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非均相类 Fenton 法降解硝基苯化工废水的效能及其机制 
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Abstract̔A heterogeneous Fenton-like catalytic system, consisted of 3A-Fe zeolite catalyst that was prepared in 
the laboratory and characterized by SEM, EDS and XRD, and H2O2 was used for degradation of 
nitrobenzene-containing wastewater. The effects of pH, H2O2 and nitrobenzene concentration, and catalyst dose on 
degradation of nitrobenzene were studied. An attempt to reveal the degradation mechanism was also done. The 
results showed that nitrobenzene had been significantly degraded in this Fenton-like system provided that pH 
value of wastewater was in the range of 2 to 10. No dissolved Fe(ň/ŉ) was detected for the Fenton-like system, 
indicating that nitrobenzene was directly degraded on surface of 3A-Fe zeolite catalyst rather than by the aqueous 
Fenton system. The 3A-Fe zeolite catalyst exhibited good stability in repeat use and the degradation rate of 
nitrobenzene could reach 94.1%, and the removal rate of CODCr and TOC, under the optimal conditions, were 
78.6% and 60.5% respectively. 
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引  言 

↓῀ Ҭᴨᾢ └
[1]Ȃ ̆ ̆ΐ

ғ̆ Ҍ̆ № ̆

Ȃ ῤ

ҹ F̆enton [2]̆

ԍ ѿ
[3-5]Ȃᵖ ԍᴰ Fenton ᵣ pH

ṿ 2͘4 ӊ ̆ ̆ [6-9]Ȃ

̆ ⱬ ῀⌠ Ỳ ╕

ᴆ ң ̆ Fenton ҹ
[10-13]Ȃ ῤ ֲ

ᵣ҉ ҹ Ỳ ╕̆ Fenton ᵣ

ץ̆ pH ṿ ̆ Ỳ ╕

≠ ̆ Fenton Ҍ [14-16]Ȃ 
└ 3A-Fe № ҍ

Fenton Ỳ ᵣ ץ̆

ҍ Ȃ 

1  材料和方法 

1.1  试剂与仪器 
ȁ ֒ ̂҉ Ḥ ╕ Ὲ

̃̆ ̂ Ҭ ╕ Ὲ ̃̆ ῒ

ז ╕ ҹ№ Ȃ3A № ̂ Ỳ

╕ Ὲ Ȃ̃ ⱴ῀

‪ └ Ȃ 
ת ̔UV-7504̂Ã - №ᾣ№ᾣ

ȁDELTA-320 pH ȁ ⱬ ȁת

KYC-1102C ȁTOC ȁת

Ὲ S-4800 ȁD8 advance
X  Ȃת

1.2  催化剂制备与表征 
1.2.1  3A-Fe 型分子筛催化剂的制备  
Ҋ̆ Na2CO3 ῀ 2.5 g¥L−1 FeSO4

Ҭ̆ ҍ (1:1.1)͘
(1:2)ӊ ̆ 1͘1.2 h ⌠

Na2CO3 FeSO4 ᵣ ̕3A №  400Ņ
1 h̆‛ ̕ 3A №

῀⌠ Na2CO3 FeSO4 ᵣ Ҭ̆

5͘6 h ̕ ̆ 2͘
3 ̆ ̆ 3A-Fe № [17]Ȃ 

1.2.2  3A-Fe 型分子筛催化剂的表征  Ỳ ╕

№ Ὲ S-4800
̂SEM ҉̃ Ỳ̆ ╕ ᵣ D8 advance

X ҉(XRD)ת Ȃ 
1.3  分析方法 

-Ẽ ᾣ ̆

COD T̆OC TOC №

ת Ȃ Ҭ ᾣ ̆

pH ṿ pH Ȃ 
1.4  基准条件的定义 

Ҭ̆ Fenton ‰ ᴆ ӈ

ҹ 5̔00 ml ̆ ҹ 100 mg¥L−1 H̆2O2

ⱴ ҹ Qth( ⱴ ) Ỳ̆ ╕ ⱴ ҹ 0.50 ğ
ҹ ȂH2O2 ⱴ ӈҹ̔

ҹ CO2 H2O H2O2 Ȃ

̂1̃ ̆ ‰ ᴆҊ 1Qth ҹ 30%
̂ № ̃ H2O2 ҹ 0.61 ml¥L−1Ȃ 

2C6H5NO2 + 29[O]=12CO2 + 2NO2+5H2O     (1) 

2  结果与讨论 

2.1  催化剂表征 
1 ҹ 3A № 3A № SEM

Ȃ׆ 1 ץ ₮ 3̆A № ᵣ ̆

Fe ̆Ỳ ╕ ̆

ԍ ̆ ӊ ԑ ̆

↕ ̆ 2(b) 3A-Fe №
Fe ⱳ Ỳ ╕ ᵣ Ȃ 
2 ҹ 3A 3A-Fe № ң׆̆

҉ ץ ⌠ 3A-Fe № ᾝ

̕ 1 ᾝ № ̆ └

3A-Fe 3A № ԅ Fe ᾝ ̆Fe ᾝ ԅ

ᾝ 11.03%Ȃ ץ ᾝ ⱳ

⌠ԅ 3A № ҉Ȃ 
׆ 3 XRD ץ ₮ 3̆A 3A-Fe

6 ҩ №̆≢ 21.7°ȁ24.0°ȁ27.1°ȁ29.9°ȁ
32.5° 34.1°̆ 3A 3A-Fe ΐ  

表 1  3A 及 3A-Fe 元素含量 

Table 1  Element mass percentage of 3A and 3A-Fe/% 

Zeolite Fe C O Na Al Si K 

3A 0 13.11 52.69 5.69 11.04 12.31 5.16 

3A-Fe 11.03 16.52 46.34 4.04 8.60 9.68 3.79 
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1  3A 3A-Fe SEM  

Fig.1  SEM patterns of 3A and 3A-Fe 

Ȃ3A-Fe ᵝ 3A ̆

ᵖ ῒזᵝ 3A ̆ ᾝ №

3A № ҉̆ ᵣ Ȃ 
2.2  非均相 Fenton 反应的影响因素 

2.2.1  pH 对硝基苯去除的影响  3A-Fe №

Ỳ ╕ҍ H2O2 Fenton ᵣ ̆ ‰

ᴆҊ̆pH ṿ№≢ҹ 2ȁ4ȁ6ȁ8ȁ10 ̆

ԅ ̆ 4 Ȃ 
4̂ã ̆pH ṿ 2͘10 ῤ̆

Fenton ᵣ ῒ̆Ҭ

pH ҹ 4 ̆ ҹ 100%̆ pH ṿҹ 2ȁ6ȁ
8ȁ10 №≢ҹ 94.1%ȁ91.7%ȁ88.4%ȁ

87.3%Ȃ ῏ [18-20] Fenton
Ҭ ѿ ꜚⱬ ln(C/C0)= 

−ktȂ ѿ ꜚⱬ Fenton
ԅ ̆ 4(b) 

Ȃ׆ ̆ 0.017͘
0.038 min−1ӊ ̆ ԍ↔ [21] Ti/SnO2-  

 

2  3A 3A-Fe №  

Fig.2  EDS of 3A and 3A-Fe  

 
3  3A 3A-Fe Ỳ ╕ XRD  

Fig.3  XRD patterns of 3A and 3A-Fe catalysts 

Sb Ӟ̆ ԍ Ḡ
[22]Ỳ 2,4-DNT Ȃ

⌠ ҹ pH 4 > pH 2 > pH 6 > pH 8 > 
pH 10̆ Fenton ̆pH ṿ 2͘
10 ӊ ΐ ̆ ᴰ Fenton

̆ Fenton pH ṿ Ȃ 
2.2.2  H2O2投加量对硝基苯去除的影响  3A-Fe  
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4  pH ṿ  

Fig.4  Effects of pH values on degradation of nitrobenzene 

№ Ỳ ╕ҍ H2O2 Fenton ᵣ ̆

Ỳ ╕ ҹ 0.5 g p̆H ṿҹ 10̆ H2O2 ⱴ ̆

500 ml ҹ 100 mg¥L−1 ԅ

̆ 5 Ȃ 
5 H̆2O2 ⱴ ҹ Qthȁ1/2Qthȁ1/5Qthȁ

1/7Qth 1/10Qth̆ 120min ̆

№≢ҹ 97.9%ȁ97.6%ȁ90.9%ȁ79.7% 66.7%̕

№≢ҹ 0.037ȁ0.034ȁ0.023ȁ0.013 
0.010 min−1Ȃ H2O2 ⱴ ̂1/10Qth̃ 1̆20 
min Ӟ ⌠ԅ ̆҉ץ60%

Fenton ᵣ Ҭ ᶏ ᵞ H2O2 ⱴ ̆

ׅ ΐ ⱬ̕ H2O2 ⱴ

̆ Ӟ ӊ

̕ H2O2 ⱴ ҹ ⱴ 1/2
ҹ ⱴ 1/2 ԅ 0.3 ҩ № Ȃ

H2O2 ⱴ ̆ҍ Fenton Ỳ ╕

ᴰ ꜚⱬ ̆֟ ¥OH  ̆  

 
5  H2O2 ⱴ  

Fig.5  Effects of H2O2 concentration on degradation of 
nitrobenzene 

׆ ԅỲ ̕ᵖ

H2O2 ⱴ ⌠ѿ ̂1/2Qth̃̆

ⱴ Ҍ Ȃ [23] ̆

H2O2 H̆2O2 ¥OH ֟

ᵞ HO2¥[ (2)] H̆O2¥ᴪ ȁ ¥OH[ (3)]̆
ᵞ Ȃ Ҭ̆ ԍ H2O2 ⱴ

̆H2O2 ¥OH ֟ Ȃ׆

̆ Ҭ H̆2O2

ᶃ ⱴ ҹ 1/2QthȂ 
H2O2 + ¥OH  HO2¥ + H2O     (2) 

HO2¥ + ¥OH  H2O + O2          (3) 

2.2.3  催化剂投加量对硝基苯去除的影响  3A-Fe
№ Ỳ ╕ҍ H2O2 Fenton ᵣ ̆

H2O2 ⱴ ҹ 1/5Qth̆pH ṿҹ 10̆ 3A-Fe
№ Ỳ ╕ ̆ 500 ml ҹ 100 mg¥L−1

ԅ ̆ 6 Ȃ 
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6  3A-Fe ⱴ  

Fig.6  Effects of 3A-Fe dosage on degradation of nitrobenzene 

Ҍ ⱴỲ ╕ ̆ №≢ҹ 66.3%̕ Ỳ

╕ №≢ҹ 0.05ȁ0.1ȁ0.5ȁ1 g ̆

№≢ҹ 86.1%ȁ86.7%ȁ90.9%ȁ95.8%̆

ҹ 0.018͘0.027 mol¥(L¥s)−1̆Ỳ ╕

ⱴ ̆ ̆ Ȃ 
Arends [24] [25]

Fenton ̆ H2O2 № ᾢ

⌠Ỳ ╕ῤ Ҭ ̆ H2O2

Fe3+ Ỳ ᵬ Ҋ֟ HO¥̆ HO¥

̆ ֟ Ỳ׆ ╕ῤ ̆

⌠ ҬȂ3A-Fe № ᵬҹ H2O2

Ỳ ╕̆ ⱴ ᵣ Ҭ 3A-Fe №

↕̆ ץ ⱴ ᵝᵣ ᵝ ῒ̆ҍ H2O2

№ ׆̆ ֟

̂HO¥̃ [23]̆ ᶏ

Ȃ 

2.2.4  硝基苯初始浓度对硝基苯去除的影响  
pH ṿҹ 10̆Ỳ ╕ ⱴ ҹ 0.5 ğH2O2 ҹ 0.12 
mL¥L−1 ᴆҊ̆ ∆ 100͘600 
mg¥L−1 ῤ , 7Ȃ Ҍ

Fenton ╕ ᴆҊ̆r 100͘600 mg¥L−1

ѿ ̆ῒҬ 100 
mg¥L−1 ᶃȂ ⱴ̆

ӊ⁞ ׆̆ 91%Ҋ ⌠ 68.3%Ȃ

ҹ H2O2 ⱴ῀ ҹ ṿ ̆ῒ֟

¥OH Ӟ [14]̆ ῒץ

Ӟ Ȃ ̆ ↕ῒ

Ȃ 

 

7  ∆  

Fig.7  Effects of initial concentration on degradation of 
nitrobenzene 

2.2.5  催化剂重复利用性  pH ṿҹ 10ȁH2O2ҹ

1/5Qth̆Ỳ ╕ ⱴ ҹ 0.5 g ᴆҊ̆ 500 ml
ҹ 100 mg¥L−1 ԅỲ ╕

≠ Ȃ 120 min̆ ҉ѿ

ᶏ Ỳ ╕ № ̆Ҍ ᴋᵥ

ԍҊѿ ̆ ≠ ̆ 8
Ȃ׆ ץ ₮̆Ҍ ᴋᵥ ᶏ 6

̆Ỳ Ҋ ̆

ᶭ 90% Ȃ Ҭ ᾣ

₮ ’ ԅ ̆ ҩ Ҭ

₮ ṿ̂ ᵞ 0.03 
mg¥L−1̃̆ Ҭ Fe 3A № ҉

̆3A-Fe Ỳ ╕ ᶏ Ҭ ̆

ᶏ ̆ ᴨ Ȃ 
2.2.6  硝基苯废水 CODCr和 TOC 的去除效果  500 
ml ҹ 100 mg¥L−1 ̆ pH ṿҹ 10ȁ
H2O2 ҹ 1/5Qth̆Ỳ ╕ ⱴ ҹ 0.5 g ᴆҊ  ̆
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8  Ỳ ╕ ≠  

Fig.8  Efficiency of 3A-Fe after recycling 

 
9  CODCr TOC  

Fig.9  Comparison of CODCr and TOC removal efficiency 

3A-Fe№ Ỳ ╕ CODCr TOC
9 ȂTOC ̆ Fenton Ҍֽ

ᶏ № ̆ ғ Ỳ

֓№ ֟ ѿ ҹ CO2 H2OȂ

ԍ CODCr C̆ODCr

ԍ TOC ̆ Ҭ

ῃ ҹ CO2̆ѿ № ҹԅῒז ̆

ȁҘԋ Ȃ 

2.3  降解机制研究 
Fenton ╠ ң ѿ̆

ҹ Fenton Ỳ ╕ ᴆҊ ₮ Fe2+̆

ᴰ Fenton ̕ ѿ

Fenton Ỳ ╕ H2O2 ̆

Fenton Ỳ ╕ ׆̆ ᶏ
[23,26]Ȃ [27] Chou [28]

ҹ Ҭ ԍ 0.07 mmol¥L−1̆ 3.92 
mg¥L−1 ̆ Fenton ץ ҹҺȂ

ᾣ Ҭ ₮ ’

ԅ ̆ ҩ Ҭ ₮

ṿ̂ ᵞ 0.03 mg¥L−1̃̆

Ҭ ₮Ȃ ץ ҹ 3A-Fe Ỳ ╕Ỳ

̆Ҍ ᴰ Fenton
̆ Fenton ̆ ѿ

Ȃ 
3A № Fe(ň) Fê ŉ̃ ҍץ H2O2

֟ ¥OH ¥HO2̆ᵖ ¥HO2

¥OH ғ̆ Ҭ [29]̆

ץ ҹ Fenton ᵣ Һ

¥OH Ȃ 3A-Fe Fenton Ỳ ╕Ỳ

Ҋ 

 

3  结  论 

̂1 3̃A-Fe№ ᵬҹỲ ╕ Fenton ̆

pH ṿ 2͘10 ӊ ΐ ̆

ԅᴰ Fenton pH └ Ȃ 
̂2̃3A-Fe Ỳ ╕Ỳ

ԅᵇ
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