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Abstract  
In drinking water treatments, for coagulation and sedimentation of suspended particles, several 
coagulants are used such as Alum, PAC and ferric chloride. In spite of their positive effect on 
turbidity removal, these chemicals cause some problems like corrosion and harmful by-products 
which result in bad effects on human and environmental health. Therefore, finding and using better 
and more effective materials without such adverse effects is a necessity. The aim of this research 
was to study the effect of chemically synthetized sodium ferrate (S.F.) in liquid state for the turbidity 
removal from Zayandehrud River in two conditions: normal turbidity (less than 100 NTU) and high 
turbidity (more than 900NTU). This research was performed in four states of 30×60, 40×60, 60×60, 
and 30×40; in each state, one of the water independent variables effective on water turbidity was 
changed. These four states were S.F. dosing rate, gentile mixing speed, rapid mixing time and pH. 
For the experiment design, analysis and optimization of independent variables effective on turbidity 
removal were used. In addition, the surface response method (RSM-D-Optimal) plus Design Expert-
v10 optimization software were used for this study. Finally, in this research, according to the 
standard methods, the residual total Fe (due to sodium ferrate) was checked in the research in order 
to ensure that its value was in the allowable range for drinking water. The results showed optimum 
conditions as: pH of 8.5 and gentle mixing oscillating speed of 60rpm for 7min, 50rpm for 7min and 
40rpm for 6min, (instead of 40rpm constant speed for 20min) and rapid mixing time of 30s with 
120rpm (instead of  60s, which was conventional in Esfahan water treatment plant). In addition, the 
results showed that by using only 1.54mg/L of S.F. in the above-mentioned optimum condition, the 
water turbidity removal efficiencies were 95.17% and 99.07% for normal and high turbidity states, 
respectively. A comparison was made in this research between using S.F. and poly aluminum 
chloride (PAC) for both normal and high turbidity. The results showed the better effect of S.F. than 
PAC. The results also showed that the residual total Fe was in the allowable range before and after 
the filter (because of the reactivity of ferrate with Fe). From the results of this research, it can be 
concluded that using S.F. has a positive effect, technically and economically, on water turbidity 
removal (better effect than conventional chemicals) in both normal and high turbidity. Moreover, the 
results showed that residual total Fe remains in the allowable range.
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Table 1. Oxidation and reduction power for Ferrate compared to other chemical material 
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4FeO 

acidic
basic 

Ferrate

1.48
0.84 

OHCl2e2HHCIO 2+⇔++ −−+

−−−− +⇔++ OH2Cl2e2OHClO 2

acidic
basic 

Hypochlorite

2.08
1.24 

OHOe2H2O 223 +⇔++ −+
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Fig. 1. Tetrahedral structure of Ferrate including the 
similar Oxygen bonds with 6valent Ferrous 
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��t�� .N����F��-: ��1F��O  .��� �X���Y� ��Y���)
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� ]��� uG��� ���" �H��� uG���pH (���� �E����+ 01�# ��
 *�� �� ����� �� ��� *�9��2
�CA ������� �� �� �� ��! &����.

�� �	�-� � Y�9��� �&#��a �)B	� � "��N��O���Y;
 ]���� ��� �
��t��
 "� 0�������
6�� v��������A wZ������� )RSM-D-Optimal "� � (

H�� ��Y��Design Expert  .�! '������ �7�� 0�
2
�CA ��8��?� �
� �	�-� �L����*�� "� '���  ��2
�CA �����+ ��PAC ���� ���)�

 ������ �� '������ ��)� '�		+�?@	� ��-��S� ����� �)��.��� ��Q)� ���
 ��� �� E���� X���Y� ��L��� �� '���;�D�� I+ *
� 2��Y�� &�����

 � ���?@�� I�#��� &�a "� qA ����� �� �� '���;�D�� I+ *
� ���?�
�� *��� �� &���� ��)� 0��
� �7�� "� ��$�� � &	�/� �)�� 2
�C�A.

���)� �$;Q "� E)D u�?� � 2
�CA &���� E��� �����+ �� ��)�
'��� 6�� � ��;+ �	�Y
 �� ����� �� ��� *�9�� ����� I# '�� �W��� �
�)�;� '���!� 3��� E����+ I<�/� 2
��+.(Momtazpour et al., 

2017) 

1;E�� � ��#� �"
1;*;+6�(�(� ��#� 

������ E���� Y�	��M����  ���$+)x�
 "� Mg/fy���S�� �)��
)��� ")�NaOH (z/zkK��� ���$+ � �S��zk��S��  ����

��;9� {��  +�! �! '������.���)B	� M�B	�pH �)� "� ���")��
o/o|'������ '�! X�D� K�����$+ ���� � �S��.�! 

1;1;��0 E�� 

*����2
�C��A 2�����"� "� '�������� ���� � &
�7��/���"� n����?� ��
 ���  8���Q �� &����� �)�B	�N��O ���8��� ���t�� ��� M���� E����

'�	��" ������� H�� �� E���+ ��� ��7�� IP� ��)����� �� ���� 

� &9)�;@� E���+ �	��� �� �� (��-�S� 3��� E����+ ��� u)����)
��� 2%� �� . ���1A H�L�� (&�G�� 5���! 2
�C�A *��� E���� �

M����  ��$+)x�
 "� '������ �� &���;�! 6�� �� M���lc���S��
�)� ���")�o/o|K���� ����$+ � ��S��c|��S�� ���9)� ��!

(Momtazpour et al., 2017)�� . ��S�� � ������� &����� �)B	�
 E�,�+��'�! Y�	� E���2���"� ���
 EDS �SEM �XRD H��L��

. ��F "� *�	p;
 '�7��� UV-VIS ��� K��A })�� �)�a *��@�
 ��9)� M��� E��� �1Q.�! '������ �� 2�%� �� �� �HNE���� ��O

 M������ �?�����  �P� �E����+ 01# �������N��
��t�� ��O
 �� �� ]���� uG��� ���" I��! E���+ 01# �� ��1F�O� ���F��-: 

wZ�����~|��|wZ����� �� �� H��� uG�������  .������ ���������O 
rpm c|���� ����O E�)��S���� E���� m|� ���?�D� &�����)�  .����

 .�� �� uG��� rpm�| ��� E��� �����?�Drpm o|��� E��� �
� �?�D�rpm c|��E�� ��� E���� X��Y� ��Y�� *�	p;
 �?�D�o

"� X��Y� wZ�l��o&�$�� H��F��� ����9pH wZ�� ��� ��o/��
o/d�o/�. ����F �����D &������ ��)��� ���� ��� ���� '�G��. �)��B	�

 &�������Y;
 ��8��� ���F��-: �
��t�� ���a �(E����+ 01#)
� �2���"��	�-� � Y�9�� H��� 5��)� "�� ��Y���Design Expert ���

v��A wZ� 6�� "� '������ D-Optimal-RSM   ���F H��L��.��
���Qm'��! ��W��� ��B� ��� �)Z�� � ����F��-: I?�8� �
��t��
. �� 

2���"� ��! r%/� �2���"� ��a "� qA &��
 H�� �+ ��Y��
&� ��-	/�A � E��� "� &�%/� ����?� ��	+ X���Y� H��� �� �� M��

 �!���?@�� I#��� &a "� qA ���%9 �� � "�� ��,�!) &	��/� "���
7��� �� '�!����  8���Q '�JLT6  +�!  ���Volap (��9���� 

��'21;��Y�� H�� �� '�! ���@� �
������A � �
��t�� 
Table 2. Variables and parameters of the software 

Factors Unit Code Levels
Code -2 -1 0 +1 +2

Sodium ferrate dose mg/L A 1 2 3 4 5
Code -1 0 +1

pH B 6.5 7.5 8.5 

Code -1 +1

Gentle Speed mixing rpm C 40 60-50-40(60)*

Flash  mixing time sec D 30 60 
*Necessary range of 40,50,60  RPM which is equal to 7,7,6 min                                                      



����G�	 � �%
�2�� ���B dx.doi.org/10.22093/wwj.2017.97917.2489 
6

����� ��� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 30, No. 2, 2019 

��'25;�
��t�� �	,� �� 2
�CA �� &���� ��)� E3�# 
Table 3. Different states in the research based on variables 

States Symbol Flash mixing condition Gentle mixing condition Sedimentation time 
(min)

Time(sec) Speed(rpm) Time(sec) Speed(rpm) 

30 

One 
(conventional)

60*40 60 

120 

20 40* 

Two 40*30 30 7-7-6 
60-50-

40(60)** 
Three 60*60 30 20 40 

Four (optimum) 30*60 60 7-7-6 60-50-40(60) 
* Current condition of Esfahan water treatment plant 
** Alternative 60 means the oscillating speeds of 60, 50, 40 rpm in the time ranges of 7,7,6 minutes, 
respectively (instead of speed 40rpm for 20minutes) 

3��� E����+ � &9)�;@� E����+ wZ�� �� �� E���+ ����?�
 '"����� ��� ��������� 6�� X,a ���F �! .�&���@� "� q�A �����?�

��H��� �� '���  �� ��Y����"� ������6�� H��� � v���A wZ�� ��Y���
6�� "� � Y�9����� ���a)��� ANOVA ������� ������ I���$P� �����

��'������ '���  ��!.�
��-	/�A ���H�� 5��)� �����F E�)�S Y�9���� n��� �� ��Y��

 &�@D�� ����?�  ,8� � ����� �&Q��� � &$��� '���;�D�� �
���);�
 r����! ������?� n����� ���� �2�����"� ���� �����Q ���
ANOVA 

r��!)CV% �Pre R2�Adj R2�R2(��	�-� � &L	����,�.� *����
 5���! �� ��B��� ��)�  9�#���Y;
 � ���F��-: �
��t�� ��� I?�8

� E���+ 2
�+ ��);� �J+��# 0�
�.���  �� 
�� �)B	� � &����N� H��� uG����  .�� ��t�� �� �� ���t� ��O

 0�
 ]��� �� ]��� uG��� ���"2
�CA 2����"� ��	,� �� ���
 
H�� 5�)� 2���"� ��a "� IS�# ��-	/�A &$+  9�# ��-: ���Y��
�t�� �� *�� '�! ���@� �)Z� �	,� ��� ���F ���D &���� ��)� 

���Q)m.(
� ����?@�� �������� 5�����! ���	,� ���� ���  ��9�#����%9 "����

����� ��-�S� �����)� ���� ��� ]��� uG��� ���" H��  9�# �� .
 ����t� ����� H��� uG����  .��� �  ��� 2
�+ ���  9�# ���?�

 ���  9�# ��  ,8�&D�� .���� 
� &���� 0�
 �� H)�  9�#N��O uG����  .�� ��);� &���)�

 H����! H�L��H��-:  9�# . 0��
 ��� ���t�� �� ��
 (��	�-�  �9�#)

� &����N��O���Y;
 ����t� ���  �9�# 5����! ���  ,�8� ��t�� ��
 '������! ���Q �� .~. �� '�! �W��� '�! �+� E3�# E��WYQ 

=�	;V 2��Y��� ��� �L	� M��� E��� "� '������ �<	�� �� �Q)� �� �
�� �� *
�&��)!� �N������ �� ��� '����;�D�� I+ *
� �)T# ��O

 . ��F ���D &���� ��)� �)�����$�� "� qA � I,D ]Z?� �� �� '�!
��,��! ����� ����$�� E)$����A "� �)�������$�� ���	���� "���� I<��! ����
���)��� e����� �� �lmo &���� �ZD � ���lo&���� ���� ���#d|
&���� �$�� ���� ���&9�7: �� q�o/m&���� �� H�F � ^�@<� ����
c| &���� &9��7: ��  ������� ���o/l&����� ��� H��F ^�@<� ����

 '�����������!�����Q �� .m��� I?���8� ���
��t�� E����%/������ �O
. �� '�! &��@� �� �)Z� � E���+ 01# ������A 

1;5;E�� %�'A� F�" F.(G 

E���+��������� 6�� n��� �� ���)$�� 6�� '��;�! ��� ��� �� 

B2130 ����� '�7����� ����md||  +���!  ����� ���
f���<����
'"���� �! ��F.
�� *��@� �)B	�pH "� ��pH ��� ���340I )WTW '������ (
��! ���)�����<x���� '�7����� "� '�����;�D�� I��+ *��
� *����@� ����� .�

)UV-VIS-2800 ����� ( ���
  +���! '�������� ���<���� ���! �
2���"� �
n��� ��6�� '��;�! ��� ��� ���������3111B.3 H��L��

!���Q �� .�c�� '������ ��)� H�� �� &��+ E��%/� 2
�C�A 
2���"� ��������� '��;! *�	p;
 ��
�W���. �� '�! 

1 HACH 
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��'28;H�� �� &��+ E��%/� 
Table 4. Quality specifications of the raw water 

Parameter Unit Abbreviation Standard method 
number Value 

Normal TU NTU TU B2130 5-83.4 
High TU H-TU >1000 

Fe mg/L Fe 3111B.3 4-0.77 
TSS mg/L TSS D2540 30-178 
pH pH 7.7-8.47 

T C T 8-20 
TOC mg/L TOC 5310 9-6.6 

Fecal Coliform MPN F.Coli C9121 210-9300 
Total Coliform MPN T.Coli 16000 

Nematode Number C10550-A 5-12 

1;8;+
H� 	(��� ��#� �I :6'� =�.� J&3� 
�����yf���9 &$��NaClO fg�S�� ���%�� 0��b K�� �� �)$P�
� � �!���! ���L�� 0��b 0���a� �� ��+ v�� H��;# �$���� ��� ����

 '���P�fz�Q��n)�8$� �M�B	� ��;+�!.(Maghraoui et al., 

2015).

�� v��� H���;# �� ]��D�� M�����  ����$+)x�
 ����# 0���b �Y��;

 ��� �� &8�a�	t�ykk ��� �?�D� ��0�b �� . ��F ���D�z�H��F

�)� ���")�z/zk�S�� ���V� �! ����� �� �jf/y����$+ H�F
 K��� Y�� ���V� u)$%� ��!5��)� uG���� I�;. H�L�� "� qA .�

� &8�a�	t� �Y;
 K��E���� ��� '��� 2�	� '��� �r%/� E��
 ��9)� M���!�.

1;K;#LAM.A � D(
LN ��O&�� ��#� ��J�� 

*�� ��2
�CA �	�-� � I�$P� �Y�9��� �2���"� ��a �)B	� �� "��
 6�� "� �I?�8� � ��8��� �
��t��RSM- D-Optimal K�;+ ���

 �%8�l|H�� ��Y�� Design Expert '�������!.
���� *���	p;
 "� �$��S�# ������� ������ I���$P� �)��B	�Y�9����� 

ANOVA '�������!.

5;PLI � Q6�&A 

5;*;RLH =�.� +�3� 

��)�� 2	�+�� � ^��+�� "� qA E��� I�</� �
�b MWG. "� &<�
������ ��)�� �'���'��� 2�	� ��� ��9)  ��(Jiang et al., 2001) . 

��  �G. *����)� *�� �� ��9)� '���2
�CA .�)� ���S Y�� ���
  P�S ��� '�G. I���+ &L	�� ���9)� E���� ��� 2����"� ��


XRD �SEM �EDSA �UV-Visble '���! Y�	��� ����);� �� ����
 .�! H�L�� 

Y�9���� ������ ]�Q�� �� ��+ ��
(Momtazpour et al., 2017) 
.��+ ���N� �� '�! Y�	� '���  PS � �� �)Q)� 

5;1;=��'!0 � +�#�C� =��'0 S9) .I :6'� =�.� .(TUN

V�I 

E�����+ 2L	��� 2����"� E�����+ � &9)��;@�)6�� X��,a (3����
 '��;! �� ��� ���������B2130 E����+ '�7���� 5�)� ���� �	��

N2100  +��!  ��� ��
 ���);� �� ��� ���<���� ��
m~����F
H�� 5�)� '�! &��@� �  ��.� �� ��Y��N&�a ���F��-: �
��t�� ��O

�� � H��� uG��� �]��� uG��� �	���� �	��� �� &	�/� ����@� �

 H�L�� '�!�!6�� ��� Y�9���� � &�#��a I�#��� .ANOVA 5��)�

 �%8�l|H��� ��Y���Design Expert "� I�S�# ������ .��! H��L��
 I���$P�ANOVA 0���
 ]����)� ���� 6"����� I����D ����� ��� ����/�

 2
�CA E���� ������+ ��� (&9)�;@� � 3��� E��� 01�# �������)
�  P� M���N��O���Y;
 �
��t�� �� ��Q�� "� E���+ �� �
 ��� H

����?� &9)�;@� E���+ �� . �� '�)�P-Value ��Y��� ��
��t��
) X����Y�A�(pH (B) H��� uG�����  .���� �(C) uG����� �����" �
]���(D) IS�# ����V(C×D) �X���Y� ��Y��� ]���� *��	p;


 "� ��;+|o/| �� � I���). ��� '�G. 3�� E���+ ��� .N��1�F��O
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��Y�� ]��� '�! �+� pH *�� "� Y�� &��  ��@,� I�S� *������	� .��	+
� '�! '��� I?�8� �
��t���� '�)�;� *���@� �� ���8��� ��t�� &�)�

&	@� �L	�� �� ��� . �� ��� 
�*������@� ^W������V � '�����! �G����S�2�����A '�����! &����	�� 

)R� , Adj	R� , Pre	R�&�<��Y� ������ �E���+ e)� �� �
 �� ( ���
�7��<� ��/������ &7�8,;
 ���/� �+ �� ����?� *�� ^��	�� ���

)7/�A ��� �� 2���"� "� '����. �� ��8��� ��t�� &=�	;�V �����?�
���t� ^��V )CV%�� 3�� � &9);@� E���+ ��� ( ����@� ^����

|~/~�m�/m"��L� ��	��� �� ��S�� "� ���;+)l|��S�� '�)�� (
. �� 0��
 ]���)� �� 6"��� I��D ��� �'�! '��!� ^9�Z� n��� ��

 E3��@� �� 3�� � &9);@� E���+~�c. �� '�! �W��� 
� �J+��#NE����+ ���� �I?��8� ��
��t�� *��� ��  ,J� ��O

 3���� E�����+ ����� � X����Y� ��Y���� &9)��;@��pH  ���� ������?� .
���� 3���� E�����+ � &9)��;@� E�����+ ����� �����@� 0����P�� ^������

��lc�/mR�|d~�c/mR��.���  �� ���Q ��o����� Y�9���� �
ANOVA . �� '�! �W��� 

)~(y&' � 91.058 � 4.23A � 3.265	B � 2.972	C ,
1.955	D , 1.079	C . D , 3.728A�

y&' 	 � 92.978 � 2.97A � 3.037	B � 2.972	C , 1.35	D ,
1.25	C . D , 3.7952A� � 1.74	B� )c(

8;	3(4I F%�� 
�� ��# �)B	� � &9)�;@� � 3��� E����+ 01�# �������� ��)�;� �J+

 ������+ ��� �I?��8� ����F��-: ��
��t�� ��	�-� ����?� *��@�6�� 
v��A wZ�D-Optimal �ID���# X���Y� ��Y��� ��+ ���� *�� ��

 ��	�-� ���!�� "��L� �	��� �� �
��t�� ���� � �)! "��� H��L�� �! .�
�	�-� "� IS�# ����� �� "� &!�� ���� "��NO������Y;
 ��
��t��

�� ���F��-: ������A �&�G��� � &9)�;@� 5����! �� E����+ *��,�
) H��-:  9�# ����~|×�|(. �� 

�� ��
������A 01�# �	��� *���/�� ��7�� E��,. 2
�C�A �� �
"� ]��� uG��� ���" 2
�+ 5���!�|��� �����O~|��� ��� �����O

 uG���rpm lm| �  .�� ��);� &���)� �{)$  .��� ��� "��
  ��Orpm c|���m|����?� ��� (���  9�#) �?�D� &����)� rpm 
�| ������?�D�rpm o|����� �?�D�rpm c|�������?�D�
��.���  �� ���Q ����	�-� �L��� H�� 5�)� "�� '�! �W��� ��Y��

. �� 

��'2K;Y�9��� "� IS�# �����ANOVA E���+ ��t�� ��������� ����?� �� 
Table 5. Results of ANOVA analysis for turbidity variable for normal values 

Source Sum of squares df Mean 
square F p-value Indices 

TU 
Regression 701.21 6 116.87 16.38 <0.0001 Significant R2 0.86
Residual 114.19 16 7.14    R2 Adjusted 0.8074

Lack of fit 71.04 11 6.49 0.76 0.6747 Not 
Significant 

adequate 
precision 

14.646

Pure error 42.79 5 8.56    Pred R2 0.7035 
Core total 815.4 22 coefficient 

of variation
3.03 %

High TU 
Regression 555.79 7 79.4 18.29 <0.0001 Significant R2 0.895
Residual 65.13 15 4.34    R2 Adjusted 0.8464

Lack of fit 56.58 10 5.66 3.31 0.0993 Not 
Significant 

adequate 
precision 

13.386

Pure error 8.55 5 1.71    Pred R2 0.755
Core total 620.92 22 coefficient 

of variation
2.29 %
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Table 6. Optimization result for interaction of different variables with parameters and research variables in 

application of Sodium Ferrate 
Variables Removal efficiency (%) 

Dose (mg/L) pH Speed (rpm) Nematode TU High TU 
1.543 

8.5 

60 30 95.27 99.07 
2.42 60 60 92.72 96.94 
2.56 40 30 91.12 94.04 
2.63 40 60 89.57 93.99 
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Fig. 2. Three surface graphs showing the turbidity removal efficiency in a) normal turbidity and b) high turbidity 
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Fig. 3. Overlap graph for dependent and independent variables in optimum condition 
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Table 7. Optimum software-based alternative for turbidity removal by applying Sodium Ferrate compared to 

usual chemical material 
Independent Variables Dependent Variables (removal 

efficiency(%) )
Dose(mg/L) pH Speed (rpm) Time 

flash(sec) 
TU High TU 

Sodium Ferrate
1.543 8.5 60 30 95.27 99.07 

*Application conventional 
chemical 

40 60 95.53 94.11 

* (3 mg/l  PAC for normal turbidity & 15mg/L PAC +0.2 mg/L Polyelectrolit) 

Design-Expert® Software
Factor Coding: Actual
Remove High TU(%)

Design points above predicted value
Design points below predicted value
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80.78

X1 = A: DOSE
X2 = B: PH

Actual Factors
C: SPEED SLOW = 60
D: TIME FLASH = 30

6.5  

7

7.5  

8

8.5  

1

2

3

4

5

80  

85  

90  

95  

100  

105  

R
em

ov
e

H
ig

h
TU

(%
)

A: DOSE ((mg/l))B: PH

Design-Expert® Software
Factor Coding: Actual
Remove TU (%)

Design points above predicted value
Design points below predicted value
98.56

78.56

X1 = A: DOSE
X2 = B: PH

Actual Factors
C: SPEED SLOW = 60
D: TIME FLASH = 30

6.5  

7

7.5  

8

8.5  

1

2

3

4

5

75  

80  

85  

90

95

100  

105  

R
em

ov
e

TU
(%

)

A: DOSE ((mg/l))B: PH

94.037194.0371

Design-Expert® Software
Factor Coding: Actual
Overlay Plot

Remove TU (%)
Remove High TU(%)

Design Points

X1 = A: DOSE
X2 = B: PH

Actual Factors
C: SPEED SLOW = 60
D: TIME FLASH = 30

1 2 3 4 5

6.5

7

7.5

8

8.5
Overlay Plot

X1: A: DOSE ((mg/l))
X2: B: PH

Remove TU (%): 98.56

2

2

Remove TU (%):   95.2651 
Remove High TU(%):   99.0712 
X1  1.54289 
X2  8.5 

Dose (mg/L) 
b)a)  

Dose (mg/L) pH pH

TU
re

m
ov

al
(%

)

H
ig

h
TU

re
m

ov
al

(%
)



��#��� �  �#�) ���� ����*  �*��@...dx.doi.org/10.22093/wwj.2017.97917.2489 
11

����� ��� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 30, No. 2, 2019 

��'2\;�)�����$�� "� qA � I,D �X��Y� "� qA �$S��G� ��  ���+ �� M��� E��� X��Y� "� &!�� '���;�D�� I+ *
�  �@V� &���� 
Table 8. Residual total Fe after injection and before and after filtration 

After 
filteration 

Before 
filteration 

After 
injection 

Raw waterWater 
drinking 
standard

UnitVariable

0.140.230.870.030.3mg/LTU
0.0910.170.960.09mg/LHigh TU
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