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Abstract  
 SBA-15 nanoporous silica was prepared and functionalized with propylamine groups via post-synthesis grafting 
to develop efficient adsorbents of dyes in wastewater. The materials thus prepared were then characterized by 
XRD, N2 adsorption-desorption, and FTIR. Adsorption of a cationic dye, malachite green, on functionalized 
SBA-15 was investigated under various conditions of pH (5, 6, and 7), temperature (10, 20, and 30 °C), 
adsorbent dosage (0.1, 0.3, and 0.5 g/L), and dye concentration (50, 100, 150, 200, 250, 300 mg/L). Maximum 
equilibrium adsorption capacity to achieve maximum removal percentage (R%=100%) in optimum conditions 
(dye concentration=100 mg/L, pH=7, adsorbent dosage= 0.3 g/L) was estimated at 333 mg/g. The Taguchi 
method was used to optimize the adsorption performances of the materials , and then the isotherm, kinetic, and  
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thermodynamic properties were analyzed under the optimum conditions. The results showed that the overall 
rocess was fast and its kinetics was well-fitted by pseudo-second-order kinetic model. The experimental data 
agreed well with Freundlich model. Therefore, the maximum amount of multilayer dye adsorbed was estimated 
as 500 mg/g. Based on the results obtained, this process may be regarded as an endothermic one with a negative 
∆G, which shows the process is also spontaneous. Finally, the results indicate that the silica‐based nanoporous 
organic–inorganic hybrid material can be a promising sorbent for the removal of malachite green from aquatic 
solutions. 

Keywords: Functionalized SBA-15, Adsorption, Malachite Green.
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� �K. ��5 WQe) 495  ; �K. )M�� @ (R% /�1� �� �� (
 ��	 �,� � !� �� ��'
G !����� )�* )�;��� �
�1 
�;�@ ��'� 	 ����#

+)# .�5 > �� a :�
' 

S�p�������>������3��qVW�X �� �K %���* H��<)�� ��
N��&�3�- ��/�� 

�	 '� 	 ����#�#  �	 �X
�. ��  <� ��!�4 5 W @�����K�.  1�
�U#
 �� ���%9&�#NH2-SBA-15 )g/p�u/p��/p�o/p( ��&�6 �� T ��>

 /1 > ��*2
# �Z&�
' �
=G �	��9\ 
	opp ��9�#  �&�6 �� T �>
* �5
L�)cG .��K�. )��1� 5 !)�'� +�
� �	 �� ���9\ [�(� ��

$��)(� $)* n
M +�9C# >� :
; &#��
G @:5 W��6�
� �K.�@
��'
C# �K. )M��)*. <�pH �@)�C# �� [(� �K. !�4�#  	 $

6 Rayleigh-UV1800 V/VIS 
7 Taguchi 
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g2	XQ�31
#�� �,� � �� �K.  	  <I# �
; &#��
G �	 
; ���>
 _@� 
r@�Y r@�R r@�M �>������3

}/j b/j o/p ��)g/L(

P}j Pjj }j ) ��9\mg/L(

x i } pH 

bj Yj Pj ) 
#�C˚(

w
y �<� ��'� 	 
�	 �K�. T �@41� .��5 > �� �a ��'� 	 ���#
��9\ $�@)C# �� ��6@� ��9\ gp
upp �9�# �� 
�	  �&�6 �� T �>

 �X
.u/p��  &�6 �� T >pH  	� 	y.)* ��6
`# 
e1 � �� �K. )�1� 5 O�#
�1��#  @ O�&��' ��6
`# /��]-;

) ����	 B1� * �� �K. 31
#�� T
N(�pH  	� 	y �	� 	 �X
�. �� �
u/p 	� 	 [(� ��9\ @  &�6 �� T >opp �9�# T
�N(� ( �&�6 �� T >

������ .)��* :
��#� ��
��	 ���a� o/p±
��	 $�
%&��'� ��"T
��-, ��
�6�� ���' ��)��6
]�1P:
��#� ����#�� ��op
��wpd����=9' ���.�� 

.�5 > ?��M 
$)�* �K�. [(� !�4�# �31
#��  ; !
1
G �� �'�  �X �	 T�2  �	

�9�# D=, ) �X
�. T �> O�1 �`�' :@�  �	 T >Qe/���]-; @ (
) [(� �K. )M��R%�	 �(�-(  ; :� 	 ( B�	�@� e��� D� o@

�)* ��'
C# 
)o(

W
V)C(CQ e0

e
*−

=

)Y(
100

C
)C(CR%

0

e0 ×
−

=

!� �� �� 
C0��9�# D�=,  �	 +��9C# ���6@� ��9\ � �&�6 �� T �>Ce���9\

�9�# D=,  	 +�9C# �6�
� �6 �� T >&� VD�=,  	 +�9C# �N,
 @  &�6W.�'� T > D=,  	 �X
. T . 

U�Z���- s,� 2
U�Q��*1�2 %���5 2 �����'< �	< T�'� Vc�X ��> 

:� 	 c�1� ��*� _� G :�Z6� �1
&(SBA-15 �X
. @$)�* 4&��'
)NH2-SBA-15 H�* �� (o.�'� $)* $��� !
�()*1 )1/G�O
����/p=ɵ�$);
�#�� )* � ��*� _� G �	 ��	 #1c��C%�M ��
 �16
&��=�opp 	 @��� Z(
 �
&�
��'���9�9�&# �(
��( ���]-; .���'��/

G @� ��V,�O�1 �Z �� ��� ?)�* 
�	yo/o=ɵ�@zz/o=ɵ�
�	  �D� ��*� _� G �	 ��	 #1c���?
C%M  �16
&�=�oop @

1 Refrigerated Circulating Water Bath 

�pp G �' $);
�# .�'� ��O	 ���K�# �� Z(
 ���G@4# �
&�
�':@�
)�	:6�6
(�>�4Z; (��.@ 3*) �SBA-15 �� c�G ��&�6� ��E �'�

H#
� �`' !��-( ���SBA-15 $)�* ��%, �6
&=1 E �
&�
' /1� �
�'�]�o[H�#
� /1� 	
�	 . �`�' !���-( ���SBA-15 ���U5�# 
�	

.�'� $)(
# s�%C# ��G@4# �6
&=1 � �
&�
' @ T
N(� 

2θ
OP<Q�:� 	 c�1� ��*� _� G :�Z6�SBA-15 @

NH2-SBA-15 

4�6
(� �1
&(�K.q!m@ &�( �K.�@ :� 	 �X
. $)�* 4&��' ��	
 $� -;SBA-15 H#
� H��* �� $)�( ����.��'� $)�* $��@� e���
�U�� )�	:�1~
G��� H�*1T @4 �(�-( @�  ; ���( ��IV ���	 # @


;�
&�
��' ���	:?� ��%, $��)��(� 
��	 H���9�&# /���	�
��up &#�(
��( 
�'�]��[./��]-; � )(
-�=G �U9,1�
�N ���( �� $)�*H1 	 @�� Z(
 

�
&�
��' H���9�&#����G@4#:.���'� @1��>|�
��;:5�41�������5
	 
SBA-15 H#
� ��G@4# @+@). �� $)* ����.�'� $)* �MA� 
�	

 +@)��. ���	 ��.��$@ ��> /&5 �> �� ��a 
��	 ��`��' :@� �����#� :
��; 
SBA-15$ %,  `a @ �N, ��`' �$)���� )��10 ��E �5
1 3;
E 
;

$ %, �(
( �9��� �`' !)* $)�*�G $@ > 
	 
; �'� /�#� :
;]op[.

��* �$/- ���" )p/p0(
OP<S��K. 4�6
(�q:� 	 !m@ &�( �K.�@SBA-15 @

NH2-SBA-15 

�&�
=(
��

)
a.

u
(

$)
*�

K.
�

>�

N,
)

cm
2 /g

ST
P

(
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g2	XS�$ %,  `a @ �N, ��`' �,
=# �� 
;SBA-15 . @�X
 
NH2-SBA-15 

�&32T� 
r@� H��/�

)m
2
/g(

��?� �@9
)nm(

��?� �7�
)cm

3
/g(

SBA-15wzo�/gu/o
NH

2
-SBA-15ugrr/up/o


&(1���8	���FTIR �X
�. $)�* 4&��' $� �-; ��	SBA-15 
H#
� H�* �� $)�( ���u.�'� $)* $��� !
�(�(�-( @�  ; �� O�G

 �� $)* $);
�#zoo @oprz �&(
'  	 �1 �	  &# ��	 ��	 # D� 
 )(��G !�
U&#
( @ !�
U&# ���� ?
*
���Si–O–Si �	 ���* �� �;

����,
( �� O���G $);
���# .���'� �
��9���' $� ���5uywg  ��	 ���1
�&(
' ���V, ��	 ���	 #  &# $@ �> ) �6�(A��' :
�;Si-OH :@� (

 �`�'SBA-15 O��G �� �$)�* $��� ���L� O��G ��' .��'� :
��;
 H��9�&# �(
�( :
��9�' �� ��
*SBA–15 ��(�-( �� ��� )�&�=;

 ��'� ����# {A#
�� ��� �	 $)* 4&�']Yb[H��* �� .b)NH2-

SBA-15 �(�� $)* �K. )(
	ogyp �&(
�'  	 �1 ��	 ���	 #  �&#
 �' :@� �&5 > �� a /�#� $@ > ��-� ?
*
��� ��'� ���G@4# �`

 O�G 
	 :), 
 ��orup �&(
'  	 �1 ?
�*
��� �	 ��	 # ��  &#
 )�(��G ���-�O–H +���6�# �� �`��' :@� $)�* �K�. �� :
��;

SBA–15 $)�* $);
��# O�G /��]-; .�'� �&5
1 �(
*�^-; ��'�
 ���zgw @��gz �&(
'  	 �1 ��	 ��	 # $)* 4&�' �X
. ��  &#

 )(��G ���� ?
*
���C-H ��'� H��G@ G $@ �> ��.��	 ��.� 
�	
�	 �1
&( 4�6
�(� �� $)#� �'�FTIR ��# $@ �> ��� ���-( �
��W� !���

 ?� �%, �(
( �`' :@� ��U5�# 
	  �( ���# ���#�SBA-15 �� �a
�&5 > .�'� 

f&� g&C )cm-1(

OP<U�8�� ���	 FTIR :� 	SBA-15 @NH2–SBA–15 

U�S��K� �����pH %��* H�<)�� n-� ���	��3 �� 
31�45�  <� �1
&(pH �� /1 �> ���*2
# [�(� �
&�
' :��)1
G  	

 H�*wH��* �1
�&( ��	 ��.� 
�	 .��'� $)�* $��� !
�(w�� 
��� �
pH �� .)��(
# ���	
< /1 ��> ����*2
# [��(� �:)���'� @ ������ :
��;
pH ��  &��	 :
;y���*2
# �
&�
�'  ���� @ :��)�1
G
( D�' �	 �
>.��5
1 3;
�� ?)�* ��	 [(� ��9\ �/1 > ��*2
#��6 �	 /1 
�	 �� +�9C# [(� �� :���pH :
�;z@���	 $ �� �
��=	 4��' ��

4�'q�� @ �	�pH  	� 	op$���a �	 3;
�� .)�* H1)�� /�*@� :�
 �� /1 > ��*2
# [(� ��9\pH ��  2
�	 :
;y��	  ���� H��6�


� �	 �( �'� [(� �1
�-�* �
&�
' �� �K�6 ��X
. B'� �K.  �
�	 ��6
`# /1� D'
�# $�@)C# �
`� �� : �>�9. ����#pH �	����#

 :@�  	 /1 > ��*2
# �	K. ?
�6
`#NH2-SBA-15 �w
�y��
.)* �&5 >  �( 

OP<o� <�pH ) /1 > ��*2
# [(� ���)1
G  	mg/Lopp(

U�U�N'�(� r@�� ��� %���* H��<)�� VW�X d����< ���� 
NH2-SBA-15 

�K�. )�M�� @ ���5 W  �	  <��# :
�; &#��
G H�	
U&#  �<� �'� 	
 $�
��# �(
��( :@�  ��	 /1 ��> ����*2
#NH2-SBA-15 �� $�
%&��'� 
��	

T ( ��45�Qualitek H�* ��g 1�
�U# .��'� $)�* $��@�Qe@R% 
��4�5� T �( �� $�
%&�'� 
�	 $)�* ��,� � 31
�#�� ��( �� O1  ; :� 	

G  <� !�4�# @ ��'
C# ���5 W :� 	 �
	 O1 ��'� 	 ���# :
; &#��

) �K.Qe) �K. )M�� :� 	  Z1� �
	 @ (R% e	
�`# .)�* �����	 (
 H��*g���	 
�; &#��
G :��K��> <� ����' ��������	 ���	 �	
�&�'� ������#

�	 �6�
� �K. ��5 W +��9C# ���9\ <�X
�. �� H#
�* D� 
 <����6@�pH ���	 
��#� < /��1� :��K��> <� ����' /����]-; .)��#� ���'�

G�	 
; &#��
 ��	 �K. )M�� �����	 �	 �	
�&'� ����# H#
�* D�� 
 < 
#� <��6@� +�9C# ��9\ <�X
. ��pH �	n)�; .)�#� ��'�

����	 �� �1
�( �� ��� ��'� �`1� * �	 �' &'� ��K. )�1� 5 :�
'
 �K�. ���5 W @ �K�. )�M�� ����1 (�'
G) n); "	
 @�  ; !�

K6 �)' 	 ��� ��)U# �����	 �	 �6�
� $��� ��	 �.� 
	 ���	 :
�; ��'�
 ) n)�; "�	�� /&5 �>  ��( �� 
�	 �
�	 O1 $)#�Qe @R% ��	 ( ����

 ��	 n)�; "�	�� /&5 >  �( �� 
	  Z1� �
	 @ �(
>�). �!
�#4-; ����
 +@). e	
`# ����	  1�
U#u.)* ��@� 	 

��
��
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OP<p��
; &#��
G ���K>  <� ��'pH �� �) �6�
� �K. ��5 W  	 
#� @[(� ��9\ ��X
.Qe) �K. )M�� @ (R%(

g2	XU�D=,  	 ����	  1�
U#Qe@R% 

Vc�X �� 
(g/L)

n-� HE A 
(mg/L)

pH ��� 

(˚C)
N'�(� t��� 

o/p ogp x bj Qe

}/j }j } Pj R% 
b/j Pjj x bj R%  @Qe

U�o��K� �����pH VWX 	'���" �� 
 ��� 
	pH �K. !�4�# :@�  &#��
G /1�  <� ��Z&�
' �
=G ��6@�

 H�*) �5 > �� a �'� 	 ���#r31�4�5� 
�	 �1
&( e�� .(pH ��w
�	y�� �K. !�4�# �yw�	opp �� .��5
1 31�45� )M��pH :
�;

 !��1 ���V, �:)�'� �(��
�� [�(� 
�	 ��	
a� �� !m@�)��; :
�;
�1
' +
�*� :� 	 /1 > ��*2
# �N�&( �� @ �&5 > �� a �	K. :
;

 �� �K. !�4�#pH �� /���]-; .�5
1 3;
� :)�'� :
;pH :
�;
 $@ �> !)�* +
��5  ��\ @ �(�@ G +
-&,� :)�'� :� �	 ����#� :
�;

 ���� ��.@ [(� �K.]Yb[�K�6 .pH  �	� 	y��	 !�����pH �����	
 /�1� �� �	K�. ?
�6
`# @ )* �
�&(�pH ��	 ��.� 
�	 .)�* T
�N(�

 ���1�pH �
�=G ���)(
&'� 4��( 
�; y���6
`# !� �� ��1� .� ���'�
 @ D'
�# �
�=	 :�
J&a�  �( �� ��&��M @ :�
N d
�U# ��  L
,

.�'� �5 M �	 !@ U# 

U�p�VWX 	'���" �� Vc�X �� �K� ����� 
:@�  �	 /1 �> ���*2
# �K�. )��1� 5  �	 �X
�. ��  �<0NH2-

SBA-15 +@). ��w
�	 ��� ��� !
��( �1
�&( .�'� $)* $��� !
�( �
�� �X
. �� 31�45�o/p��9�# ��	  �&�6 �� T �>g/p��9�# �� T �>

 �� 4�( [(� �K. !�4�# � &�6�/rw�	�/�����5
1 �����	 )�M��
 �� �X
�. T . ),�@ �� �K. !�4�# �� �6
, ��rgp ��9�# �� T �>

 �	 T �>�pp ��9�# �� T ��> �� T >��31�45� 
	 � �1� .�5
�1 3;
 

OP<j� �<0pH ) �6�
� �K. ��5 W  	Qe) �K. )M�� @ (R% (
 �@� /1 > ��*A#NH2-SBA-15 

�1
' ��)� ��X
. �#31�45� �K. :� 	 ���� :
; �1
�. 
� �)	
1
+��6�# T
- �� �1
' �K. �[(� :
; �`�' :@�  �	 +
��5 :
�;

�# �X
. @ ��* ���9\ !)�(
# ��	
< 
�	) �X
�. ��  &��	 31�45�
 !� !)�(
# �6
� D�' ����� ��`'  &��	 31�45� �N�&( �� @ ([(�

�	 @ $)* �-( �&5 > �
� $)(
# �	
< ��K. )M��  �
� /�-; �	 .��*
) �6�
� �K. ��5 W @Qe�# 3;
� ( .)	
1[(��; �� !��
�-; @

+
'�poo :@�  �	 �(��
�� [�(� �K�. 
	 4�( SBA-15 ��	 4��(
 )�&5
1 �'� ��	
�# �1
&(]o[�X
�. �@� �����	 ��)U# �1
&( e�� .

  	� 	u/p��[�(� �K�. )�M�� ��� )�* $�� /��-�  &�6 �� T >
 �@),�z/��) )M�� mg/guuu=Qe.��� !
�( �� ( 

g2	Xo�#  	 �X
. ��  <���`'  	 /1 > ��*2
# �K. !�4
NH2-SBA-15 

دز ��ذب
(g/L) Ce (mg/L) Qe (mg/g) R% 

o/p jP/b} i}j RR/iS
Y/j vP/Yj bRi PR/xR
b/j jb/j bbb Rx/RR

}/j jY/j Yjj Rv/RR

n
K,

)M
��

R% 
q

e
(mg/g) 
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U�j�VWX 8�52T�� 
:@�  �	 /1 �> ���*2
# �K�. )�1� 5 T @41�NH2-SBA-15 ��

��) ������	 B1� ��* �X
��.u/p:
��#� �  ��&�6 �� T ��>up���.��
 ��9\ �d��=9'opp �9�# @  &�6 �� T >pH  �	� 	y(H��* ��y

��	 .��'� $)* $��� !
�( $��� ��K�. T �@41� ��'� 	 �����# :
�;

	 �	 N +)# �# @41� :
; @  �-Z(2 ��6)(@ 5 +)# )()�* :�
�'
 B	�@�)b@S(

)u(
MaxeLMaxe Q
1)

C
1)(

KQ
1(

Q
1

+=

)w(Fe
F

e KlogClog
n
1Qlog +=

!� �� �� 
Qe�9�# D=, 	 +�
� !
#� �� �X
. �	K. ��5 W �T �>  �	 T >
Ce��9�# D�=, 	 [(� �6�
� ��9\ � �&�6 �� T �>QMax ������	

�9�# D=,  	 �K. ��5 W �T �>  	 T >KL�K�. �6�
�� ��	
<
�9�#  	  &�6 D=, 	  �-Z(2 @ T > KF@nF.�'� ��6)(@ 5 �	
< 

��12 O� �K�. :
���#  	  �-Z(2 �# @41� +)# :@�  �	 :�
�1
G ��X
. �`' �K�. )��1� 5 ��� D�  /1� �	 ��'� $)* :��K>

 �#
- �� �X
. �`' :@�  	�	 ?
�. �# �� /Z-; ?��M @ );�
 �	K�. ��(�> ���; !��� �� !
��#�  Z1� �� �'� �1
. ��
�*� �`U(
 �-&�=�' ��6)�(@ 5 ��# @41� +)# �� �6
, �� .)*
	 �&*�)( ��.@

�# !
�	 �� �K. )�1� 5 �� /Z-;
( .)��  �	 $)*  �X +)# @� _�� 	
$��� H�* �� �	 N :
;x.�'� $)* $��@� ��	 ��.� 
�	 +@)�.}�

�	 !��' >� D1� L /�	 �=1
U# ��# @41� +)# @� :� 	 $)#� �'�
��� !
�( $���  �	 : �&�	 _�� 	 ��6)(@ 5 +)# �� ���� ��	 N :
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