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Abstract  
Removal of contaminants by adsorbent is a useful and effective way to remove heavy 
metals from wastewater and aqueous samples. Mercury is one of the heavy metals that 
is toxic to humans, animals and the environment. In this study, magnetic multi-walled 
carbon nanotube (MMWCNT) composite was synthesized and used to remove Hg(II) 
from aqueous solutions. This work was conducted on a laboratory scale and based on 
the design of experiment by the surface response methodology (RSM) and based on 
Box-Behnken design, and the effects of independent variables including pH, adsorbent 
dose, initial concentration of Hg and contact time in different levels were evaluated with 
the help of Design-Expert Stat-Ease Inc software. The properties of this magnetic 
adsorbent were characterized by scanning electron microscopy (SEM), X-ray diffraction 
(XRD) and Fourier transform infrared spectroscopy (FT-IR). The results show that the 
adsorption of Hg(II) on magnetic MWCNT composite is strongly dependent on contact 
time and adsorbent dosage. The highest efficiency of removal mercury was about 85% 
and that occurred when pH=6, dose of adsorbent= 0.6 g/L, initial concentration of 
Hg(II)=10 ppm and contact time=150 minutes. The adsorption isotherm data was better 
fitted by Freundlich model, while kinetic data can be characterized by the pseudo-
second-order rate kinetics. In general, it can be concluded that magnetic MWCNT 
adsorbent has a very high ability to remove mercury. 

Keywords: Adsorption, Mercury, Magnetic carbon nanotube, Adsorption isotherms, 
Adsorption kinetics. 
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��*K �I-i8<" 3�%��*8" �,l� $ ��$
M" ���3a	�� ���I/6!� 
Table 1. Levels of independent variables 

for Box-Behnken design 

��*K 1I
��"�� m��8� $ E���R �.,.,��� �_�C E�,+ �,�C �KC 3�%

=<���!*" =!��	 �
R 
Table 2. Experimental results for Hg(II) removal by 

magnetic MWCNT 

Run X1 X2 X3 X4 %Removal

1 6(0) 1(1) 25(0) 30(-1) 32 
2 3(-1) 0.6(0) 10(-1) 90(0) 71
3 6(0) 0.6(0) 25(0) 90(0) 47 
4 6(0) 1(1) 25(0) 150(1) 74 
5 6(0) 0.2(-1) 25(0) 30(-1) 14 
6 6(0) 0. 6(0) 40(1) 150(1) 39 
7 9(1) 0.6(0) 40(1) 90(0) 34 
8 6(0) 0.6(0) 10(-1) 30(-1) 39 
9 6(0) 1 (1) 10(-1) 90(0) 82 
10 9(1) 0.2(-1) 25(0) 90(0) 28 
11 9(1) 0.6 (0) 25(0) 150(1) 51 
12 6(0) 1(1) 40(1) 90(0) 37 
13 3(-1) 1(1) 25(0) 90(0) 43 
14 6(0) 0.6(0) 10(-1) 150(1) 85 
15 6(0) 0.2(-1) 40(1) 90(0) 13 
16 3(-1) 0.2(-1) 25(0) 90(0) 27 
17 6(0) 0.6(0) 40(1) 30(-1) 15 
18 3(-1) 0.6(0) 25(0) 30(-1) 23 
19 6(0) 0.6(0) 25(0) 90(0) 49 
20 6(0) 0.6(0) 25(0) 90(0) 44 
21 9(1) 1(1) 25(0) 90(0) 54 
22 6(0) 0.6(0) 25(0) 90(0) 51 
23 3(-1) 0.6(0) 40(1) 90(0) 31 
24 9(1) 0.6(0) 10(-1) 90(0) 73 
25 6(0) 0.2(-1) 10(-1) 90(0) 63 
26 6(0) 0.6(0) 25(0) 90(0) 44 
27 6(0) 0.2(-1) 25(0) 150(1) 19 
28 3(-1) 0.6(0) 25(0) 150(1) 41 
29 9(1) 0.6(0) 25(0) 30(-1) 39

="�5+�"���
�%/.�� �� �%3R���9 �3&�2� ���}|"��'=.���8 ��
�"�3M"�E{}�C��^,�<'� R �$� $��6rpm{�| P�2��.
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C 0,'M" �� ��H'X ��� �, � ��,�" ���� �� �� ��(� c��c����30,�'M"
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 f,"nm ��� C �K� G�"
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R
.(Foo and Hameed, 2010)  
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a) b) 
Fig. 1. SEM images of (a) MWCNT (b) Magnetic MWCNT 
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Fig. 2. XRD patterns of (a) MWCNT (b) Magnetic 
MWCNT (b) 
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Fig. 3. Comparison of the XRD Pattern of magnetic 
MWCNT in this study with Magnetite Reference 

Diffraction Pattern (Imai and Gloyna, 1990)  
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Fig. 4. FTIR spectrum of (a) MWCNT (b) Magnetic MWCNT 
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Table 3. The predicted models of adsorption of mercury by magnetic MWCNT using RSM method 
��*K�I0
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R =!����.,.,��� �_�C E�,+ �, ���� �l� [$� �� ���:8�� �� �
R =<���!*" =!��	 3�% 

Source P- value Lack of fit
P- value Adjusted R2 Predicted R2 Suggested 

equation
Linear 0.0001< 0.0170 0.7839 0.7142 

2F1 0.4665 0.0154 0.7829 0.5568

Quadratic 0.0046 0.0574 0.8985 0.7220 Suggested

Cubic 0.0254 0.3257 0.9719 0.6218
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��*KPI�.,.,��� �_�C E�,+ �,�C �K� 0
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�
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Table 4. The ANOVA results for the response surface 

quadratic model for adsorption of Hg(II) 

Source Coefficient
estimate 

Standard
error F-value

P-value  
(probability> 

F)
Model 47.00 2.83 18.70 < 0.0001 

X1 3.58 1.83 3.85 0.0700 

X2 13.17 1.83 51.95 < 0.0001 

X3 -20.33 1.83 123.90 < 0.0001 
X4 12.25 1.83 44.97 < 0.0001 
X1 X2 2.50 3.16 0.62 0.4426 

X1X3 0.25 3.16 0.00624 0.9381 

X1X4 -1.50 3.16 0.22 0.6427 

X2 X3 1.25 3.16 0.16 0.6987 

X2 X4 9.25 3.16 8.55 0.0111 

X3 X4 -5.50 3.16 3.02 0.1041 

X1
2 -1.92 2.48 0.60 0.4533 

X2
2 -5.54 2.48 4.97 0.0426 

X3
2 6.46 2.48 6.76 0.0210 

X4
2 -7.42 2.48 8.91 0.0098 

Fig. 5. Perturbation plot for Hg(II) removal by magnetic 
MWCNT; (A) pH, (B) Adsorbent dosage 
(C) Initial concentration, (D) contact time 
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(Hashemzadeh et al., 2018).

�� pH3�% =���'( ���'� ��� 
%�e �B]"4�l�� ����(� /��� 
G,+$�� $G,� 3�% �,�C 3��� ���� 3��% 0��1� �_��C &�e �
�R $

������ C��K+�����3�$
 ����
��� "�=
��� =.$ �,�C$ G,��OH-

���� 
!e�$ ��G,�%�3���C��,$��%�
�<e$�
 $-�d�9+ �,��� 
�,�C ��� ="�,R �e/�� )��,�� ��0,'M" ��
��� 
��� $3$� �l�� 
�_�C 4�KC =5� ,R�
(Zhang et al., 2017)4�����!���" /=G�,�+
*+ �:V��)��pH �i+�>�B lW $ ���@=��� @L+ $�JC,+ -��( �=��� 
C �KC�.���
� �, /�� m��8� ���#�� 
%$S� =��% �e���_�C =���% 

-]" �.,.,��� =!��e -"�� ��� �
R (Zhang et al., 2017)  $�.,.,��� 
=!��e 
!Z ���
C (Moustafa et al., 2014)  3���� �K�C =Ml�� 
�,�C ���:8�� ��,5� 
�� ��� &%=��,W ����.!\5%�nO�9" /��e 
�R 
��������" �_�C ��
i" 
=����� `�C,"�
{|
�?��3�K��
C�.��� �
R �, �_�C G���" �e ��
i" G�5% �� ="
����� 
����4��

����  (�$ =�!��e ��.,.,��� �l�� �� �,�C," 0�1� 3�% ��2�8� �� $
���	=�����C 
!��K=" �89�� �,R �8� .���J���9" m=��,+���� E��

G��#9%$S� V���� �
R [���(Kosa et al., 2012) .
/�!\5% �" �
%�9"=����� ��� ��	 �,�R�.$� ��H'X 
��C ���4�,

 �� �KC G�"
���~|���|
?�� " 
%�	=�.
�� ������ ����
�1+ 

���G,���%3���'�30,��'M" �� ���%3����=����� �����(� 43����8��=����

���� 0�1� 3�% �����
="
���"�5+ $=G�d" /�� �%��� ��JC�," ��
 �� ��,W���G," ���( �%=V��J� �� .
�� �� �" �=� ��� G�,�+ ��8� /���2

������� �� �	 
�C �H'X 
��,4��.,.,��� �l�� ��%3�!��	=���� 
" h�BR�=�KC $ �,R�G,�%3�'�3"
%�	 �K� 
?�� $=�.
��

�� �#�� )��B� �C ��
1+ G�,� ���@���# �%30�1� �l�� �� �_��C
-��i" �����" 
�G���G,��%3C���,4'�?� ��'�=G�"
���� 
%��	

 �K� ����� ������ ���k� ��H'X 
��" �
�!=.
�R�� m���8� 
%$S�� 
���� ��
%$S� G�JC ¦�+ $G���d5% ���K� �,��C ��� ���:8��� ��



������ �	
� � �
�	� ���� dx.doi.org/10.22093/wwj.2019.138327.2709 

72

����� ��� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 30, No. 6, 2019 

��������� ��	
�� 
���� ��� ��������
��� ���� .(Jahantigh et al., 

2018).
� ���� ��������� � !"��
 �
�#� $��%� &'��( ������ ���������

.���� �� )*+ ,�-. ���� /0�!$� ��0 ��� ( "��1 �� ��
 "���#�
 ��
 .������ &2��( 3 ������ �����4�
 &'���( ��/135��� 6����1 3 ����

!�� ����7-1 829 ��4�
 ��:�!�;$ <�=	�+ ��
 ���>��+� ����������� 
�	
�� ?@A� ��� �

��� ������� ��B�;C� "�1 �
D �+��
 �����

�$�E ���F��D �� 3 �����
 82�9 ��
 /0�!�$� ����� ,��-. /0�!�$� 
0����$�����+� ������ ����
 G0������ /135���� ����H�9 �����
��� ���� 

.(Hashemzadeh et al., 2018) .
����
IJ��.K �
����� 3� �����!-1 �pH ���� 3���. ������
 �� ,�-

���( &2( ��!�� ��#� ���.�1� �� ��1��#� ��L �����-1��� ����

 ,�-. ������� ��#MNF������!$�0
��� /pH �1��. OK ��"��
 

( 829 ��������������� ,�-. ���� �� ���PNF�������!�$� ��
0/

���pH�( 829 ������� �� �3��9 �� ��Q	. ��RN�!�$� ��A��0/

�� .�+� ���������� �
�  pH�!$� �
0� �,�-. ���� /�829 ��!
(��� ��PN�

��� ��#SN�A�� T.���� ��.��	L 
I��U K�.�3� �

� 
����$�%� &'�( ��!��3� �V;W 3�( ��� ��#� �� ���.��1� ��
�3� �V;W��ppmRN �!$�0����� /$�%� &'�(��!�$� )(��0/

XN "�A�� ( 829��V;W �� ��� �+� ��� �� �1"��0����!�$�0/
$�%� &'�(��!$� �
 �Y	�0�3�9 /ZN��A�� ( &2�( �� ���� ��

 �� .�+�0&'�( �
�  ����� [�( 82�9 �������� �� �!�$� ��
 ��0/
�3� �V;W��� ��3�9XN�A�� /1�L0.��+� ���$� � ��
 ��(�. �0 <

\
 ��I��� 6Q� �� �!�$� �
 �L �+0��V;W /1��L 3 &'��( ������ /
�3��( B�;C� ���
 �� ����!-1 :��A �( 82�9 �� � ��
 �� �� 
�
�F ��!

Q(�.��!$�0� /�0.�
� 

Fig. 6. Contour and 3D plots for Hg(II) removal vs. pH and contact time 
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Fig. 7. Contour and 3D plots for Hg(II) removal vs. Initial concentration and Adsorbent dosage 
����]( 829 ������� _�^
 3� 3 _�^
 �+ _�-��T. �
 �����V;W :���3��( ��� 3 ���`$�%� &'�( ��! 

R
em

ov
al

(%
)

R
em

ov
al

(%
)

Removal (%) 

Removal (%) 




� 5
�] �&M +	�/����
8 +)��*... dx.doi.org/10.22093/wwj.2019.138327.2709 
73

����� ��� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 30, No. 6, 2019 

Fig. 8. Contour and 3D plots for Hg(II) removal vs. Contact time and Initial concentration 
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Fig. 9. Adsorption isotherm plots (a) Langmuir isotherm and (b) Freundlich isotherm 
67��I� £.��1+ £!M!"�P�+$�a(5#�k��$b(j�.
�$�� C £Ml� �KC,��� ��$��.,.,��� �' ��!*" £!��	�£<�
R 

�	 �,l��5%-6R �� �" �
%�9"=�,R4��.$� �H'X �� �&�eC��4�, 
+ ^�5+ G�"�L@���<� �=��� ����C �K� 
!��� ���� �, �,�3�� ��	

����� /��� $ ���
�i" .$� ��H'X ����@ ��C ����,4����� ����G��"� 

C�K� G�"
��� ^�5+�� �+ �,��� 
�|
?�� �����" 
=���� .
���

�����0,6.," ^�5+ G�"� 
�%3C�,���	 G�"� �=����3��� �K�C
$�3.
���� �� �_�C 

" �
%�9" �	 �,l��5%=���� �,R�.$� ��H'X -�"�� 
��C ����,
" 
%�	 �����C �K� G�"
��� G�� �� ��
�i" ��� �,{|
�?�� �
�R
G�"� �� $ ��� �%3���� �� �����.$� ��H'X 
���� G�"
���� ���� 


�| 
?�� .��� �8R�� 
%�	 

�/P/�}K Y^S�n<� W��^? W>4� 
�� -d��R�$ ����5#�k P���+$��� 0
��" $� �� -��?�� 3���%���,5�

 /�!\5% .��� �
R ���$� j�.
�$����
i" /�� �� �,��" 3�%�8"����
0
" �%0$
C ��}.��� �
R �b��� 

��*K TI0
" 3��� �
R �B��M" 3�%�8"���� ="�+$��� 3�% 
Table 5. The parameters of isotherm models for Hg(II) 

adsorption by magnetic MWCNT 

Isotherm Parameters Values R2

Langmuir 
qmax(mg/g) 10.639

0.95 b (L/mg) 0.1726 

Freundlich 
Kf 3.112 

0.99 n 3.2687 
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Table 6. Kinetic parameters of Hg(II) adsorption on magnetic MWCNT 

Initial 
concentration 

(ppm) 

qe,exp 

(mg/g) 

Pseudo-first-order model Pseudo-second-order model

qe,cal(mg/g) K1(min-1) R2 qe,cal(mg/g) K2(g/mg min) R2

10 10.639 8.71 0.025 0.94 11.91 0.0029 0.99 
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Fig. 10. Kinetic plots of (a) Pseudo-first-order model, (b) Pseudo-second-order model 
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