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� �

� ��� TNT ����� ��� ��� �� ��� ���� ��� ���� ��� Fenton reaction ����
�� �����. �� Fenton reaction� �� pH ���� ��� ��� 	� ����� pH� �� buffering
capacity� ��� 	��� � ���� �����. �� �� pH��� ����� Fenton reaction� 
�� � 	
� modified Fenton reaction� � ��� �����. ��, �� �� � ��� ���� ��� �� ������
����� ��� ���� �� Fenton-like reaction� �� ���� ��� ���� ���. ����� ���
�� �� Fenton reaction ����� � 20�� � pH 3�� 93%�� �� pH 7��� 21%�� ���. ��, TNT
�� ��� ��� ���� 5�� chelating agent� ��� ����� 24�� �
 � pH 7�� NTA-Fe� �	
� 87%� � ��� �� 	���� citrate-Fe 46%, EDTA-Fe 71%, oxalate-Fe 64%, acetate-Fe 37%� ��� ��
��� �����. ��, TNT �� ��� ��� 3�� ����� Fenton-like reaction� ��� �	, pH 3��
24�� � goethite 33%, hematite 40%, magnetite 40%� ����� ���. pH 7� �	 goethite 28%, hematite
34%, magnetite��� 36%� ����� ���. 	��, ��� 	�� chelating agent 3�� 2�� ���� ��
� �	�� ����� magenetite �	 pH 7�� NTA 79%, oxalate 59%, EDTA 14%� ����� �����,
hematite �	 NTA 73%, oxalate 25% ��� EDTA 19%� ����� 	��. ����� ���� modified fenton
reaction� �	��� �	 �� �� �� 
���� ��� �	 ����� TNT ����� ��� � 	� 

�� ����.

Abstract − There have been large areas of soil contaminated with high levels of explosives. For this experimental
work, 2,4,6-trinitrotoluene (TNT) was tested as a representative explosive contaminant of concern in both aqueous and
soil samples and its removal was evaluated using three different chemical treatment methods: 1) the classical Fenton
reaction which utilizes hydrogen peroxide (H2O2) and soluble iron at pH less than 3; 2) a modified Fenton reaction
which utilizes chelating agents, H2O2, and soluble iron at pH 7; and 3) a Fenton-like process which utilizes iron min-
erals instead of soluble iron and H2O2, generating a hydroxyl radical. Using classic Fenton reaction, 93% of TNT was
removed in 20 h at pH 3 (soil spiked with 300 mg/L of TNT, 3% H2O2 and 1mM Fe(III)),  whereas 21% removed at pH 7.
The modified Fenton reaction, using nitrilotriacetic acid (NTA), oxalate, ethylenediaminetetraacetic acid (EDTA), ace-
tate and citrate as representative chelating agents, was tested with 3% H2O2 at pH 7 for 24 h. Results showed the TNT
removal in the order of NTA, EDTA, oxalate, citrate and acetate, with the removal efficiency of 87%, 71%, 64%, 46%,
and 37%, respectively, suggesting NTA as the most effective chelating agent. The Fenton-like reaction was performed
with water contaminated with 100 mg/L TNT and soil contaminated with 300 mg/L TNT, respectively, using 3% H2O2

and such iron minerals as goethite, magnetite, and hematite. In the goethite-water system, 33% of TNT was removed at
pH 3 whereas 28% removed at pH 7. In the magnetite-water system, 40% of TNT was removed at pH 3 whereas 36%
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removed at pH 7. In the hematite-water system, 40% of TNT was removed at pH 3 whereas 34% removed at pH 7. For
further experiments combining the modified Fenton reaction with the Fenton-like reaction, NTA, EDTA, and oxalate
were selected with the natural iron minerals, magnetite and hematite at pH 7, based on the results from the modified
Fenton reaction. As results, in case magnetite was used, 79%, 59%, and 14% of TNT was removed when NTA, oxalate,
and EDTA used, respectively, whereas 73%, 25%, and 19% removed in case of hematite, when NTA, oxalate, and
EDTA used, respectively.

Key words: Modified Fenton Reaction, Fenton-Like Reaction, TNT,  Chelating Agents, Neutral pH

1. � �

���� ��� ���(nitroaromatic compounds, NACs)� ��,

��, �� ���, ��, ��� � ��� ��� ���� �� �

���� � ���� �� ���� ��. ��, ��� ��� ��

�� �� �� ���� ��� ���� �� ��� ������,

�� ���� ��� ��� ��� ��� ���� 	�� 
��

� �����, 
���� �� ���� �� ���� ��� �

� ����� ���� ��� � ��� ���� ��. ���, �

2� ����� �� �� �� ���� ��� �� ��� � 	

� ���� ��� ��� ��� ���� 
� � ����, ��

�
, �� ���� ��� ������ � ��� �����.

���� ��� ���� �� ����� ���� ��� �

� ���, � 
�� ��� ��� 
��� ��� �� 	� �

���� ���	 ��� � ���� ��. ���	 ���� �

��� �� 2,4,6-trinitrotoluene(TNT)� �
 ��� ��� ���

� ��� ���� ����, � 
� ��� �� EPA�� class

c ��� ����� ���� ��. � ��� ��� �� ���

��� ��� �� ��� � ����� �� frame-shift ���

�� ���� ��� � 	� 24�
 �
 �� 2 mg ��� TNT

� ��� ����� �
� 	���� ��� ��� 
���

����(bone marrow fibrosis), �� ���, ����	 ����

�� ����� ����� ���� ���[1], ��, TNT ��

�
�� �� � ���� ��� TNT� ��� �
��
 ��

�� hemoglobin ��� ���� � ���� ��� ��� � �

�[2]. ��� TNT� �� ����� 
� ��� ��� �� �

���� ��, �� � �� � ���� ���� ���[3]. ��

�� ���� �� ��	�� 	�� �� EPA(U.S. environmental

protection agency)��� TNT� ������ ���(priority

pollutants)� ��� 	�� �� ���[4], ��� � TNT ���

�� 0.002 mg/L ��� �
�� ���� ��. ��� ����

��� 
�� ��� TNT� ��� ��, ���� ���� ��

� 	��� ���� ��.

TNT� ��� ��� ������ �� ��� ��� ���

��� �� ��� ��� ����. ��� ��������

(advanced oxidation processes, AOPs)� ��� � �� �� TNT

� ��� � �� ��� ����. �� ����� �����

���� catalytic ozonation[5], UV/ozone system[6], titanium dioxide

(TiO2)-mediated photocatalysis system[4,7]� Fenton’s reagent[8] �

� ��� �
���.

� ����� TNT� ��� ������� ��� 	���

� ���� �� ���� AOPs �� � ��	 Fenton’s reagent

� ��� ���� ���. �� in-situ injection� pump and treat

��� ���� ��� ���� ���� ����	 �� ��

� �� ��� ��� AOPs ��� �� �� ��� ��� �

�� � �� ��� ��� ���, �	 Fenton ���� �� �



�� ��� �� ����� �� pH� �
�� �����

���� ��� �
� ��. ���, �� pH��� �� �



�� ����� �� chelating agents� ���� ���� 
�

�� ���� modified Fenton reaction� ���� �
�
�. �

��, �	� Fenton �� ��� �����	 ������ ��

�� ��� ����� ������ �
� ��� ��. ���,

� ����� �� �� ��� ��
� ���� Fenton-like

reaction� ������ ���� ��� � �� ���� ���

���. ���, ��� ��� 3�� ��� ��� ����� �

��� ��� ��� ��� �� ��� 

�� �� ����

�, �
�� �
 	���� ��� � �� ��� ���� �

�� ���	 Fenton reaction ��� �
�
�.

2,4,6-Trinitrotoluene� ������ 
���� ���� 
� �

�� ��	� �	 �� �����. TNT� sulfuric acid� nitric acid

� ���� toluene� ���� 	�� �����. ��� 2,4,6-

trinirotoluene� �� ����� symtrinitrotoluene, TNT� 1-methyl-

2,4,6-trinitrotoluene� ��. 2,4,6-trinirotoluene� ����� ���

� 	��, �� ���, ���, �� ��� � �

 ��� ��

��� �����. Table 1� TNT� ��,��� ��� ����.

1-1. Classic Fenton reaction

�� �� �� Fenton[9]� �� ��� Fenton reaction� ��

��� ����� ������ ��. 1930��� Haber� Weiss[10]

Table 1. Summary of Physical-Chemical Properties of TNT

CAS No. 118-96-7

Molecular weight 227.13

Color yellow-white

State. Monoclinic needles

Melting point 80.1 oC

Boiling point 240 oC

Odor Odorless

Solubility 130 mg/L in water at 20 oC; soluble in 
aceton, benzene, alcohol and ether

Partition coefficients

Log Kow 1.60; 2.2(measured), 2.7(estimated)

Koc 300(estimated), 1,100(measured)

Vapor pressure (at 20 oC) 1.99E-04 mmHg

Henry’s Law constant (at 20 oC)4.57E-07 atm m3/mole

Conversion factors 1 ppm=9.28 mg/m3

1 mg/m3=0.108 ppm

Source: ATSDR (1995)



Fenton ��� ��� ��� �� ��/��� �� 155

Korean Chem. Eng. Res., Vol. 43, No. 1, February, 2005

� �� Fenton reaction� ����� ��� hydroxyl radical(OH·)

� ����� ��� �� ��� ������.

Fe2++H2O2�Fe3++OH·+OH− (1)

Hydroxyl radical� �� ��� ��� �� ����, standard

redox potential(Eo)� -2.8 Volts�� OH·� �� �� ����� �

� ��� � 109-1010 mol−1sec−1��[11]. �� ���� �� 	�

� � OH·� ���
 �
 ��(H abstraction reaction) �� �


��� �� ��(electrophilic addition reaction)� �
�� � ��.

��� OH·� ����� TNT� �� nitro-substituted aromatics

�� ��� chlorinated aromatic, alkene� aliphatics� ��� �

�� �� ���� ����� ��� ��� ��.

1-2. Modified Fenton reaction

Classical Fenton reaction� ��	�� �
 ����� ���, �

������ hydroxyl radical� ����� �� ���	 ���

� 
���� pH� 3-4�� pH 5 ����� ��� ���� �

���� �� ���� �� ����. ��� ���� �� pH

���� 
����� �� ���� ���� �� ��� 
�

�[20]� ��� �� ��� EDTA, NTA, Oxalate �� Ligand�

���� ��� 
�� ���� ���� ��, � ���� �

����� ���� �� �� ��� �
���� Fenton

reaction� 
���� �� pH(6-9) �� � ���� �� � �

�[12].

� �� ��� ����� modified Fenton reaction �� � �

��	 hydroxyl radical(OH·)� ���� ����� ����, �

�� ��� ���� ���(superoxide anion(O2
−), hydroperoxide

anion(HO2
− ) �)� ��� 	��� ��� ����� �� ��

� �
	�� ��� �� � ��� �
���.

Modified Fenton system��� ��� � (1)��� hydroxyl

radical� ���� �� ��� ��� �� ��� �����.

H2O2+OH·�HO2· +H2O

HO2·�H++O2
− pKa=4.8

HO2·+O2
−
�HO2

− +O2

1-3. Fenton-like reaction

� ����� Fenton reaction� ��� ��� ���� ��

����� �� �� 3-5%� ��
� ����. �� ����

� ���� ��� �� � �� ��� ����, ������

��� � � �� ��� ����. ��
� ��� �� �� �

��� ��� ���� ��� ��� ��� goethite, hematite,

magenetite� ��� Fenton-like reaction� �
�
�. ��� �

�
� ��� �� ����� ����� 2�� mechanism� �

��� ��. 	�� ��
 �� �� ��� ����� ���

�� ���, ���� ��
 ���� �
��� �� Fenton-

like reaction� �� ��� �
��� ����. Watts �[13]�

�� ��� ����� �
�, Kitajima �[14]� ��� ���

� �
�
�.

H2O2+S�OH· +OH−+S+

���, S� ��
� ����, S+� ��
 �� � ��� ��

� ����. ��� ��
� ����� ���� �� ����

� ���� ��� ��� ��.

��� Fenton-like reaction� �	 ���	 ������� �

����� �
	 ��� � ���� ��� �� � ���, �

�
� ����	 ��� ���� �� ����� ��� � �

��.

2. �� �� � ��

2-1. �� ��

� ��� ��� 2,4,6-trinitrotoluene� ���� ���� ��

�� ���	� �� (�)���� ���
�, FeSO4, FeCl3,

Fe2(SO4)3� modified Fenton reaction ��� chelating agents� �

�� ethylenediaminetetraacetic acid(EDTA, 99%)� Aldrich Co.

(Milwaukee, USA)��� ���
��, nitrilotriacetic acid(NTA,

99%)� Acros�, goethite(α-FeOOH), magnetite(Fe3O4), hematite

(Fe2O3), 2-methyl-2-propanol(99.5%), chloroform� Aldrich Co.(Milwaukee,

USA)�� ���
�. ��, hydrogen peroxide(35%), hexane

(95%), sodium oxalate(99%)� Junsei. Co.(Tokyo, Japan)��� �

����, sodium acetate trihydrate(98%)� Shinyo Pure Chemical

Co.(Osaka, Japan)��� �� �����.

2-2. �� ��

2-2-1. 	��� ��� ��� � ��� ��

2,4,6-trinitrotoluene� �� �� ���� ����� ����

��� �� ��� ��� acetone� ���
��, ��� ���

�� ����� ��� 10,000 mg-TNT/L-acetone� stock solution

� ���� ���
��, 	��� ���� �� stock solution

� 
��� �
�� 100 mg-TNT/L-water� ���
�.

	� ����� ��, �� acetone� TNT� �	 � ��� ��

� ���� � acetone� 
��� �� 300 mg-TNT/kg-soil� ��

�
�. 	������ ��� �� ��� ���� ���� ��

� ���� ���� ��� ��� TNT� 95% �����.

�� ���� ��� ���� ��� millipore system� ��

�� 18 mΩ-cm�� ��� ���� ���
�. � �����

��� �� � ��	 pH� ��� �� ��� 1 N H2SO4� 1 N

NaOH� ���
�. � ��� ��� ����� ��
��, jar-

tester� ���� ��� ���� stirring �� ���. �����

�� control ��� ��� ��� ����� ���� ���


�. ����� ��� ��� ��, ��� �� ��� ��� �

������ 5 ml� sample� �� � ��	 H2SO4 50 µl� �

���� pH� 2 ��� ���� H2O2� �� ��� 
���

��� ������� ��� �����. Sample� ��� 5 ml

� ���(hexane)� ��� � 2�� vortex-mixer� ���� �

��� ��� ��� ����� �
�. �	� ��� TNT�

GC-ECD� �� �
�
�. ��, ��� ��� �
� ICP-MS

� ���
�.

2-2-2. Classical Fenton reaction

TNT� ���	 Fenton ��� �� �� ���� �	�� �

� � ����� TNT� ��� ���� ��� ��� ���

��� �� ���
�.
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� ���	 ��: TNT(100 mg-TNT/L-water)� ��� ���

�� Fe(II)� Fe(III)� �� 	�� ���� ��� 3 mM Fe(II)

� Fe(III)� �� 3 wt%� H2O2� ���� pH 3� 7�� Fenton

��� �
���. Sampling ��� �� �� �, 
��� �


�� ��� �
��� 30� ��� �� � �� 1, 2, 3�� �


�� �
��, �� ���� ���� �����.

� ��	 ��: TNT(300 mg-TNT/kg-soil)� ��� ��� �

�� ����� ��� �� 100 g� Fenton reagents(1 mM

Fe(III)+3 wt% H2O2) 400 mL� ���� ��� ��� � ���

��� ��� sample� �� �� ���� ���
�. ��� �

�� �� Fe(III)� 	������ ��� ���� ��� 	�

� ��� �
����� Fe(II) �� Fe(III)� ���
�[12].

2-2-3. Modified Fenton reaction

TNT(100 mg TNT/L water)� ��� ����� Fe(II)� ���

chelating agents� nitrilotriacetic acid(NTA), ethylenediaminetetraacetic

acid(EDTA), sodium oxalate, sodium acetate, sodium citrate� ��

�
�. ��� chelating agents� �� 	�� ���� ��� pH

3, 7� ���
��, �� ����� 24���� �
�. ���

���� ligand� 	��� 3 mol : 9 mol� ���
�.

2-2-4. Fenton-like reaction


� �� ��� � 5%� ��
[15]� ���� �� ���

��
 ���� Fenton reaction� 	�� iron ion �� ��� 5%

� ��
(goethite, magnetite, hematite)�� ���
��, H2O2

3 wt%� ���� Fenton-like reaction� ���
�. ��� ��

�(100 mg-TNT/L-water)� �� pH 3, 7�� 24�� �
 ���

� sampling ��� �� sample� ���� �
�
�. ��� �

�(300 mg-TNT/kg-soil)� �� pH 3�� 24�� �
 ����

sample� �� ���� �
�
�.

2-2-5. Combining Fenton-like reaction and modified Fenton reaction

� ����� Fenton-like reaction, modified Fenton reaction�



� ���� �
�� �� ��� �� �� ��� ���

��� ��� �
�� ���. � ���� pH� 7� ���
�

�, ���� 5%� ��
(magnetite, Hematite)� ���
��,

chelating agents� NTA, EDTA ��� oxalate� ���
�� �

�� ��
� ligand� ��� 1 : 3�� ���
�. ���� �

�� 300 mg-TNT/kg-soil� ���
��, H2O2� ��� 3 wt%�

�� 24�� �
 �����.

2-3. Chemical analysis

���� ��� ��� TNT� EPA Method 8330� �
��

hexane�� ���
�. TNT� ���
� EPA Method 8095�

��� �
�� ���(electron capture detecter, ECD)� 
��

HP-6890 Gas Chromatography� ���
��, 0.53 µm(i.d)-6 m

RTX-TNT column� ���
�, oven� 
���� 80oC�� �

� ��� 180oC��� 10oC/min�
� �� 30oC/min�� ��

�� ����� 300oC� �
�.

3. �� �� � ��

3-1. Classical Fenton reaction

� ��� TNT� ��� ����� classical Fenton reaction�

��� �� ���� �	�� ��� ���
�. Fig. 1(a)�

3 w/v% H2O2� 3 mM� ferrous ion(Fe(II))� ferric ion(Fe(III))�

�� � ��� ��
� �� classical Fenton ��� �� TNT

�
 	�� ��� ���. Fe(II) system��� pH 3�� 24�

� �
 95% ��� TNT �
 	�� �
�. Fe(III) system�

�� �� ��� ���� 83%� ���� �����. Burbano

�[16]� MTBE� ���� �� �	� ��� 	��
�. ��

1�� ��� Fe(II) system�� MTBE� �
 	�� 97%��

���
�.

Fe(II) system� Fe(III) system�� pH 3�� 7� ���
� �

�(Fig. 1(b)), TNT� �
 	�� 10% ���� ���� ���

�. � ����� ��� ��� ��� control ������ �

� ��� 	��. �� pH 4 ���� ������ � ��� �

Fig. 1. (a). The effect of Fe2+ or Fe3+ on degradation of TNT by Clas-
sical Fenton reagent. Initial TNT concentration of water was
100 mg-TNT/L-water. Reactions were conducted with 3%
H2O2, and 3 mM Fe2+, or Fe3+ at pH 3, (b) The effect of Fe2+

or Fe3+ on degradation of TNT by classical Fenton reagent.
Initial TNT concentration of water was 100 mg-TNT/L-water.
Reactions were conducted with 3% H2O2, and 3 mM Fe2+, or
Fe3+ at pH 7.
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���� H2O2� ���� OH·� ���� � 	� �	� ���

� �� �
 	�� �� ���� ��.

TNT� ��� ��� �� 3%� H2O2� 1 mM� Fe(III)� pH 3

� 7�� 21�� �
 ���� �� Fig. 2� �����. pH 3�

�� 93%� �
 	�� �
�, pH 7��� 41%� ���� �

����. �� Watts �[17]� ���� ��� ��� PCP� �


� pH 2-3�� � ��� ��� Fenton reagent� ��� ��

��� �� ����. ��, Watts �[18]� ��� batch ����

��� hexachlorobenzene� ��� ����� ��� � ���

H2O2� �� ����� �� �
���.

��� Watts �[17-18]� ����� ��� ����� Fenton’s

reagent� ��� ��� ���� �� �� ���� ����. �

�� � ����� pH 3��� �
 	�� 	�
� 	�� �


�� pH 7��� 	�� �� ���
�. �� �� ����

pH� 3 ��� ����� �� ���� ��� buffering capacity

�	� �� ��� ���. ��, pH� ���� �� �� ��

�� 
� ���� ����� � ���� �� ��� ����

����� ���� 	�� ��� 	�� ��� � ��. ��

� ��� �� classical Fenton reagent� in-situ ��� ����

� ���� �	��.

3-2. Modified Fenton reaction

���	 Fenton reaction� pH �	�� ���� ��� �


� modified Fenton reaction ��� �
� ��� �� Fig. 3(a)

� Fig. 3(b)� �����. Fig. 3(b)�� NTA-Fe� ���� pH 7

�� 87%� �
 	�� �����, EDTA-Fe� 71%, oxalate-Fe

� 64%, citrate-Fe� �� 46%, acetate-Fe� 37%� �
 	��

�
�. pH 3(Fig. 3(a))��� �� �	� ��� ��� �� �

��� �� ��� � �� pH ���� 
�� ����� ��

����. ��� ��� ����� � ����� �� ���

system� NTA� EDTA, oxalate� ��� ����, �� ���	

Fenton reaction� pH 7��� �
	�� ��� ��, Fig. 1��

�	 hydroxyl radical� 	��	 ��� �� pH ���� ���

� ��� �	� � ���. �, �� pH ����� 	��	 TNT

� ��� ���� � ���� �	� Fenton ��� �
��

��� �� pH��� �� 	�� ���� � ��.

3-3. Fenton-like reaction

Fig. 4((a), (b))� ��� ���� �� goethite-H2O2 system�

� pH 3	 �� 33%, pH 7	 �� 28%� �
	�� �
��,

hematite-H2O2 system	 �� pH 3� � 40%, pH 7	 �� 34%�


�. ��, magnetite-H2O2 system��� pH 3�� 40%, pH 7��

Fig. 2. Effect of pHs on classical fenton degradation of TNT contami-
nated sand. Initial TNT concentration of sand was 300 mg-
TNT/kg-soil. Reactions were conducted with 3% H2O2, and
1 mM Fe3+ at pH 3 and 7.

Fig. 3. (a) Degradation of TNT contaminated water with modified
Fenton reaction as effected by chelator (NTA, citrate, EDTA,
oxalate, acetate). Initial TNT concentration was 100 mg TNT/L-
water. Reactions were conducted with 3% H2O2, 3 mM Fe3+, and
9 mM chelator at pH 3, (b) Degradation of TNT contaminated
water with modified Fenton reaction as effected by chelator
(NTA, citrate, EDTA, oxalate, acetate). Initial TNT concentra-
tion was 100 mg TNT/L-water. Reactions were conducted with
3% H2O2,3 mM Fe3+, and 9 mM chelator at pH 7.
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36%� TNT� �
���. Valentine� Miller[19]� ��� goethite

� �� ������� ��� �� 2� �� ��� 0.0016M−1s−1

�� Kitajima �[14]� ��� Hematite� ��� 2� �� ���

0.037M−1s−1	 ��� ���� ��. ���, � ���� goethite-

H2O2 system� TNT ��	�� hematite-H2O2 system �� ��

���� �� hematite � magnetite-H2O2 systemsms ���� �

�� ��� ��� �� ����� ��� �� �� �	� �

� ��� ����, �� �� �� ��� �
� ����. 

TNT� ��� ����� pH 3� � ��	�� goethite/H2O2

system�� 28%, hematite/H2O2 system�� 50%, magnetite/H2O2

system�� 31%� �
 	�� �
�(Fig. 5).

� ��� ��� ��
(goethite, hematite, magnetite)� ���

��� �� ��� �	� ��� ��� ��� ���� ���

�
 	�� �� �����, �� �� �� 	��� ��
�

���� Fenton reaction� ��� � ���� �
�� �� �

��	 ���� TNT� �
� ��� ��� �	���.

3-4. Combining Fenton-like reaction and modified Fenton reaction

Fenton-like reaction� modified Fenton reaction� ��� � �

�� ���� ��� �� ��� �� ����. �	 ����

� 	�� �	� NTA, EDTA, oxalate� chelating agents� ��

��, ��
 � ����� TNT ��	�� ��� magnetite�

hematite� ���� ��� ����� TNT� ��	�� ���

� ���. ��, ��
 magnetite� ��� �
	� �����

�� Fig. 6(a)� �����. �� pH 7�� NTA� �� 79%, oxalate

� �� 59%, EDTA� �� 14%� TNT �
� ���� �	��

�. ��, Fig. 6(b)��� hematite� � ��� ��� ����, NTA

73%, oxalate 25% ��� EDTA 19%� ��	�� ���.

��� � �� ��� �� TNT� ��� ��� � ��� �

� ������ chelating agents� ����� �	 Fenton ��

�� �� �

�� ��� �� ����� �� pH� �
�

� ����� ���� ��� �
� ���� �� pH��� �

� �

�� ��� � ���, �� 
� �� �� 	��� �

�
� ������ �� TNT �
	�� �� ���� �	�


�.

4. � �

Fenton reaction� ��� ���� ����� ��� �� �

���� ���� �� ��� ��� ��� � �� ��� �

� ��� �� � ���.

(1) Classic Fenton reaction� �� ���� ��� TNT� ��

	�� pH 3�� 24�� �� 99%��� �
 	�� �����

��� ��� ���� 93%� �
	�� �
�. ��� ���

Fig. 4. (a) Destruction of TNT in water by Fenton-like reaction using
iron minerals (goethite, hematite, magnetite). Reactions were
performed with 3% H2O2 and 5% iron minerals (goethite,
magnetite, hematite) at pH 3, (b) Destruction of TNT in water by
Fenton-like reaction using iron minerals (goethite, hematite,
magnetite). Reactions were performed with 3% H2O2 and 5%
iron minerals (goethite, magnetite, hematite) at pH 7.

Fig. 5. Destruction of  TNT in soil by Fenton-like reaction using iron
minerals (goethite, hematite, magnetite). Reactions were per-
formed with 3% H2O2 and 5% iron minerals (goethite, mag-
netite, hematite) at pH 3.
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classic Fenton reaction� ��� ���� ������ �	��

��� �� �� ���� pH� 3 ��� ����� �� ��

�� ��� buffering capacity �	� �� ��� ���.

(2) Modified Fenton reaction� �� ���� ��� TNT�

chelating agent�� NTA� ��
� �� pH 7�� 24�� ��

87%��� �
 	�� ����. ��� �� pH ����� 	

��	 TNT� ��� ���� � ���� �	� Fenton ���

�
�� ��� �� pH��� �� 	�� ���� � ��.

(3) ��
(goethite, magnetite, hematite)� ��� Fenton-like

reaction� �� TNT� ��� ���� pH 3�� 24�� �
 �

���� � ��� �� �� 	�� ��� � � ���.

(4) Modified Fenton reaction� Fenton-like reaction� ����

� ��� ��� ��� pH 7�� ����� magnetite� ���

� chelating agent�� NTA� ��
� �� TNT� ��� ��

� 79%� �
 	�� �
�� hematite� ����� ���


� ���� 73%� �
	�� ����. ��� � ��� TNT

� ��� ��� � ��� 	���� ���� �� 
� � 	

����� ��
� ���� 
� ��� pH buffering capacity

� ���� �� pH� 	� 
�� ��� ����� �� in-

situ treatment� �� ��� ��� ����.
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