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Abstract  
The effluent from Zarshouran gold mineral processing plant contains high quantities of arsenic, antimony, 
mercury, and bismuth. These metals and metalloids are soluble in water and very toxic when they enter the 
environment. Their solubility in water causes the polluted area to extend beyond their point of origin. In this 
article, different methods of antimony removal from water and wastewater were reviewed and the zero-valent 
iron nanoparticles coated on Bentonite were selected as an effective and low cost material for removing 
antimony from wastewater. For the purposes of this study, zero-valent iron nanoparticles of 40-100 nanometers 
in size were synthesized by dropwise addition of sodium borohydride solution to an Iron (III) aqueous solution at 
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ambient temperature and mixed with nitrogen gas. To avoid particle agglomeration and to enhance the product’s 
environmentally safe application, the  nanoparticles were coated on Bentonite and characterized by SEM/EDAX 
and BET. The experiments were carried out by intense mixing of the adsorbent with 10ml of real/synthtic 
wastewater samples in 20ml bottles.  The effects of pH, contact time, temperature, and adsorbent dosage on 
antimony removal efficiency were investigated under intense mixing using a magnetic mixer. Finally, the 
effluents were filtered upon completion of the experiments and used for atomic adsorption analysis. The results 
of the experiments showed that the adsorption isotherms of the synthesized nanoparticles obeyed the Langmuir 
and Freundlich models. The experiments carried out on real samples showed that antimony adsorption capacity 
for B-nZVI was 2.6 mg/g of the adsorbent and that the highest antimony removal efficiency was 99.56%. 

Keywords: Antimony, Water Pollution, Adsorption, Nano Zero Valent Iron, Bentonite.
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#��% ��A��� #���% W(& ��? �& 	���.$�? 2���? @��G� 2�������� 2���?

4� #���% ��A���� .�3% 2���? #�) %�% @��G�D80 %&.�� 	���.$�? 4���)
 !%��$����k��/�%(��� .	���� @(���,��|m2&�% ��&j �� ���;&%

-C.) %�U?� �� �<�/p.��%.? @(�,�� +,D}��A����SEM 	���.$�?
nD.T �� �U? ( +8b �& 4� @�G� 2&�Of .�3% 

+,D���A���EDX n�D.T �� ��U? ( +�8b 	���.$�? �& 2&�O�f
4� @�G� 4� !��% #) &.i��63 .�3% e.?��  �3� #? e.?�� -�T %.D

 zM�G� r.�P( #�? '(% ��.�H< &% !��D !%�% nD.T ��&j .��� #?
 #�? e.�?�� 	��� !���� ��.�H< &% '�� @(�? #) ���% -�T #� .	��

n����� %&.� %�.� �i� @%�) ����& 2��? `9 2&�Of nD.T +�8b
 ��A��� ��SEM .	�� 

WX>a�.H<��EDX �.$�?�	( (VA�).H<��EDX �.~��)�	
(*)B-nZVI 

[�Z��(�&�8� 
2(& ��? !��D *O�/ ������ *O/ 0����,� .���� ���; ��3� ��&j

4���� �& 4���$���
 	����;�B ( #$����.T ( #$����3 &�$B����� ����? @�.���<
@(�$,A�  4���6��D(�$,A� �E� #i7� �� .	���% e�8<&� &% @� 4f��3%

n�)�( ����� 4� �3� #�6/ �� ��OT #? ����.< !���3% @(��$,A� @�.��=

 J(��/ .���) ��� �& %.B �� �$6) 2��OT n�)�( �? �����  !��3�) ��
p) %&����$��� 4����� +����$TE0(!%�% @��G� �& ��3� ( @�.�6�$��

.	�� 
J(��/ �� #) &.i��63p+�����$T 2�&�% ��3�  	��� zM�G�

4����}}/mR4� #) 	�� @.�� #�? ���.< 2�&�% #�) @�.�6�$�� 2��3
@� ( !%�% @(��$,A�  ��$�3 	8Z� 4���� +����$T ���� .��3�,? �& ��3

@(�$,A� #? �3 �� �&.; (% 4� J�7$�� ���� #? ��&j .��� �?��]uS[:
�� ( !&j.���� 2���� #$��3 �� @(��$,A� @� &% #) 0�7$�� J�7$�� (VA�

@�H7� ���9 4� �E� %&.� @.�<�) #?  !&j �i� &% %./.� 2�3 .��& 
n����& ����9 �� #$��3 @(��$,A� @� &% #) 0�7$�� ��d J�7$�� (*

@.�<�) #? 2���)� #$�.T 4,��$,A� 2�34� �E� %&.� .��& 
n�)�( ��� %��B& 2��? @����  �3E0#�? ��3� +��8< n�)�( 0��

@.�<��) �� 2%���� @����� #? ���? �3� ���)� @(��$,A� !�����OT 2��3
4��� #�?  ��&j.���� 2����)� #$��.T  @��� ��� &% .�D�? �< �&.�;

�,�~��6) +�,��G< ���� ( 4,�<�$����(�$,A� *O��/ !(���f 2���3 2���3
4�)� ��)(&��3@.�<�)  + #? �& �3 #? ( !%�) *O/ %.B @.� q�&�< �3

4� 2��� 	A� #? �& .�3�) 

[�[��$V� N,; @�6?0�� 
2�����? I����< 4����&�?�������� #����A(� &�����7� &�����7�m�/m�� '����f

	��.~��) !�D �$�� 2�3 #?J.��� ��? 2��3 	�E�dpm �m �mm(
pmm 4��� '�f&%�$�A@�.6�$�� #�? ( ��D #��P� �����/m	=���

 J(�/) �D !%� 03|.(
!%�% ��?  ���3��A��� 4��?�L< 2���3##�����( '���<(��� 4��iB '���� 2���3

6��" ������ ((x�A����p�����D 4��&�? *O��/ #��) %�% @��G� q����$� .
4� 	�U8< x�A���� '�<(��� �� 4�i� +,D) ��)�.(

�� #A%�U� 4iB J��(x�A��#?	�� ��� �&.; 
Ln qe = ln Kf + (1/n) ln Ce )|(

#1 &% @� 
qe4A%��U< 	A� &% *j�/ 2(& �? !�D *O/ 2��� @.� &��7� ��?

4��� c�  '�f �? '�f Kf�� '�<(��� 4?�L< 	?�I(x�A�� c� �?
4��� �? �$�A '�f (Ce&% 2���� @.�� (*O�/ �� �U?) 4A%�U< 	E�d

J.��� 4��� c� �? ��$�A &% '�f 	��� #�w���C .Ln qec�� ��?
Ln Ce0�&%.D&�%.6� c�D   &��7�1/n #? �& 4�� 	��% ��? ( ��3%

4� &�%.6� ��8� �� ��= �� !%��$�� &��7� @�.<Kf�? �&#.%&(� 	��%
Kf�$��&�T 2(& ��? #�) 	�� 4��3�$��&�T '�6< �����? #) 	�� 4$?�I

I�< *O/ 	���
��4�	�?�I .%&�O�fn4�?�L< 2�$��&��T 	��� #�)
 
1 Langmuir Isotherm 
2 Freundlich Isotherm  

� �9���U e�[9�&�fJT P&�g � �  U& h-�  :fJT i

�� �E�A j.� �A ��- ��&� O-��

(kd&)

(l)
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4� @�G� �& *O/ ��D ���v< %�.� 4��63�� �? ( �3%4�.��1 4�$b(
0.1<1/n<1 �D�?��  �4� *.�i� *O/ ��� �D�? J(�/)}(]||[.

[�h�5����� ����E 
4��9 2��?����n�'�� �� �3 &����Design Expert 7 .�D !%��$��

n����� +��= #� �? 4�;� 2�3pH W(& ��? *j��/ &���7� ( @���  
CCD �?pm@�.�6�$�� &���7� ��? 4�Ub�( *���T 2(& ��?  n������

�p/|�4��� J(�/) �D '�L�� �$�A &% '�f�#? '�" .( #�) 	�� �)j

n����� q��$� #? #/.< �? ��% +��= #�? #��A(� 4����= 2�3 ��I��< 	��=
 n������ �� 4�i�� *O/ ������ 2(& �? ��C�� *O�/ 4��;� 2��3

n����� .�D NO #�A(� 4���= 2�3 @�.�6�$�� NO� #) ��%�% @�G�
 &%pH �����?S����<t.	����� 4��&����) ���$���G�? 2�&�% 4�����9

n����� J(�/ �?�i� 4�;� 2�3]!�3��G� #) #�.���63 .�D '�L��
4� '�� %.B  %.D !%�% &�8$=� 2��? &���� #? 2�3 &���,< !��� 	�% 2��3

#? #) 	�� !%�% �&.; �& '�" 7� 2���? &���,< ���� J��Z� @�.�= #�i
	�� n����� nD  2�)�� J(�/)�.(

O?	;M�2��% &% %&����$�� 2%(�$,A� +����$Tp�Y.���� #/&% 
E0(V) �=#�� <
�& 53j�? �%3�

+0.818 (6 mol dm-3 HCl) 

+0.746 (3.5 mol dm-3 HCl)

Sb5+ + 2e- Sb3+

Sb5+ + 2e- Sb3

) @�.6�$��V(

+0.212 SbO+ + 2H+ + 3e- Sb(s) + 
H2O

) @�.6�$��III(

0.44R Fe2+ + 2e- � Fe �3�

O?	;P�!%�% x�A��(�� '�<(��� #? e.?�� 2�3 
<�=?� 9G�H�$V� N,; ��	�� 9G�H_,� 	C��qe 9� �v�=���6 N,;ln qe ln Ce 

200.199.53.981.381282-2.30259
500.4699.089.9082.293343-0.77653

1002.2797.7319.5462.9727710.81978
2005.2997.35538.9423.6620731.665818

WX>b��� '�<(��� J��(*j�/ 2��? x�A�� B-nZVI 

O?	;RRx�A��(�� J�� 2�3�$��&�T 
1/n Kf(L/g) R2 <=���� NQ�;
]]SS/\ t�/SQ ���Q/\ y = 0.5511x + 2.6591 B-nZVI

O?	;aR+��= �i� ( �3 n����� 2�3 4�;� 2�3 
W��� ���
>�#�j�  @�&	��?'���. tV�)�� tV�

�pH-�p
p@���#7�b%|m�m
|*j�/�$�A &% '�f�/l�/�p
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O?	;b�n����� &��,< ( %��U< �3

J��� 
�#�� L

A:pH 
�#�� M

B:@��� 
(minute)

�#�� P
C:*j�/ 
(gr/L)

B-nZVI

_,� 	C�� 

10.5451027.59
21.545599.59
313012.561.22
41.5751098.62
516012.562.29
61307.559.08
71.5451099.47
82.5451099.06
91.5451099.56

101.5451098.62
111.5151098.59
122607.565.96
131607.597.61
1426012.599.28
151.5451086.80
161.5451078.00
172307.597.80
181.5451094.81
191.5451597.55
2023012.591.26

P�a�9���#}��j ��� ��#
��&� _,� �?� �� �A������. �K�
B-nZVI 

P�a�L��K�pH ���� ?
+,D #? #/.< �?ln������ ��? #�) 	��� zMG�pH &���7� ��<

l�/�n������� @�.��6�$�� NO��  ���4�� @�.��6�$�� NO�� .���?��
 &% 4Ub�( *��T}�#�? #�/.< ��? .%.�? &���7� ���$�G�?  #�7�b%
n�)�( -�$��� J(� ����b% @�63 &% @�.6�$�� 4�i� NO  �3

 K�=�? ���; �3� #1 	�� ��� �"�6$�  !���T ��� 	�= �%�% ¢&
J.��� &% +��)(&��3 +��= @�D %��� �$�& "�? (pH �4%.D 

4� n3�1 NO �;&% (.�?�� 

A: pH 
WX>c��I�pH @�.6�$�� NO �;&% 2(& �? @��� (&��7�

 *j�/�m�$�A �? '�f 

P�a�M��K�pH NQ�; ��	/� ?
+,D�#�? 	8��� @�.�6�$�� NO� �;&% &�%.6�pH @����� (

@�G� �& *j�/�4��? #�) 	��� ��P�( +,�D #�? #�/.< ��? .�3%
 n������ NO� �;&%  *j�/ @���� n����� ��4��? ����� .��?��

 @�.�6�$�� *O�/ 2���? J�U� �i� @����  *j�/ @���� n�����
 n������4.�?�� 

A: pH 
WX>f��I�pH &% *j�/ �%̄ (@���}�#7�b% 

P�a�P����� ? NQ�; ��	/� �K� 
+,D #? #/.< �?k!��%�4%.�D &���7� ( @���� n������ ��? #�)

 �$G�? NO �;&%  *j�/�4%.D ��? 4��U� �	��� 4�U�89 #�)
 	��� %./.� n�)�( 2��? 2�$G�? �i�  *j�/ &��7� n�����
 *O�/ n��)�( 2���? 2�$�G�? 	�;��  @���� n������ �? ��� (

.%&�% %./( 4�i� 
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B: Time 
WX>e�&% @��� ( *j�/ �%̄ �I��/�=pH 

P�a�R�<��3�1� ���� 5������� w�����> ������B-nZVI w���#6
@�& ��0 �DX7 

#���F? nM? �� '��� 2���� �$���� 2���? n������ 4���9 &�����
 #���F? .��D !%��$��� #���F? ����D #�? 4?��$��% 	�A� &% 2����

 '��L��  *j��/ &���7� ( n��)�( @���� ���$6) �? NO �Z)��
�i� .�D +,D �?�m#��F? NO &��7�|�/��#�i7� &% �;&%

pH �?��?kp/�*j�/ &��7�  �*O�/ 	����
) ��$�A &% '��f
}/|4��� @���� ( (*j�/ '�f �? '�f|m( ��D +�;� #�7�b%

n�T �89 ���w63 '�� 4��? �? �,6� *O/ &��7� ���$G�?  &����
B-nZVI &%  pH �?��?k}/�@���  ��j��/ &���7� ( #7�b% *

�k/��*O/ 	���
) �$�A &% '�f��/p4��� ��? ('�f �? '�f
 &��7���/kk#? �;&% .��� 	�% 

A: pH 
WX>LgR#��F? c� �? n����� ����D 2���pH @��� (

P�b���#
��&� _,� �� 	�� NQ�; ��#� 0�=�&� 
	��.~��)  @(� &% �@�.6�$�� *O/ #��� �� �U? !�D �$�� 2�3
 2��% &%�mn������ 2���? ( !��D -�GB Y.������ #/&%
EDAX !%��� 4�(�$,A� {.,�(�,�� @�63 .���D 2��� #) &.9

 +,D &%��*j��/ 	��� !��D !%�% @��G�B-nZVI *���T ��
 < #�) 2����% !%�� .���6� *O/ �& @�.6�$�� #$���.< 2�$�� #�/.

4� c�/ %.B #? �& #�? #�) 	��� ���) ��H�=  ��) #���P� #i���(

 0��E�< 2���? -������)(&��3 ����� @%�)pH *j��/ 2(& ��?
 @.� ���� �	�� 4,���� �"�6$� ��) *O/ g.� .	�� !�D *O/

#? ��) 2%���� 4�i�� &��? 4A���C 2�&�%  0�) 4�.�� g�UD +�A%
�� !%(��� ��� &% 4��9 �� ( 	��pH  *j�/ 4�i� &�? @.C  

4� ���<� 4,���� *O/  	�� 	8Z� +,D .�$���p!���3% @�G�
 *j�/ ��A���B-nZVI #�) #��.���63 .	��� 4Ub�( *��T 2��?

4� !��% !%.�6� *O�/ �& @�.�6�$�� #�,��� ��? !(`= *j�/  %.D
 NO� #$����.< ���� �& %./.� -���&� ( !.�/ �� 2&��7� 	��

.���6� 

WX>LL���A���EDAX ��A��� (ZAF *j�/B-nZVI 2��? 
4=.�H� *��T 

WX>LMR��A���EDAX (ZAF *j�/B-nZVI 2��? 
4Ub�( *��T 

P�c�NQ��; <�(��/� ����� �	�> ���:���� J���I� ���A 
��#
��&� _,� 

J(��/ #�? #/.< �?l#�) ��D !�3��G�  !��D '��L�� ���UA�i� (
�� 4U��( #���% &% #,��� �? !(`= !�D !%��$�� *j�/pH +�?�b

 &%  	���� !%��$����pH ( 	����&�% �& 4��&���) ���$��G�? 2������
4Z�B K=�? 4f%.A� NO �? !(`= 2����pH *��3� 0�) 2��3

4�� 2����� 4� !�3��G� #) #�.����63 .%.D  %.D *O/ 	���
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O?	;cR*j�/ #���7� @�.6�$�� NO 2��? !�D !%��$�� V�$M� 2�3 
J���NQ�;�4�? tV�

m2/g 
pH���� <3�1�SbN,; 9� �vSb

[qm(mg/g)] 
��?	$�

9G�HSb 
i;��

�Bayooxide E33St\�R��Q/t�µg/L�]]uQ[
pGEHp�m]/]R��]µg/L�]]uQ[
|ICAA-PPGRSRS\�/tSR]u][
}HydroxyapatiteR]R�1.4±0.2*10-4mol/dm.g]\R\]/\]u�[
�MnOOHR�<160 mmol/kgµM/Lt�]u�[
�Al(OH)3R�R�33 mmol/kgµM/Lt�]uQ[
lFeOOHR�R�45 mmol/kgµM/Lt�]uQ[
�B-nZVI}|�Q/S�/t�t/uSmg/L#UA�i�

�P�

*j�/ �� n3(oT ��� &% !%��$�� %&.� *j�/ 2�3�(pJ(��/
l#? #) %.? �$6) *j��/ 2"��? _.HM� !o�( �i� 	�= 2��3

Bayooxide (GEH *j�/ .	�� 2�3��<l&% !%��$��� %&.�
*��T �� @�.6�$�� NO 2��? J(�/ +�6= ���.� 2�$��� 2��3

!%.6� #�$���� &���b 4��&�? %&.� 4Ub�( *��T 2��? 4A( ��� ����
 *j��/ 4A( NO� 2���? n3(o�T ���� &% !%��$��� %&.�� 2��3

.��%.? ��.� 4Ub�( ( 2�$�� *��T �� @�.6�$�� 

R�<7��& ���* 
SR��4�?% ��? @�(��$�� ���f ��? e`$B� W(& #? �3� ��&j.�]

�,= .���D ��A.< #7�b% &% �$�A 2��3SEM 4�� @��G� #�) ��3%
 %���U?� 2�&�%  ��&jQ\���<S\\ ����8��7< ��&j .����%.? �$�.�����

 !�3��G� ���� !��D !��.��f� ��&j ( ��$�D�% +,�D 2(�) 	A�
 ��A��� .���DBET �& @� !o�( �i�uQQ/Qu:?���$�'�f �? 

!����� .%.6� 2��f 
tR2(& �? !�D !%�% nD.T ��&j.�����)4���8A�d 4$U��; 2��3

�,= ( !%.? 4$���
 ��; 	A� &% 2�3SEM 4�� @��G� ���3%
 #$���3 2(& ���? ��&j.����� #��) 2���$F? 4f���D n��MT �� ���3

.��&�%&.B�? 
uRn����� 	�E�d ��? 4=.��H� *���T 2(& �? #�A(� 2�3]\

4��� !%(���� #�) %�% @��G� �$�A &% '�fpH *O�/ 2���? #���F?
  @�.6�$��S�<t.	�� 

QRn������� @�.��6�$�� 	��E�d ���? 4��Ub�( *����T 2(& ���? ���3
�t/uS4��� *O�/ &���7� ���$G�? ( 	��f '�L�� �$�A &% '�f

 2����?B-nZVI &����7� ���?]�/��%&% ���;&pH ���?��?�Q/S 
@����� �����]�*j���/ &����7� ( #��7�b%��/SS���$�A &% '���f

 @�.6�$�� *O/ 	���
)�/t4��� .�D +;� (�$�A &% '�f 
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