M - 2CH2CO)
+
], 284 [17.29, (M - 3CH2CO)

+
] 

 

4 
450 [1.52, M

+
], 408 [9.22, (M - CH2CO)

+
], 

366 [33.52, (M - 2CH2CO)
+
], 349 [30.32, (M - (CH2CO)2OH)

+
] 

 

5 

586 [8.18, M
+
], 544 [29.53, (M - CH2CO)

+
], 

527 [16.36, (M - OCOCH3)
+
], 505 [2.06, M - HBr], 293 [2.07, 

C6H2OBr2CH2CO)
+
] 
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