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Abstract  
Phenol removal has recently become a topic of interest and debate among environmental 
scientists. In this research, the efficiency of Fe3O4@SiO2@TiO2 magnetic photocatalyst in 
phenol degradation was evaluated. Also, the effect of effective factors in the degradation of this 
pollutant was investigated using the surface response methodology. In the present work, 
photodegradation of phenol in an aqueous solution was studied using Fe3O4@SiO2@TiO2
nanocomposite under ultraviolet. The as-synthesized materials were characterized by UV-
Visible diffuse reflectance spectra, scanning electron microscope, Fourier transform infrared, 
X-ray diffraction, and vibrating sample magnetometer. Based on XRD and VSM, the 
Fe3O4@SiO2@TiO2 nanocomposite structure contained an anatase TiO2 phase and showed a 
superparamagnetic behavior (12.07 emu/g). Based on the DRS spectra and bandgap 
computation, the direct bandgap energy of Fe3O4@SiO2@TiO2 was 3.01 eV. Result of ANOVA 
showed that the effects of the main variables of photocatalyst concentration, UV light irradiation 
time and the square of photocatalyst concentration are significant in the model. Significant 
variables from the most significant to the least significant include: photocatalyst 
concentration>UV light irradiation time>square of photocatalyst concentration. The findings 
showed that Fe3O4@SiO2@TiO2 was recycled five times to attain 50% degradation of phenol 
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and the photocatalytic activity did not decrease noticeably after five photocatalytic cycles. The 
Photocatalytic degradation of phenol was performed by the response surface methodology to 
study the influence of operational factors on the degradation process. Maximum removal of 
55% phenol was obtained at a pH of 8, a photocatalyst dosage of 1.0 g/L, and a phenol 
concentration of 100 mg/L after 220 min UV irradiation time. Results showed that the 
Fe3O4@SiO2@TiO2 magnetic nanocomposite has suitable potential for treating phenolic 
wastewater. 

Keywords: Photocatalytic, Phenol, Surface Methodology. 
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Fig. 1. Example of phenolic effluents produced by major industries 
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�*%� $ ��	 ������+��:��) 2��� �J	� !��T� �� /�� 2+=��+= 
��

 
1 Response Surface Methodology (RSM) 

 ����= ���+�(Chang et al., 2006) o�#�# !4	 � .�	(A� ����� ��
:�- �=��� � ���� �	 N	(� �� ��%�	 �&�� /�� $ ��W�� �#���	 !��� 

)Chakravarti and Sahai, 2002(	 �� .��4 !�B�$3��? 	������4
��#��+#+��1��W� �����Fe3O4@SiO2@TiO2�M# ��48+�� o

��	4��(��*%� .�:��) �P	 !�M# �� �PQ�� 2+=���+= 
�� �4	 o�4!
_�4��#��+#+� �$� :��� '(��$ B��	$ N���	 2��� ���pH 8+�HK�

 �	 '��O���	 �RSM (�� �������� �� $�4	��� �4� C�	�� ���4(��
�M#4��#��+#+� o�����M#4[M6� 8+�� o(�.

-8;�� � ��+� �!
	 ����4 !B�$3��? �	���
/�#��4������� $ ��4?�(���+ '�f����� �	 ����
1������c���������(�����;# /�������- 2$��������4�+� :�����4�g8(������ 
)Shimadzo, FTIR1650 spectrophotometer, Japan '��O���	 (

1 $ (��'�$(K� �� /��- 2$��� cz�� ��#cm-1z��� ��;P �� .(
+��,#4�SEM y��� ���$�� �H����$��>�	 �+>���$�>���6$��8(���

)SEM.LEO1455VP,Cambridge, U.K�# (��� �(������*%� .�!

	� ���� N���	�����	 X	�? /	4��>z'�f���� �	(Philips Xpert 

MPD diffractometer) ����;� (��� �� /��� $ (�H� �+6� �G��
1��W� �	+G .(� '��O��	����+~���+���41��W� ����'(�� /����

 ����$�'�f���� �H(VSM; Meghnatis Daghigh Kavir Co., 

Kashan, Iran) B���(�1 '�f��� .�c���6��	  ��#�� {���
�

8(��� (Jasco Inc., Japan) ��� �+��� �	+��G �G����� �+��T��

��#��+#+��'��O��	 ��(�.

:8�8) Z!� Q,"[�0x� V��u+D�D YC0�Fe3O4(
1��W� V	�L���Fe3O4	 ��4!B�$3�? '(�� Ib�Z	 X$� 0�;1

 !��2	��>%� $8�� �� g�]y �#�	 � .(�(� �4	(��	 �� V�+Z !g
N�=FeCl3.6H2O�������H����#	 ����H= !H�:�9 8+�> �� ��# $ (
�������$� ��� �+��� !���$� �T���+��� 8+��HK� ����� ����
2/��%�
1��W�����~� .(� '�	� �	�-�/y(�� N�=48+�HK� �� V����	 S

� $ (� ���@	 V(�]� �)�� $�
1��W� 2/%����(� '�	� �	�-

 
2 Fourier-Transform Infrared Spectroscopy (FTIR) 
3 Scanning Electron Microscope (SEM) 
4 X-Ray Diffraction (XRD) 
5 Diffuse Reflectance Spectroscopy (DRS) 
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8+HK� �#4 ��(>�� �+&$42� �	 �? .(]/�N��= EDTA-2Na ]

� $ (� ���@	 8+HK� � V(�g�-���+��	���$	 ��K# ��A��	��- ^
� �# ���= V�+Z4	� 8+�HK� �~�� .�+� :9 8+HK� �� �G	+�>

�+��HO# D���� :��G	� �����_+��� $b�+��#	(��@ S���9 ��� ���]�� 
��H���� $ '��� :A��� �� V(�]g���� ��K# �)��
g�� ��&��

k+��H� ���� �2� �	 ��? .(�� '�	� �	��- 2$� ��
�� 	� $b�+�#	
���
K��	�� �# '(���� C4/���� (� ���� �	 ��? �+�� :���� 2(��

��	 V	�L �$b�+#	��	 '��O���	 � '(� /��� !�� (�4!��� ^�	 ���
 8+���#	 $ ��JA�  � �� $ (�� 	(�& 8+HK�y�� $ '�	� +�6��� ���

���4��� �K# �
���&��k+��H� # $	�� �K4©G C�V(��
]g �+� ^6G �# '�	� �	�- �)�� )Lin et al., 2013(.

8V��u YC0�Fe3O4@SiO2:	�
	4X$� �	 ��� !���	$ $

2	��>%� 8�� �� g�]� (� '��O��	.	 � �4 	(��	 ��� V�+�Z !y/]
(� N�=4� S�H��� 	� V�>]����H����  � ��� �4�+���# '���� :�9 '/

}b��� 8+HK� �~�� ��+� :Z�9 !�$�y/��	 N��=Fe3O4/����
 S��� ���K# $ '����� �����@	 8+��HK� ��� 	� :��;- ���H9�� �� '(��� 2��

1��W����(�4�~� .(� '�	� �	�- (pH � 	� 8+HK����$���	 �H�(
�H�4�(4^]� �_+��� 8+HK� �# (� '�	� '��&	 $ '(���� V(�y

����� N����	 V(� N�%#��) (G�* �)��4���� B
8+�HK�○C�� 
� C�+# V�+�� �~� .(�+!��%& �� �$�
 � $ 8+���#	 � �'(�

���4�+�©��G 2$� �� $ '�	� +��6��� '/ ����� ��
○C�� ��� V(����
^6G �)���()Wang et al., 2010(.

8V��u YC0�Fe3O4@SiO2@TiO2	� :
	4X$� �	 ���� !

��$��� 2	��>%� $8�� �� g�]z (� '��O��	.	 � �4 ��� V�+�Z !
	(�	g/�N�=Fe3O4@SiO2�� �� 	� (�� /��� :;- �H9�� ����
��H���$ 2	/�f� 8+HK� �	 ���/�����H������TBOT ����@	 '���� 

�~� g/���H����  � ��4�+�� '/ '�J- V�+Z $ '���� ���@	 '�J-
� V(�]�+�	���$	 �K# �)���(� '�	� �	�- ^.	� �+�HM� �~�

�_+� $b�+#	 D�� �
��� ���= � 2/�4B]�� ��H���:A��� ��
'��� � $V(�y��� �K# �)��
○C]�� 2� �	 ��? $ '�	� �	�-

��� � �# (� '�	� '��&	
K��� 	� V�+��� �~�� .(�� C���$��H
!�� ��%& �� �$�
���� �� $ '����
^�6G p��#	 (���� .��� �4 �

����� �� �H��Z�9 V	�L+�����
○C��� ��� V(���yU���� ��� �)����

 
1 Ethylene Diamine Tetra Acetic Acid Disodium Salt (EDTA-2Na) 

����4]��&��k+��H� -� ����H� �A�(�(�� ��.(Lirong et al., 

2014).�+~��� �G��������� :�������9	���������4�1��W�����������
Fe3O4@SiO2@TiO2:>� ��l��	 '(� '�	� 2�6�.

-8-8(A��6� f��D� ;�� �!
9	�1�/��� o��� I�1 k��	 �
g� � 2	+�)4B�M �RSM ��

DOE yN�����	(��� .W��������
V����;) �T���+��� 	(��� �	���TH�
��#��+#+������� pH�$	���2����� $ �B���# �+���UV �	 '��O����	 ��� .
9	�1���# �P	 '(� N���	�;���yW��� ��S� �+1 (�Z�� �� 2����

8+�� D<9 	 �� ��49	�1 !��2� �	 ���? 2	+�) �4(�� (��	+G ���
����8(� $���
(�.8$(&)y(	�
�������
��4	�(�� �(���
N�� �� 9	�1 �	/�	�����4B��	�
��#�H� o�W�� ������
:A����

	�� �� ���	$ $4 ��M��	 S�� ����� ��  +�HJ� C��D(�� .(���

	���  +��HJ�
��9	�1�� '�$(��K�������� ����4B���� 	���
���TH�
��#��+#+�������pH �$	��� �+��� B���# 2����� $ �UV �����	� :��� ��

W#���T�# �	(�A� �\�	(�9 �� 8+��� D<�9 (Z�� $ 2�6#	����# (�� S
 8+�� D<9 (Z�� �\�	(9�� ��� �4 .(�9	�1 X$�������4�� B

	4+Z !�? �� ��� ��	 V� �4 �B�$3�? 
��� �H;-�W# ����	� ��� V	�
	� �T���+�
W�� ��� �� ����� ������ �� ���+�� W�� ��� . �� 0�;1 �

����= �T� �� '�$(K� �? �� �'(�{YJ�α+ �]��OZ �.]+ �α.��
(� ����� ����(�� 8$(�& �� ���g����� '�$(�K�4B��� I+J�� $

W������
:�- :A��� .��	 '(��6� 

-838=���� =�!Y"��D� 
8$(&z���4���� {��	$ /4���z��#��+#+� D<9 8(������	� 8+���
� �w	�	�	 �� .(��4W�� 8(� !���� (8+��� D<�9 (Z��) ���	$ �"�P
W�� �	����
��#��+#+� �TH� :A������� )A�(pH �$	 �� 8+�HK� �

(B) $�+� B�# 2���UV (C) ��� .�+4� {�N�� �	 '��O��	 � /�	/��	 
9	�1�����4B��.(�(� �;��K��1 �	40ANOVA +�>��48(��
�	� X�.(�����	��?
����
� ����#��(�A� �+�1�	��
X�	��
+>��4'(�  �M��	 8(� $	�
���? �������(�(� ;)�V�� 	(�� 
�	:���!�f���K�	 ����� D	�����@ $���W# o4��V	���� �� '(��s+= 

2 Central Composite Design (CCD) 
3 Design of Expert (DOE) 
4 Analysis of Variance (ANOVA) 
5 Mean 
6 Standard Deviation 
7 Coefficient of Variation 
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Fig. 2. Synthesis process of the Fe3O4� Fe3O4@SiO2 and Fe3O4@SiO2@TiO2

@#�:.V	�L /��� :9	��Fe3O4�Fe3O4@SiO2$Fe3O4@SiO2@TiO2

��.?:.B4���� '�$(K� :A��� 
����W�� I+J� $ �� 
Table 2. Experimental range and levels of independent variables 

Independent variable Factor level
-α -1 0 +1 +α

Photocatalyst concentration 200 400 600 800 1000 
pH 2 4 6 8 10 
UV exposure time 60 100 140 180 220 

��.?�.B4���� �9	�1 � ��RSM 
Table 3. Experimental design matrix and results 

Run Variable Phenol removal
Fe3O4/SiO2/TiO2 (mg/L) pH Time (min) Actual value Predict value

1 600 6 140 39 39.8
2 800 4 180 54 53.8
3 400 8 180 33 33.8
4 800 8 100 45 46.1
5 200 6 140 15 15.4
6 600 6 140 41 39.8
7 400 8 100 22 21.7
8 600 6 140 38 39.8
9 600 2 140 38 39.4

10 800 4 100 47 45.7
11 600 6 140 41 39.8
12 600 6 140 39 39.8
13 600 6 220 51 51.4
14 1000 6 140 59 59.1
15 600 6 140 40 39.8
16 400 4 180 36 34.4
17 400 4 100 24 23.8
18 600 10 140 40 39.1
19 600 6 60 31 31.1
20 800 8 180 56 55.7
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��.?�.2+��� �	 :Z�9 {4���ANOVA 8+�� D<9 8(� 
Table 4. Analysis of variance (ANOVA) results for model terms 

 
'�	� ���@$ ��
D<9 	�
.��	 ���? ��PRESS]�������
�	

��o���# 2	/4�� �� 8(� ^4���%� ��7 ��� ��� ���	 ���A� �	 ^
o���� �-� .��	 ��� (��g���2	/��b) +� �4/ 	� (�JG)��2�

��� .(���'�	� � 8(� p�;J�	 2	/ ��
��@ � ���? ��4;# o��� !R2

�@ $4;# o��0�J# !4����y��@ $4;# o��� �? !�B����z������
�� �+��@ .4;# o��0�J# !4��������@ �	(�A�4;�	�� ��� ���	


 �	(�#���6
W�� �	�T�# 8(� �� ����'(� S	�� $ ���	
��	 �4��
(�8�	� '��O��	 2���@ .�+�4;# o��? !�B���'(����$��� ��

��=� 8(� 2	+#��+�? ���B���(& V	(��6�4�� '��O��	 (��+��
%M# �	 ���� $�!��
B� �	�	(A� ;J# ��04�� ����� �� 8(���.�+�� 

� �# �+T������� !��	�
� $ 8(��# 2	/"P���� �������	��? �	 N	(��
 �	 �	(�A� F-value $P-value '��O���	 ��� �+��.(Aghel et al., 

2017) ��2	/P-value �	 ��%���/�2�6� '(��� �����	�
$ '�+

 
1 Predicted Residual Error Sum of Squares (PRESS) 
2 Adequate Precision 
3 Adjusted R-Squared 
4 Predicted R-Squared 

�	(��A� ���=	 P-value �	 ����%����]/�2���6� (���� ��# '(�����"P��
S67 =�:��A� �� .���	 ���	��? 2� �F-value �	��- ��7�� ��� ��	�
��	� 2� 2	/
4 ���	��? ^��# (�� ��6"P�2� ��� �� ���	���?4	(��
���	 ��6)Abyar et al., 2022(.

-8g8�+0� }m1 QC,"��*�<+*+� �+C<�� 
	�
���� N���	4B���	 D<9 �4 ��6 ^z�� ���H������
$��9


�+���HM�]�� �����H����+����� 8+���HK� ��������#��+#+� $������
Fe3O4@SiO2@TiO2�BO�	�� ��_ � �+��� 8+1 ¥�? ��6�


gz� j+� �	 ���+���UV-C  2	+# � �V	$ 8+�1 $y������� ����
 ���� �G��Philips �J- � /#�	+� ��+� $�/������� ��� 2	+��)
 '��O��	 �+��	���1 �� .(���4	�M# (�� �4��#��+#+� o������8+���

V�4+�K� �+�s	� C�+# 2/%� ���1��W� �+�HM� ��($2���� ��
y� �A�-� C�+# �~�? �	 YJ� 8+HK� ��+%� 
��= (� N���	��~��

 ���+#+�$��>~��	 '�f��� �	 '��O��	 �Hach 8(��DR2800 ���2	/
 �+� 8+1 �� 8+�� D<9g�� �# ���+�����!.(� 

	�
K��;���A� ��9 �	(�D<���� 8+��	 /� �������'��O��	�(

Source Sum of 
squares df Mean 

square F-value P-value, 
Prob > F 

Coefficient 
estimate 

Standard 
error 

Model 2348.39 9 260.93 157.54 < 0.0001   
Photocatalyst 

concentration (A) 1914.06 1 1914.06 1155.66 < 0.0001 10.9375 0.321738 

pH (B) 0.063 1 0.063 0.038 0.8499 -0.0625 0.321738 

UV time(C) 410.06 1 410.06 247.58 < 0.0001 5.0625 0.321738 

AB 3.13 1 3.13 1.89 0.1996 0.625 0.455007

AC 3.13 1 3.13 1.89 0.1996 -0.625 0.455007 

BC 1.13 1 1.13 0.68 0.4291 0.375 0.455007

A2 9.82 1 9.82 5.93 0.0351 -0.625 0.256658

B2 0.39 1 0.39 0.24 0.6367 -0.125 0.256658 

C2 3.54 1 3.54 2.13 0.1747 0.375 0.256658

Residual 16.56 10 1.66

Lack of fit 9.23 5 1.85 1.26 0.4035 

Pure error 7.33 5 1.47     

Total 2364.95 19 
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38FG) � EA�CD 
38'8.� YC0� V��u+D�D V�"j+b% 
>��:y,#�$��4�SEM ���� �+���+%� ���
� /����'(Fe3O4�

SiO2@Fe3O4$SiO2@TiO2@Fe3O4� 2�6� 	���� ��� (��� 
+G�2�6� W# '(�����#	��Z+,G ������� V�
2��%� .���	 2� 

:>� �� �� ��+= y.aV	�L+��� ��	 [M6� Fe3O4�����'(�� /�
��G��
�$��
(��	� '�	(�	 C�+�� $�����g�±�� .���	 ���+����
:>� ��y.bV	�L+���SiO2@Fe3O4+,# �46� ��.���	 '(� '(
2�%� +�,# �� �� �+14�SEM ���	 [M�6�����	 V	�L�!��� (
�_ 2(� ���@	 �1�G4�SiO2/��� ����� '�	(�	 $ '(� ��=g�±�� 

�� ���+������� �� .��	 '(4���:>��y.c��#��+#+������ ����4
+���� '�	(��	 ��� ���	 '(�� '�	� 2�6� >�6# V	�L�'(�� :g�±]�� 

 V	�L YJ� $ '�+ ���+����_ �+�&$ �1�G �4 �TiO2��� '�+� ��� 
	/�	 � ����4_� k�%# YJ� B4� � '(����#��+#+��� �� $ ����4�

�	��	/4�� B����� ��#+���#��+������ .(� 
1��cFTIR �����+�������V	�L+ Fe3O4�Fe3O4@SiO2$

Fe3O4@SiO2@TiO2��� �� ��9���) ���� �(���&+����z�� ���# 

Fig. 3. SEM images of a) Fe3O4, b) Fe3O4@SiO2 and c) Fe3O4@SiO2@TiO2

@#��.�4$�,# SEM ��+%� 
��a(Fe3O4�b(Fe3O4@SiO2$c(Fe3O4@SiO2@TiO2
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cm-1z��� �� (� N���	 :>�z2�6� '�	� '(�� ���	 .��c��1 a

?���+��- ^
9�� �� '(��� ����������cm-1��� 2���6� '(����� X����#�	
66��O.Fe ��Fe3O4���	 )Amin Marsooli et al., 2020(

Si-O-Si ����1 �%��c��'(��6� ���+�.?�^���
'(�� �����
9�� �������cm-1 ��g $cm-1 ]��� 1 ������ cb$c�+����� ���� 
X��#�	 66��2��A���� $ '�+ ?��^9�� �� '(�� '(���6� !��? ���
yy�� �#cm-1y��� �66� X���#�	 � �+���Si-OH ���	 ���
f%��>6#�� B�+? :�H���$� �
��	 ������# 	� !��� (��4" (
���(���)Wang et al., 2012(.?��,�G	 ^��Z���� ����(Ti-O 
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Fig. 7. The hysteresis curve of a) Fe3O4, b) Fe3O4@SiO2

and c) Fe3O4@SiO2@TiO2
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Fig. 8. Three-dimensional graphs for photodegradation 
of phenol by Fe3O4@SiO2@TiO2 interaction effect of 

photocatalyst dose and pH 
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Fig. 9. Three-dimensional graphs for photodegradation 
of phenol by Fe3O4@SiO2@TiO2 interaction effect of 

photocatalyst dose and UV Time exposure 
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Fig. 10. Three-dimensional graphs for photodegradation 
of phenol by Fe3O4@SiO2@TiO2 interaction effect  

of pH and UV Time exposure 
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Table 6. Optimum conditions and experimental results for phenol photodegradation 
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concentration pH UV exposure time 

Phenol removal 
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Fig. 11. Reuse of Fe3O4@SiO2@TiO2 for BPA 
removal efficiency 
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