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Abstract  
Tetracycline (TC) is one of the most prevalent antibiotics which is used to treat the infectious 
diseases. Entrance of this pharmaceutical compound to the environment can lead to numerous 
problems. Therefore, this study was conducted with the aim of evaluation of the removal 
efficacy of TC by sonocatalytic process using samarium-doped zinc sulfide (Sm-ZnS). In this 
study, Sm-ZnS nanoparticles were synthesized through an ultrasound-assisted co-precipitation 
method and were used for sonocatalytic degradation of TC. The sonocatalytic experiments were 
conducted in a flask equipped with a water bath under the ultrasonic (US) waves resulting from 
a probe at different operational conditions. The results showed that the degradation efficiency 
increases with the increase of catalyst amount (0.2-1 g/L), US power (30-50 W) and time (10-30 
min), and reduces with the increment of the TC initial concentration (10-30 mg/L). Modeling 
and optimization of the process by response surface methodology revealed that under the 
optimum conditions ([TC]0= 15 mg/L, [Sm-ZnS]0= 0.4 g/L, US power= 45 W and t= 15 min), 
degradation efficiency reached 97%. Kinetics studies showed that the sonocatalytic process 
follows the pseudo-first-order model with the rate constant of 0.223 min-1. Based on the results 
it can be concluded that the sonocatalytic process using Sm-ZnS catalyst can be used as an 
effective and available method to remove TC from sewage and pharmaceutical wastewater. 
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��  /+  +� /	-��� 5#��A8� ��'	��� �+�� ����� +	��R� ��
�# 	���� 

�	�	�
�� C#  0�4. 0�4. /�#Z+� ��� F'#� 5#A8���� �
  ��	�y O
�� >*)+ 5#A8� X�� + ��  /���� .��  /#�Z�� P#� �8  �W

. \!) �� &Z	R �#�� .���@ ��.� � �*$#�� ]�    7��#  ���� ��-A
� ��
�#��*u 5#�	  + 0�
    ��� ���� 0�� #�(-%� ��� �� �   /����� 

	�� �� �2	��  + �� \($ �	  ��� �
	6� ��	�����	)�  ����� 
 ��#;� ��#!� .�ZnS   � ��+��� �+��� + �#� E+� 	� Y'	$�  /��-
�	�	�
) �� �-*� C#Bakhtkhosh and Mehrizad, 2017.(  

 
43�3 ]%��@� ?��O!��>�$616� ?�� 

�	! �  	����
>  	���  '	 	)#�#����+��   ��	�(� >�+?�;  �	��  �A�.� 
)Mehrizad et al., 2019( �+�� �'	� �6D� �� C	!R ��  	���� �� 

 I#���%A� ���9�� + ���8  P#��� /#��Z�� &��Z	R �  �+���; 
                                                 
7 X-Ray Diffraction (XRD) 
8 Diffuse Reflectance Spectroscopy (DRS) 
9 X-Ray Fluoresces (XRF) 
10 Field Emission Scanning Electron Microscope (FE-SEM) 
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(Sonopuls, HD 3200) C	D� �� .�� �� 	���
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 5#A8�-��� �� #�\ ��A�
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−
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�� �� �m  

C0 +  Ct��  � �'+ �HAN �V� 5#A8� ���A�
	��-    �� �� ��HAN +
�	��  �	� ]A-G��A�� V%R ��  �-�' �� C�@  .�� 

	��� C	D� � X;
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 �L-�� 	���� 
TU �'+ ���HAN) �:��@���� ���A�
	����-  ����W� �Sm-ZnS + �	���� �
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 E+� ���� >RSM  	���
C�� � 0�	F-� ���Design-Expert® 11 (DX-11)  ���  ���   ����

AZ �	T� ���+�� L-� &�	W-� +� 	����  TU  &W-�%��  � ��� �:�@� �� ��
) s�	;�
�	m �G  �
 (V  0�	F-��    5+��9 K�	�4� .���| L-�� 	���� 

C���� ���� t4��� [*��; �� &W-��%�  �����DX-11 A8  � + ���� 0����� &
C�� ���� R�Q� )� ��)�� V�J .�� 0�	F-�  

  

 ��"P'z � 	�A!2 �	���L-� 0�+�8�  
Table 1. Ranges of the operational variables. 

 
 ��#��!� ��+ � X��;����W� L-��C���� �� 	����  �����  �������� 
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; >�	-� 0�!� �� �) �� �	6*(
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�	�m�G  �
 ��.+ (V�  +
;�> ��*�  5+�9 �� 0��� .�� 0�� �e� 

                                                 
1 Central Composite Design (CCD) 

�� �� �#H*�
�	�   TU�  0#�8��  L-� � C��) ��� ��  �	��� �
  5��� \
�
y	� �� ��	  �#*2� L-� ��	��� L-�) &W-%�� 	���� A!2 �� 	� + (

) �-%�+�
�	m �G 
 	� (V�'�	�� �#!2� �
�� �e� �  
  

)�       (                  ∑ ∑ ∑∑
= = = =
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k

1i

k
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k
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k

1j
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2
iiiii0 xxxxy  

  

�� �� �m  
y  �
�	�m �G  �
 �; V�� >� �*�   �0���β0  ��y
  ����	T Vβi  ��y
 V

4$ /�T� �βii �y
���� /�T V� �βij �y
  �&��	W-� /�T Vxi 

 +xj L-��	��� A!2� 	�  �*-%�(Bezerraa et al., 2008).  
��� A8  �� �	��� &�  	�-�
 �+ �#���� � [ �
 X�	 �
 ����Q \a  +
 ��W�p )p-value + (F )F-value    �#�. I	�� ��� .��� 0�	F-� (� �

�	����	W� �
 �p  � �-!)��/�   �� �	�(��    L-� ��u ��) ����� 	����
 
*�� 3	� �� ���  �#Z �� + ���� 5�� 	��  �)
  �� ���W� �� � >

|/� *�� �� ���	�� N�*�� �� .�� 5�� /1!9 ��#� ��  

 
�3 Q-< � R%�H1  
�� 	�	*� �#H*��
   ���#!�Sm-ZnS   '	�� � 0��� �-*��� 	���� XRD �

DRS �XRF  +FE-SEM   #���S' K�	���4� .����� 0�	F-����� XRD   
 &��)|; �� (�  \� �� ���  +�� ���=θ�  ��	�0��    K��4*� ��)

 �#�A� �	-$	����  ������ ZnS       0�	!�� ��� ����	-�� /�	�)) ���
�|��z��  /	21Q �2#!D� �JCPDSf; �#6� C�2 .( ��\  	��� 

 	� 7� ��Sm � �� �#     &��	) r#�F� �� �
�#  	��� Sm3+  �	-$	�� �� 
�#A�� ZnS  + �
   O�) ��HAN 	 �	�	��
C#  �� ���%�.(Fang et al., 

2011).   
 &�� K�	4��   ̀ ��� ^	�@ ��W��   Q � 0�	F-�� 	�� �� �e�� ]�z
 &��) >F*����za \!) �� + (�'�	�� ª	 z/#�h �� ���	8�  

  

)�                                                            ((Ahv)2 = B (hv- Ebg)  
 

�� �� �m  
A  Q �:�9 ��W� �� �]hʋ   ̀ ��� ���W��  ) �#� #�eV �(bgE   ���W�

`�� ^	���  ��#!��'+ �+�-�' V%R ��  +B   ��� V��	*  ��	T
                                                 
2 Analysis of Variance (ANOVA) 
3 Joint Committee on Powder Diffraction Standards (JCPDS) 
4 Tauc-Mott  

Variables Range  
A: [TC]0 (mg/L) 10 15 20 25 30 

B: [Sm-ZnS]0 (g/L) 0.2 0.4 0.6 0.8 1 
C: Time (min) 10 15 20 25 30 
D: Power (W) 30 35 40 45 50 
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 ��"P,z >
	��� >�; + ��.+ [
	-� 0�!� �� 0�� �R�Q �	� 0�� �*��  
Table 2. Designed experiments along with actual and predicted results. 

Std. Run A: [TC]0 
(mg/L) 

B: [Sm-ZnS]0   (g/L) 
C: 

Time 
(min) 

D: 
Power 

(W) 
R (%) 

Actual Predicted 
1 10 15 0.4 15 35 76.70 75.38 
2 5 25 0.4 15 35 64.62 61.95 
3 28 15 0.8 15 35 95.52 92.31 
4 25 25 0.8 15 35 81.3 80.79 
5 24 15 0.4 25 35 80.11 78.08 
6 8 25 0.4 25 35 71.45 67.97 
7 30 15 0.8 25 35 95.77 95.48 
8 9 25 0.8 25 35 89.47 87.28 
9 12 15 0.4 15 45 98.37 97.46 
10 15 25 0.4 15 45 93.98 91.78 
11 7 15 0.8 15 45 97.02 98.01 
12 1 25 0.8 15 45 95.32 94.24 
13 26 15 0.4 25 45 98.23 96.24 
14 18 25 0.4 25 45 93.78 93.89 
15 19 15 0.8 25 45 97.7 97.27 
16 23 25 0.8 25 45 98.00 96.82 
17 6 10 0.6 20 40 86.32 88.10 
18 13 30 0.6 20 40 70.44 74.23 
19 22 20 0.2 20 40 73.44 77.87 
20 11 20 1 20 40 96.6 97.74 
21 29 20 0.6 10 40 93.84 96.48 
22 14 20 0.6 30 40 98.83 99.76 
23 4 20 0.6 20 30 62.29 67.33 
24 20 20 0.6 20 50 98.42 98.95 
25 2 20 0.6 20 40 85.6 84.99 
26 27 20 0.6 20 40 83.54 84.99 
27 21 20 0.6 20 40 84.88 84.99 
28 3 20 0.6 20 40 85.9 84.99 
29 17 20 0.6 20 40 85.01 84.99 
30 16 20 0.6 20 40 85.04 84.99 

 )Dorraji et al., 2017  ̀ ��� ^	�@ .(� ZnS  +Sm-ZnS �Q � �
 K
�+�� 
�	� ��#!� (Ahʋ)2  V%R��hʋ  &��)�zb�� (  � � V�/�  +

�/� �� �'+ �+�-�' ��� ��� .
�W� ��   �� �	�(��   � ��) ����  r#�F
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	; �'	R � �+�-�'
S��� �'	R �� ���	�� �-G      ^	�@ :�' + 0��� �� 
`��� � >�	)� 
 ) ���	Khataee et al., 2014)�  .( �� �� V�!�	�
 

 *�  	�� 0�� �-*� ��#!� �� �#9#� �Z	*2 �� \XRF �  ���   ��� .��� �
	��-� I	���
 [��
'	���� ����� ���Z	*2 �#��bR ���!�	�
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 &��� +
@?�  	��� �
 ��G  ��	*��  ���#!� Sm-ZnS  	��  0�	F-�� � 
#, 
� FE-SEM 	� |����� ���� ���� 	!��
   ��� �	�(� �  ����. 

��� ���HR1� ���) �#4�	��!�� +���) /�r#�	��� � ����#!� �#����  &����
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Fig 1. XRD pattern of synthesized Sm-ZnS sample.  

 LM�'z  �#S'XRD ��#!�  Sm-ZnS 0�� �-*�  

  

         
Fig 2. (a) UV-DRS spectra and (b) Tauc-Mott's plot of synthesized ZnS and Sm-ZnS samples  

 LM�,z (a) �e�� ]�Qz + >F*���(b) ª	  �*8*�z��#!� /#�  �	�ZnS  +Sm-ZnS 0�� �-*�  
  

  
Fig 3. FE-SEM image of synthesized Sm-ZnS sample  
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��� 
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 ��W�pH TU  5#A8����*u ��  ��W� ���
�	m �G 
.���� V  

	-� �� �9#  	�
 	���� [
>  	��� '+ �� TU�  ��� L-� �	�6u � ��  �T��� �
'+ �HAN &�	�� � ��A�
	���-   ���W� �Sm-ZnS   /���. + �	��� �

 �� /#Z�� P#��
�	m �G 
	��-  V
A�� �R�Q 	� ��  	����
 >

 E+� ����CCD-RSM �������   C	��D� � X��; .������ 	�����
 >
;� C��� 7�#  0�� �	6*(    5+��9) ����� � 5��� �(
 �y	�  ���   �#�*2

��	 � L-� ��	��� L-�) &W-%��	��� A!2� 	� ) �-�%�+ + ( �
�	�m 
�G 
� (V�  �'�	�� /�#Z� �� �e� 

  

                   
  

                  
  

  
Fig 4. Effect of (a) initial concentration of TC, (b) Sm-ZnS amount, (c) pH, (d) time and 

 (e) US power on degradation efficiency  
LM� 2z  �T(a)  ��'+ �HAN��A�
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)�          (R (%) = -13.62 -3.21 A +155.53 B -4.55 C +  
4.74 D +0.47 AB+0.03 AC +0.07 AD +0.11BC 
-4.09 BD-0.03 CD-0.03 A² +17.59 B² +0.14 C² -0.01 D² 
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 5+�9 �� �9#  	�� C�  ^:R +    ��*�� ���N �	��  ���  ��'�	���� 
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)�(                R (%) = -13.62 -3.21 A +155.53 B -4.55 C +  
+4.74 D + 0.47 AB-0.03 CD  
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  &���� K�	��4�� �
�	��m �G ��
 ���� 	��� V
'+ ���HAN >��� �

��A�
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� K�9 _�	�`�� + 	��@ �:� �	� 0�� ����  ��	;+�� �� 

�	�R Q 	�� ��
0�FR �* ��
 �� *M!� .�#�� 	�� ��  ���
>  ���W� 
��A�
	����- � 5#��A8� � ����) ����  �#���+  ��-�� @���*)�; ���D� 

E1� 	�� ��#�� ���#��#'#�%�	%*� ��
> ��� ��	
 � +��� _�  � 

	�# �
 + A�	.��# #� r#F� � 	�  ����  �#��2 � � ���	  5#��'#�  	��� 
 ��A�
	���-   ����  ������  ���  t4��  '	� 	)�  �� >�	�) �+�� 
  ���	

Hoseini et al., 2013, Chong et al., 2017, Mehrizad et (.
)al., 2019 .  

 ��"P.z 0�� �	6*(�; 5�� X�	
�+ ��'	�� [
	-�  
Table 3. ANOVA results for predicted model 

Source Sum of squares Df Mean square F-value p-value 
Model 3206.54 14 229.04 25.08 < 0.0001 

A: [TC]0 288.84 1 288.84 31.62 < 0.0001 
B: [Sm-ZnS]0 591.83 1 591.83 64.80 < 0.0001 

C: Time 41.76 1 41.76 4.57 0.0494 
D: Power 1499.74 1 1499.74 164.20 < 0.0001 

AB 3.67 1 3.67 0.4015 0.0359 
AC 11.02 1 11.02 1.21 0.2893 
AD 60.14 1 60.14 6.58 0.1215 
BC 0.2209 1 0.2209 0.0242 0.8785 
BD 268.14 1 268.14 29.36 0.2153 
CD 15.29 1 15.29 1.67 < 0.0001 
A² 25.07 1 25.07 2.74 0.1183 
B² 13.59 1 13.59 1.49 0.2413 
C² 342.31 1 342.31 37.48 0.1901 
D² 5.86 1 5.86 0.6418 0.4356 

Residual 137.01 15 9.13   
Lack of fit 133.69 10 13.37 2.15 0.0020 

R2= 0.9590 Adjusted R2= 0.9208  
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Fig 5. Interaction effect of (a) initial concentration of TC and Sm-ZnS amount,  
(b) time and US power on degradation efficiency 
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Fig 6. Exponential plot of TC concentration versus time  
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