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Abstract  
4-chlorophenol (4-CP) is one of the seriously toxic chlorophenol compounds found in the 
effluent wastewater generated by oil refineries, pharmaceutical factories, and paper and leather 
producers which is introduced into surface and ground water resources. This research aimed to 
study the feasibility of nZVI nanoparticles in activation of H2O2 and persulfate under UVA-
LED irradiation based on Taguchi experimental design for 4-CP removal. This experimental 
study was conducted using a lab-scale batch reactor equipped with 18 ultraviolet light emitting 
diodes lamps with a wavelength of 390 nm. The effects of operating parameters such as pH of 
solution, contact time, dosage of nZVI, dosages of H2O2 and persulfate and different initial 4-CP 
concentration were evaluted by defined factor of 4*4 using Taghuchi L-16 orthogonal array. 
Based on the results of the Taguchi method, the optimum conditions for removal of 4-CP in 
nZVI activated persulfate process included the initial 4-CP concentration of 25 mg/L, pH=3, 
reaction time of 60 min, nZVI and persulafte respective dosages of 2 and 2 mM. The highest 
removal efficiency and S/N values for this process were 51.83% and 34.29%, respectively. 
Also, optimum conditions for removal of 4-CP in nZVI activated H2O2 process were the initial 
4-CP concentration of 25mg/L, pH=3, reaction time of 30 min, nZVI and H2O2 dosages of 0.75 
and 1 mM. In this condition, the highest removal efficiency and S/N values were 81.76% and 
38.25%, respectively. In both processes in this case, under acidic conditions, an increase in the 
active catalyst (Fe2+) activated more and more oxidants (radical hydroxide and radical sulfate) in 
both reactants, resulting in better efficiency of processes in these conditions. UVA-
LED/H2O2/nZVI process could serve as a new and feasible approach for the degradation of 4-
CP as well as other organic contaminants containing wastewater due to high efficiency, low 
contact time and need of the lowest oxidants agents. UVA-LED/H2O2/nZVI process could serve 
as a new and feasible approach for the degradation of 4-CP as well as other organic 
contaminants contained in wastewater due to high efficiency, low contact time and need of the 
lowest oxidants agents. 
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wZ� ����)���fg/k)�$� ��Q�� ��� � H�F �� ]��� ��� s��/k"�
�  ��!���9� �;7��� �����
��!�� .������� �� �� "� ��@9�Z� *
��Z?� ���
-���)$P� ��

�	p;
 .��! '������ �B� ��)���B	� *�M

pH '�7��� "� '������ ��pH �	��
 �)�P�f. ��F H�L�� ��;9� 

�;�;��a E�� � �#&a�� =�kmq� 

����*����L� ���@9�Z�&����� ��fy�z ��"� ���'�7��/ ��!�;&� ��
4!YA H)$. '�7/��� � !��-� '�4/��� �GV��&.��! H�L�� ���;


��;�&��"��2�
?� �����"� n��
�7/&���\q	�Q "� �)�����
84$A&�� nGF �ZD $���&fk����&��� ML# �� �hkk ���$&9����
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 �)����� I��� f�����&���� ���� F)�$Q �)�B	���
%,� "� �� ���);� �

Fig. 1. Schematic of the reactor used in this research: 
1) Inflow water, 2) Outflow water, 3) Magnetic stirrer,  
4) Plexiglas reactor, 5) Synthetic wastewater, 6) Quartz 

Sheet, 7) UV-LED lamps, 8) Base lamp holder, 9) 
Magnet 

DB��;:2
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f�
���� �� (h�&Q��� �� (~�&8�a�	t� �Y;
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 �nGFo�K��	� �GV�� (��Y���)+ �D�� (����3 (d3 '�����-7� ( ���
� 	7� (UV-LED 

1 HACH 

��'2�;��3 E��%/� UV-LED 2
�CA *�� �� '������ ��)� 
Table 1. Specifications of the UV-LED lamp used in this 

research 

PropertyParameter
390 nanometerMaximum wavelength

20 mAMaximum intensity
1 MwRadiant flux

20 degreesAngle
4/82 ± 0/2 mmDiameter
8/7 ± 0/2 mmLength

�� 9��9)� E���# I��
��3 5�)� H��;# �� 2	��� �B�P� �
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 h�y'��! '��� ���/�
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H�� "� '������ �� ���� ��Y��
MINITAB 16 ���
��
������A

�B� ��)�f���"� �$#���" ��a 5�)� 2L-16��� X,a "��W��� ^
@� '�!��*�!WYQ ������Q �� �� E� 
�
 g�z��. �� '�! �� 

��'2�;����� 01# �� '�! ��%��� �)Z� � �
gR'������ �� I	���$�
�	���� "� UV-LED/S2O8
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Table 2. The arrays and levels selected for the removal of 4-

chlorophenol using the UV-LED / S2O8
2- / nZVI process 

Level 4Level 3Level 2Level 1Effective 
parameters

11753pH

150 100 50 25 
Concentration of 
4-chlorophenol 

(mg /L)
321.51Persulfate(mM)
210.50.25 Iron 

Nanoparticle(mM)
120906030Reaction time

��'2�;����� 01# �� '�! ��%��� �)Z� � �
gR'������ �� I	���$�

�	���� "� UV-LED/H2O2/nZVI 
Table 3. Arrays and levels selected for the removal of 4-
chlorophenol using the UV- LED / H2O2 / nZVI process 

Level
4

Level 
3

Level 
2

Level 
1

Effective 
parameters 

11753pH
1501005025Concentration of 

4-chlorophenol 
(mg/L) 

1/2510.750.5Hydrogen 
peroxide (mM) 

210.50.25Iron 
Nanoparticle(mM)

3020105Reaction time

���
P�$�D� I�X���� ��
����'��� ��a 6�� �� �"� ��
 �� \
��,� v��A ]����I���� ��� ����� �.  ,�8� E�)�S��
  �G�O� ���� �

(Signal:S) ���O� ��� E���!�&�� Z� "����(Noise:N) &� ���� ��)�!
.�! '������ � ���*2
�CA 01�# ��S�� �'�! ����F �B� �� v��A 

gRI�	���$� �)��  ,�8� �S/N ��� �)�S ��9��@� Eh�,���P� �!�
)Zhang et al., 2017(

)h(S/N = -10 log10X4
Y ∑ 2 4

Z[\]>
�^

��'2b;)&:)F�� 6�� �� 2���"� H�L�� I#���L16 01# ��Y�� ����� �(gR��Y�� �,��P� � I	���$�S/N �	���� ��UV-LED/S2O8
2-/nZVI 

Table 4. Stages of Taguchi Test (L16) and 4-Chlorophenol removal results and S / N calculation in the UV-LED / 
S2O8

2- / nZVI process 

S/N Efficiency 
2 (%)

Efficiency 
1(%)

FactorTest 
number Reaction 

time
Concentration of 4-

chlorophenol
Iron 

nanoparticle
PersulfatepH

34.295251.6730250.25131
32.9244.344.2260500/51.532
30.703533.66 901001233
28.6727.5 26.81120 1502334
32.83 46.541/6 120 2511.555
31.6238.138.2 90502156
26.2320.0221601000.25357
24.1616.316301500.5258
32.4742.14260 252279
28.782827 305013710 
23.1014.6141201000.51711 
21.9712.612.5901500.25 1.5 712 
21.6112.11290 250.531113 
21.551211.93 120500.2521114 
19.829.99.730 10021.51115 
18.838.88.760150111116 
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��'2c;)&:)F�� 6�� �� 2���"� H�L�� I#���L16 (01# ��Y�� �����gR��Y�� �,��P� � I	���$�S/N �	���� ��UV-LED/H2O2/nZVI 
Table 5. Stages of Taguchi Test (L16) and 4-Chlorophenol removal results and S/N calculation in the 

UV-LED/H2O2/nZVI   process 

S/N Efficiency 
2(%)

Efficiency1 
(%)

FactorTest 
number Reaction 

time
Concentration of 4-

chlorophenol
Iron 

nanoparticle
Hydrogen 
PeroxidpH

38.25 82.181.435250.089 0.5 31
36.2765.564.82 10500.250.7532
31.89 39.539.15201001133
30.7034.833.793015021.2534
35.6060/160.443025 10.7555
30.2032.4 32.38 205020.5 56
28.0525.325.26101000.0891.2557
25.6519.2 19.1651500.25 158
23.8315.5 15.610252179
23.39 14.7514.855011.25710 
19.359.249.32 301000.250.5711 
19.179.29201500.089 0.75712 
21.28 11.911.32 20250.25 1.251113 
21.2211.7 11.3430500.089 11114 
17.9287.75 510020.751115 
18.428.28.5115010.51116 

	p;
���� *
����! �����  ���-� 5��	
��� 01�#gRI�	���$�
��� �� �
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��7���9��� � *���� Y�q��ANOVA ��� .�! '������
����)�B	� *

� ���������7��� ,��8� *S/N  )MS/N(�����
wZ��� �� ��������A ���

 X�,a r%/� ��9��@�y@����� � *����/�����?� *MS/N �����)�	.

��-��S)�� *��! ��%���  .(Zhang et al., 2017) 
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��'2e;v��A ���QS/N  �	���� ��UV-LED/S2O8
2-/nZVI 

Table 6. S / N response table in the UV-LED / S2O8
2- / nZVI process 

Average[(S/N)]iFactor/Level i=4i=3i=2i=1
31.6528.6730.7032.9234.291/pH
28.7224.1626.2331.6232.832/pH
26.58 21.97 23.1028.7832.473/pH
20.4418.8319.82 21.5521.61 4/pH
26.9718.8323.1031.6234.29Persulfate/1
26.8919.8221/9732.8332.92Persulfate/2
27.2321.5532/4724.1630.70Persulfate/3
26.33 21.61 28.78 26.23 28.67 Persulfate 

concentration/4
26.0121.5521.9726.2334.29Iron nanoparticle/1
25.4521.6123.1024.1632.92Iron nanoparticle/2
27.7918.8328.7832.8330.70Iron nanoparticle/3
28.1519.8232.4731.6228.67Iron nanoparticle/4
30.31 21.61 32.47 32.83 34.29 4-chlorophenol 

concentration/1
28.72 21.55 28.78 31.62 32.92 4-chlorophenol 

concentration/2
24.97 19.82 23.10 26.23 30.70 4-chlorophenol 

concentration/3
23.41 18.83 97.21 24.16 28.67 4-chlorophenol 

concentration/4
26.7719.8228.7824.1634.29Contact time/1
27.6218.8332.4726.2332.92Contact time/2
26.4821.6121.9731.6230.70Contact time/3
26.5421.5523.1032.8328.67Contact time/4

��'2f;v��A ���QS/N  �	���� �� UV-LED/ H2O2/nZVI 
Table 7. S / N response table in the UV-LED/ H2O2/nZVI process 

Average [(S/N)]iFactor/Level i=4i=3i=2i=1
34.2830.7031.8936.2738.251/pH
29.8825.6528.0530.2035.602/pH
21.4419.1719.3523.3923.833/pH
14.5618.4217.9221.2221.284/pH
26.5618.4219.3530.2038.25Hydrogen Peroxide/1
27.2517.9219.1735.636.27Hydrogen Peroxide/2
25.6521.2223.8325.6531.89Hydrogen Peroxide/3
25.86 21.28 23.39 28.05 30.70 Hydrogen Peroxide

concentration/4
26.6821.2219.1728.0528.25Iron nanoparticle/1
25.6421.2819.3525.6536.27Iron nanoparticle/2
27.338.214.7535.6031.89Iron nanoparticle/3
25.6717.9223.8330.2030.70Iron nanoparticle/4
29.74 21.28 23.83 35.60 38.25 4-chlorophenol 

concentration/1
27.78 21.22 23.39 30.20 36.27 4-chlorophenol 

concentration/2
24.31 17.92 19.35 28.05 31.89 4-chlorophenol 

concentration/3
23.49 18.42 19.17 25.65 30.70 4-chlorophenol 

concentration/4
26.3117.9223.3925.6538.25Contact time/1
26.6518.4223.8328.0536.27Contact time/2
25.6421.3819.1730.2031.89Contact time/3
26.7221.2219.3535.6030.70Contact time/4
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Fig. 2. Results of the analysis of the average S/N rate 
versus the various arrays of operation in the process  

UV-LED/ S2O8
2-/nZVI 

D`��;¦�� *�7���� Y�9��� ����� S/N ����� I��?� �� �$�%� 
�


'�-� �	���� �� 
����� UV-LED/ S2O8
2-/nZVI 

Fig. 3. Results of the analysis of the average S/N rate 
versus the various arrays of operation in the process UV-

LED/ H2O2/nZVI 
D`��;¦�� *�7���� Y�9��� �����S/N ����� I��?� �� �$�%� 
�


'�-� �	���� �� 
����� UV-LED/ H2O2
/nZVI 

��'2�;01# �� �O)� 
�
������A q������ Y�9��� �����gR�	���� �� I	���$� UV-LED/ S2O8
2-/nZVI 

Table 8. Analysis of variance of effective parameters for 4-chlorophenol removal in the UV-LED / S2O8
2- / nZVI process 

Share of contributionSignificant 
level (P)

Average of 
squaresTotal of squaresDegree of 

freedom (DF)Factor 
0.54 0.022576.91730 3pH
0.36 0.038 384.511533Initial 4-

chlorophenol 
concentration

0.050.36352.85158.53Fe(ZVI) 
concentration 

0.02RRRRRRR*18.8356.493Contact time

0.030.68033.99101.973Persulfate 
concentration

* Due to the small sum of the squares, the factor of the time compared to other factors and the zero degree of freedom of error, the contact time factor 
is the selected noise substitute 

��'2�;01� �� �O�� 
�
������A q������ Y�9��� �����gR�	���� �� I	���$� UV-LED/ H2O2/nZVI 
Table 9. Analysis of variance of effective parameters for 4-chlorophenol removal in the UV-LED / H2O2 / nZVI   process 

Share of contributionSignificant 
level (P)

Mean of 
squaresTotal of squaresDegree of 

freedom(DF)Factor
0.68 0.0065423.81808 3pH

0.19 0.038 1503 501 3
Initial 4-

chlorophenol 
concentration

0.08 0.108 627.7 224.2 3Fe(ZVI) 
concentration 

0.030.344 22173.67 3Contact time

0.02 RRRRRRR*133 44.43 3Hydrogen peroxide 
concentration

* Due to the small sum of the squares, the factor of the time compared to other factors and the zero degree of freedom of error, the contact time factor 
is the selected noise substitute 
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��?� . ��F���� *
� '�� )��� E����� �9���� ��)�	.����  �8 ��)�	.
�)����� *����� ��)� ���F��-: �)Z� �� �&���� ��  ��F ���D��
����&� ��� ���/� �
 ����� *�� ,�8� ��� �S/N ��� ������fz/h���

-�  B$>�9���� �	� �8 ��� ������h���$&�3)����9�M-�� ��� � ���
������/�&z�Q �� ���S���'���7 � H)���NO���1��F�
. ����F �����D 
 B$> �

�$�%�gR��� I	���$� �������@9�Z� ��)�� ��7 ��+ �)�� 
��������Q �� '�! �W��� �g������3�� ��  �� �� �7��� ,�8� *

S/N � �� u)������� *���� �����yf/yk B$> �� �hz���$&H��F
�� 9���� n��� �� .�)� ���9��� ����� Y����Q)q���� (���� *����� �

����/� M-�&y�;
� H�� �,�� �� �S���� ©��P9 ��  NO���1�F�

� . ��F ���DNO����� �� n�;� ���" �&��������� �	���� *����)�� �
� �� �)� �B��H�� wZ� �� ������A *�@	&���"�kD�� ,�8� ��� �?

S/N �� ������h/hj��-� ���" ��)	.����%��� ��	 ��! M-�� ��� ���
����/�&h. ���F ����D ���� ��,�� �� �S�� �	p;
������ �� *&

�NO���� ����

��� �� �$�%��"�� ��@� �	
8���A�
 ������ �����
��� �2�	������ }�)���� �)��T# �� *��
� E��� )����� "� '��������NO��pH 

P���� 59�� ��)	.���	��� �� � �$�%� �)Z� �� �)���� *y���ff
���� ��)�&��� n��� �� . ��F ���D������Q �� '��! ��W��� �z�

����3��� ,8� *S/N ���@�h�/yg��pH ��� �����y��� ��)�	.
-� ���?��6��YF �	!	p;
 .����� *�9��� ����� Y��q�� �� ����Q�

�NO���1��F�
������� *���� ���� �� ���� ��Y��)9�� �� � ���S����� ���  
�NO���1F�
.��� ���D 

� "��� I��). �7NO���� �� ��1F��t� ��B� ��)� �	 ���  �B$> E��
9���8���A ��
 ����� ��$�%� wZ�� ���-: �� ��� �)�� ����� ��)�	.
������� *���%��� �!���� n���� ��� .������Q �� '��! ��W��� �z
��7���¦�� *S/N ����� *��������Yhz/hjH���-: wZ� ����	@&

 B$>jz/k��$&�3)� @���*�!� .���9��#�� *� &���� ���  ����
9�������� Y��� � ���� ��� ���/� q��NO���1�F�
������� *�������# �� ��

� "� �� �)� �S���*�B� ;
� H)� �,�� ����	p;
 . ���F ���D  �*
�NO���?� ����� *�
� '�� )���� E������ �9���� ��)�	.� �8 ��� ��)�	.

�)����� *��	��� �� ���F��-: �)Z� �� �k��/k��h���$&�3)��
�� 9����� ��)� ��&��� ��  ��F ���D������ �&� ��� ���/� ��
 �� *
���� ,8� �� �S/N �� �����yy/hj-�  B$> ���9���� �	�������  8
 ��f���$&�����/� M-�� ��� � �3)��&y�Q �� ��S���H���-: '��7
�NO���1F�
���D ���� . ��� �����F����?� ������7��� ,�8� *S/N 

�NO�� B$> �

�$�%�gR���Q �� �� I	���$�j'��! '��� ��/�
 �������3�� ��  �� ���7���� ��  ,8� *���Yjg/h���wZ��

  B$>) ���hz��$&H�F ��9�	p;
 .�! '�
�/� (������ *�9���� ��Y
����� �� u)��� q������ *�����/� ���B� "� '��	
�NO���1�F�
���*

01# �� ������AgR�� I	���$�f�����D H�� ��,�� �� �S�� �����F
� "� . ������ �7���

� �� �@9�Z� ��)����� *�t� �	 ��� ����" E��
�)� n�;� .������"� ��2
�
 ��$�%� wZ�� ���-: �� ����F H�L��

 ���Q �� ��j �� '�! '��� ��/� ����" �� �)� �� �7�� ���� ��yk
D��wZ��) ��?g��3��� (� ,�8� *S/N ����@�jh/h��)��� ��� ��

 �� '��� s�����.	p;
���� *�9��� ����� Y��� ��� u)���� q�� �� *
����� '�	
� ��/� �NO�WYQ �&��)�������A *h01�# �� (��S��gR

I	���$� �� �� ��� ��4� ��NO���1F�
. �� ����F ���D 

2	���  .�� �

!�;��&���pH P��7��8� 5&� ���!��pH 
�� �)$P� ?�8� �)a�> � M�?�8���8�� �� M�������! ��)�� �)�;��&�

�NO� ��� ��1�F� )Mustafa and Shihab, 2013(��� �� .���	�


8�������A �)�t� �����/ ��� E�� pH�a "� ��9)� X����� �����4 ��



� �� e)	���8�� ��Y�����9� ��)� �)&�NO����� . ��� ��1F���� �NO��
t���E��pH �� �
 ��I4! �� �� �	���� 
�
h�y���/� '��! '���

�  ����� ����� �� �
 �� ��  �� ^$Z� *���! �� �	���� 5��
�
��pH �� �����y�����/��Y��� ��� � ���!�� �� ¦��� *�2pH �P��5

9� '��� 01#&7;/: 2
����
�9� . ��� ����� ��� I���A *���� '�
�&� ��)��*8�� ��)F���! �� �� �);� ���� 5���
����E��9)� ��4
����
����/�8���A *�8�� I�����#� � �)� ,�8� ���;
 �� � '�)� �

�%� E��D�,&9� '���&���� �� 5�)��� 2&�	p;
 .������ *���*
��!�5�
��9����9)� ��� ��L	� E��9)���A Y���8���A ��
 ��������
�&� *
� E��� )��� �)T# �� �� �)!&I4! �� ���)� F���
������	

;
 � '�! �L	� �)�	���%� E��,Q)� ��� *��� ^��9� '���� ���/&��
� M
���&� "� .�	��3� �7�� I��A *�9)� '����� ��
 ��4��8�����I
!��&� "�NO���1F�
�����)49)� �� E��9)� ��4 �

�� ��� ���

^Q)� ��1F �O�
P� �� E��9)��A��� 5��
&��)!.(Asgari et 

al., 2017).
��9� '����� 01��# ¦���� 2
����&����! ���$D 5�����&�)��T# ��

� �� E��9)��A&���� ��� ��)���^���)��

*�
� ��� ��b���&��
P��5�

��pH ��/�� "�j9)� ����)F ��

�$�%�&B� *
� "� �� �

FeOH2+ �Fe(OH)2+ �Fe2(OH)2
4+ � �����NO���1���F�
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9)��� ����� �������� E��9)���A ���4����  ,�8� .(Ao and Liu, 

2017) .
��!�-��/� 5&����� Y
�����
�	
8�������A �)�	�,� ����/&
���� ��8���A "� '���������
 ������� I��S�# .���� �)��Q� �������
���	


9)� �)�	� ����� ��
 ���4��8�������� I)�D ��)�	.
������� *����4
9)���
8�� �Q�� �������#� � �) �� �jy/hX���Z� ���  ���  �9�

2	+�� g��A �)T# ��8��
 ��9)� *
�� ������� �&�)! 

)g(+•−+ ++→+ 3hv2
22 FeOHOHFeOH

� ���� *�� ������ ��Y�
 ��4�8�����9)� I��
����� E�!pH 
P��7�8� 5&��� � ��!����P� �� ��-	� �)��	� ��	���� 5��
H��L��
 ��&�)�! )Davididou et al., 2017, Zazo et al., 2016(� .��*

9�#��� &�� ��  � �Y���2pH � ��)�

��b �� *�
����&*�
� ���
��b ��������&���,��I&��� ��)��! ���� �����
 ����4���8�����9)� I��� �


�8�����*
� �&��;� �� �L��� �� .�	�9)���)��� ��*�
�  �B$>
P� �� �)Q)��� 2
�� �� 5&
��.(Zhang et al., 2017) 

������ ���2
�CA 
�
� �� '�! H�L����" *����� ��� ��	�� ���*
�"� H�L�� "� �$#����2�
��� �� ����
��	
8��������A �)������/

8���A � E��9)��A �)T# ���
 ��������-� ����! *��P� �� 5�5
������
��� H���L��&�)��!�����  ��?��Z�.(Zhang et al., 2017, 

Ahmadi et al., 2017, Verma and Sillanpää, 2015, Asgari 
et al., 2017, Zazo et al., 2016, Pera-Titus et al., 2004, 
Vilhunen and Sillanpää, 2009, Weng et al., 2015, Xu and 

Wang, 2011, Wei et al., 2016, Davididou et al., 2017) 
��� ���8�� �	�����A �)��8�� '����  B$> � e)� ����/�'�		��

���4&���
�)���� "�
������� 01��# �� �O���9� E���,&�� . ������� �)
 E��9)��A��4&8�� I���). "������������49� �� �)&�� ���  ���
��@� �)T# '�		� ��� �� �
�8�� E���D ��� E��9)�� ��4������� �)

#���
�?� �� 3������� ��� ��8�
 ���4��8�������,� I��� I&.�)�!
����9)� E��9)����A ����4��� '���! ����4&� "�NO�����1��F��I����). *
8���)� ��  �� '�		�����&�YL����� ��9� E�,&� �� H��?�
8����

�� � �� �*�����
�
��@�&� .���� ������ *�����)� ��-	� ��� ��4&�
��� �� �$;#�9� E�,&��?�8� E�)S�YL� � M����4$� ����� �� ��-�� �
�  �� ���D�> E�)S�?�8� ��� �� �� M��)�


�8��������� I

��� � '������! 2	���������
 �������4������8������ I9)�������;� ��������
.(Seidmohammadi et al., 2016, Wei et al., 2016) 

� ���*2
�CA ��� ������@� �	 "���
�� ����� E��9)���ANO��
 B$> &����� ��$�%� ��	��� ��-: �� �� �$�%� 
�
 .��!  ,�8�

 ¦��S/N ����Q ��g��I4!h'��� ��/� �!n���� ��� . ��� '�
9������3�� '�! H�L�� Y�¦�� *S/N 9��  B$> �� �� �h���$&�3)��

� � IS�#��� ���?� *-� ��)	.���%��� �	�!� .�9�# �� *� &���  �
�Y�� ���¦�� E��9)��A  B$> 2S/N =���L� 2
����Y��� . ���2
��01# ��YgR� �� I	���$�����! *�5��� ��+  ��� I��9� *��� ���

��Y���� 2E��9)����A  ��B$>�������� ��Y��Y���� E��9)����A ����4�2
&� ������ ������ *�8�� ��Q�� ��� ���4������#� � �) �� ��/h �9�
�� $S� I��. ��)	.&8���������� �)�9� E�,&)�P� ���  ��� ����D

�B#G� I��D �
����9� E�,&YL� ����;� ���.(Seidmohammadi 

et al., 2016) .
�Y�� ������ �)T# 2�S�� �# �� E��9)��A �)&��]�,	� ��)	.

9)����� ��I;. E��9)� ��4 ��?� �� � '������ ��-� ����?� "� 2���	
=���L� �����&2
��� 01#��  �$. . ��� �� � �� ������ *�����)F *
�&n��� �� �� ��� ��! ��)�2	+�� 
�
z���Y��� ��� �B$> 2

8�� '����� �� '�		� ��-� ���?� "� 2�"� �	���� )� \�E��9)� ��4
��� ����,� E��9)��A ��4�� I&���� �� �)!
A8����8�� I������)
#� �� ���;� �
��� ���  ,�8��)�� "� �  ��� E��9)�� ����4
�����7
������ E��9)� ��4 ��� ��)	.�$���. �� � '��� I;. �L���4�� ��4&
���
�,����� I��� I�;. E��9)��A �� E��9)� ��4&��	� )Luo et 

al., 2016, Lee et al., 2012(.

)o(−•−•− +→+ 82
2
44

2
82 OSSOSOOS

)�(−•• →+ 2
8244 OSSOSO

������ ���� *2
�C��A ���� ������)W���
������4;
 �U����  ��?��Z�
��/���������
� ������� '�������� E��9)����A "� ���������)$��A 01��#
������# �&�Y�� �� �� �)� �� "����  B$> 2h��$&�3)���������

�Y�� 01#��B#G� I��D 2�
�Y�� �� � �����E��9)���A  �B$> 2
��y��$&! �3)���Y��� ^����;� �������� 2 ���.(Hao et al., 

2014).
	p;
��� *2
�C�A �����F H��L�� 5��)� @��D �� �����4;
 � ��

����
#�� ��� 01����A E��9)��A 5�)�!�)� �)� � M���$> B
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'������ ��)� E��9)��Ah��z��$&�Y�� �� � '�)� �3)�� B$> 2�
�Y�� ��������2 �� ������ �� �Q)� �� .� B$> �O� �� *�

h��z

��$&���	: 0G��� �3)�& !�������
����& B$> "�h���$&
 �� '�! '������ �3)�)Ghaneian et al., 2010(.

����� �NO��B$> � ��

�8���A ��$�%��
 ������-: �� �����
 01# �� �$�%� wZ�gR ,8� n��� �� I	���$�S/N �����# Y&

� "�NO���1F�
�8�� '����  B$>��9� '���� 01�# �� ���&���  ���
)P� 
9��  B$> �� ����jz/k���$&�3)��������/��/%� ��O� *&

.�! '�
�/� �Y���8���A  B$> 2�
 ��� n��;� ��4�� ���������/
 �� � '�)�;� M
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