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4� ��� �-�%�5 ��6��� 7� 4
!��4 ) 9��� �!:# �
���;�-�!:���FBC( =�> ?@A �!B� ���:�� C� 7� �+
�+ �#� DB*� )�+
�+ �� 

="���# �" C� �� ����" 4� �4
�E# (�4
� ��4�# 4��F �!��G =�� .IJ C� K��)& ��L:� )=M�� 7� �A�� �!B�$��G $��# ��'N& �+�M 

�� �4
�E#(5 O��!+ �'�� P�4
M $��4� ��4�# � ����%� �!��4�J $�  �Q+�� $��# ���!�# R���" $4�� 4
!��4 �# 4
Q�� �#��!�� �# ���&S�# 

����+�4 $��# ?@A T�:�� ���)& ����G .IU� =�> ���)& $� �!��4�J 5$��6��� V�*���C� V
���J =:& R�
& 7� 4
!��4 ���+ �!)�( �# 

$�4 7� �+
�+ �#  TEA3
 m1 P�4
M C� � �# ��'!�� C� W�
+� � K�!B� ����%� ��
� ������" �  =��� $�  �G�+�4S�# 	�E+� �" .4� �X 

=:& $�  V
���J $�4�
� ���> C� �#� �  )P�4
M � ��
� ������"(5 pH ����>5�  5��� ��;�� EC 4� $��4� � 5�>��M W�'&4� �!:# )=#�Y � 

9��� �"( � ��;�� =Q�Z T�:�� 4� $��4� � �>��M �4
� �E�� 4��F =��G .IU� �# [��\& O��!+ [(�A ) ���A �& T�:�� ?@A ����+�4

90% (5 ���!�# W
+ ��� ������" )NaOH(5 =��� �G�+�4S�# )m/h80( �  4��%�pH )9/5 (=�> 	�E+� ����� �!B�$��G ���)& �".  ���

�+�� �# ���  �>��M �� ����J ��;�� �# �>
& �# 5��� �#  4� �4 ������ ��� �E-/��:J �+
G�  ��-
& 	�� � =�J $� ������ ��C   ���# $�

=��� � ��:JR�\� 4���� 4��F =:�C � �.  

  

#1(� ���2* ��  :.4%� 52*�&�� .4%�$�"�� "*�	.*(��6�.5�%(��7	 % ".58��9� �:�;	2 +5<.   

 

  

1- �� (�  
  

�!B�$��G1 b�4 ��
�E� �# �� �!'G ���  �
� 4��%� � �� 4
Q�� �# �� �
"  ��# 4�� �# �!B� ������E�� $� 

�� 9�� 9
X 4� .�+
"b�4 5�  ��# �+����� $� �!��G 4��F ��'!�� �4
� 4
Q�� � �
M c�M ������ C� 7� �  �� �+�

�� ��'!�� T�� ���> C� .�����+�� ��+� ���&  $�4�
� �# ��
&T!:�� 5[�dF C�9��d& $� ����+
� �2T!:�� 5 $� 

b�4 � ���*Z�
�+ 4�"� (�E- ���*+ �& $��d� �#) ������" e���& $�  )Kawamura, 1991(.  

 � �" f4�M �E-/��:J V4
( �# �� C� �*B# 5g
� b�4 �� �  4� �� ����J �4 ��-
& ����+�4 .�4�� ���h� 5 

b�4 ����& $��-
& �E-/��:J ���  =�� �# � e��� �i�\� =:�C j�\- C� g
� $��:J � �
# ���4  $��-
& �E-/

�� �4 ��+� 4� 9��� �!:# �
���;�-�!:��� $� 4
!��4 �)�
& ���� ��� 4� .�
�+ =����� �"�4 �# ���E� =:��#3 )FBC( 

4
!��4 k�i(� 4� �� �) �+�� $� $�4 [#�F $���;� (�>
&T!:�� �# =d:+ �4 � �
�+ ��E�� ����F $� �+�.  $� 4
!��4
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FBC �!B� 4
Q�� �# $��!#� C� T�:�� V��#�� ?@A � $��G1970 # ���  4� ��� C� IJ .�+�" ��# 4��5  V�%�%\&

��!:G( $l
-
�6& ��� �)�
& $��# $�T!:�� =���m � =��G V4
 �!B� $�  �"4 W
+ ��� C� �" eN+ $��G [#�F

 �X �4 ��>
&9���
# � �" ��M� $�  =�� )Demopoulos, 2009; Lewis et al., 2006(9�� �X . �!"@G $� 5 

4���!B� ������ C� � 4
!��4 ��� ��# ��#4�� .=�� �!�4 �&��� $��G��+� V�':� ?@A 4� )van Ammers et al., 1986( 5

���4
�� )Mons et al., 2007( �#��C�# �� � ?@A 5����� V�;�� W�
+� )van Dijk and Braakensiek, 1984(  �!A �

 ��;�� 9�!��CO2 ��+� R�
& �
  )Aldaco et al., 2005(��6��� 
\+ �# �4 $4��:# V��>
& 5��"  �
�+ ?
i)�

 .=��  

�+�� $� 4
!��4 ��� 4�!M�� [6" 4� $�1  ni%� oi� �# 7+�& 7� C� � 4
!��4 ��� .=�� �" ��� ��*+

�����G4��p �� � $�+�� V�4q R�
& �� C� �*B# �� b
�" $��#�� �J $� �
"5  .=�� �" [�6*& V�4q ��� C��+�

�+�����A 4� �" $��# mm 6/0-1/0  ���t!�=���)��� oi� ed� ���  �# . )3
m/2

m 4000(  	�E+� $��# �4

�� T ��� �
���;�-�!:��� ������ �4�� )Aldaco et al., 2005(.  

  

 

 >?�1-  9��% ".58 7	�%(��6�.5�"* �	.*(� @� ��.A�%A ���5: �� � � /��� :B/��� :  �����&�� /(	�C/��� :  �B%�� ;(�C

DB�(/ >�?-< : �� E �#�� ��D � �E�"A :FB�(/ �E�"A : B.��� ��� ��  )Graveland et al. 1983(   

  

 ��# (4
!��4 oi� =A�:� �# $��4� 9��� �#� �:� [(�A) �G�+�4S�# =��� �# $��4� ����>m/h 120-

40 �� �4�� 4
!��4 ����J C� �
" )Scholler et al., 1987(�� ��B!+� ����J �# S�# C� ����> =�> �G� .  C� IJ 5�"

 ���4�� C� � �&
� ���C V�� ="@G��S 54
!��4 ���� $�4 �# �" [�6*& �-�!:��� $�  � �" [N!� ����6� �# � 

�� ��E�� [6" �+���� $�!:# �
�+ )Lin and Lee, 2007( ��S �!�4 ��# C� ed� ;�+ ���C �G�+�4S�# =��� ��B!+� .

���� V�4q $�4 �# �" =:*+ �&5 ����6� �# ��+� ���� ed� �#5 .����G � �
M  

���  �# $��4� �� ����>5 9C�+ R�
& ;�+ ������" ��
��� u�4;& 4
!��4 [M�� �# ���   [��� v�!M� .�+
"

�-
- �+���> T�l4 [�6*& � $��4� ����> �# ��
� ���$�5  R���" ��� ����& .=�� � 4
!��4 ��� 4� ����� V�6+ C�

4
X ���  5$������ 4
!��4 4�!M�� �!A � ������" ��
� W
+ ��B!+�  4
Q�� �# 4
!��4 �� �4�� $��
� W
+ �# ��!:#

.=�� �" �A��X �� $C����> $�4 �# ��� =:*+ �-�!:��� ��S �"4 � ���C ="@G �# �+��  C� �M�# 5��-�� $� 
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�+�� �   ������" � $��4� ����> ��� ���� 9��� �# 4��F ��� ��+ � �� n�E& 4
!��4 $��!+� 4� �@- 5�"�#  .��#��

�+�� ��� 4��%� ���;��  .����G � �
M 4
!��4 �!:# 9
X 4� 4�*� ?�!M� ���;�� ed� �  C� 4�*� ?�!M� ��� ���;�� �#

5�NB*� �A �+�� ��� C� �*B# �� �  �+�� � ���B& =:��# �+�� ����+ C��+� .���G ��+� ��;���> C�& $�  ��# �  mm 2-

1 �
# � ��!:  4��4
M�# ��S�# 4��:# c
�M C� )98%>�� ed� �� ( 
" ���J K�!B� n���( 4� $4��:# ��#4�� �

9��>) �����+1( )Baciocchi et al., 2006(.  

  

 9��E1- �!�"� H( �E�"A /(	� ;�I4-� �� FBC �.4% �J�(� �"�$ )Scholler et al., 1987( 

  

  

  

  

�+�� �# ���  �>��M �� ����J ��;�� 9��>) =�J $�  1 ��-
& 	�� � (�  �E-/��:J �+
G ��C 4� �4 ������ ���

������ $�  ��:J ���#6 )ZLD( =��� �R�\� 4���� 4��F =:�C  .� �  

  

2- *+� + �����,  

  

 	�E+� C� IJ 4
!��4 4� ��'!�� =�> C��+ �4
� ������" ��� W
+ ���)& ;�+ � e���� $��6��� R���" ���)& =�>

�+
�+ ��;�� �# $��G3
m 1 54� ����" �� C�  7� 4� V
���J V�*���C� .=��G V4
( �� $�4 �# V
���J V�*���C�

�*�" �
!�W�'&4� �# $� m 2/2 �iF � cm 2  �" 	�E+�) [6"2 �# =�;&4�
� �"
G��G ���� C� ��'!�� �# 4
!��4 .(

��# C��+� � S�# �!�:+�� mm 3/0-15/0  W�'&4� 5�" �J ��-�� ��
� ��
�� �# ��-�� ;�+ �!:#cm 40  4� .����G ��B!+�

 9���>2  �3 e�&�& �# �6�;�� V�NB*�  �������" �� � �*� �#�B!+� ���� .�
"  

  

 9��E2- �8�4.�( B%�� B�	&� �?���� ;�I4-�  

�!��4�J 	�+  �-��p ���� �
& ���� �-��p ) ��-�� �+�� C��+�d10(  �!M�
�6� e���  [B�B& ��;��  �!B� ��;��  

�A�� kg/m3 kg/m3 mm - - mohs 

4��%� 1500  2450  24/0  6/1  38/0  7 

  

 9��E3- �8�4.�( B%�� B�	&� ����&�� ;�I4-�  

������" ��� 	�+  SiO2 Al2O3 Fe2O3  TiO2  K2O  CaO  MgO  Na2O inert 

�+C� �(4� 11/96  72/1  43/0  09/0  73/0  23/0  08/0  2/0  43/0  

  

�NB*�   ������ �>��MFBC �!B� $� ������ �>��M 4� 4��%�O��4 $��G  

C��+�  �+��  C��+� �# ��G $� mm 2 -1 �E-  

���  �� 4��%�  %5 -1  %85-60 (�6�+�6� $���#� C� IJ)  

c
�M  98%   ---  
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>?�2- #�� #/�L.%( ;	2��: M.5�% H( �"�	I<  
  

�� f4�M 4
!��4 $S�# C� ;�+ �>��M ����> � ����G �4�� 4
!��4 ����J C� 	�M ��  $��4� 	�M �� ��;�� .�
"

�� 9�!�� P�4
M w�J R�
& 4
!��4 �#  ��# �G�+�4S�# =��� �& 5�
"m/h 90-60  ;�+ ������" ��
� .���G T�Q�&

 ��!#� 4�)NaOH mmol/L 104  IU� �Ca(OH)2 mmol/L 74 C� (9C�+ R�
& 4
!��4 ����J  u�4;& x��C�� $� 

��  ��#) =:& 9
X 4� ;�+ �� ����> $��� .���GC° 25-19 V
���J =:& 	�E+� 	���  4� .�" �!"�� ��+ =#�Y (

 ��� ��+�� ������ �# �Yy� $� �!��4�J �#pH �# 9��)& �# �� �Y� ��4�# � ��� C� ��J �� �G�+�4S�# =��� � V��#��

��+� �# :��!��G 4��F ��4�# �4
� ;�+ ��C $� �!��4�J 5�" 4�"�  

o ) ���:�� �!B� 4�#kgCa m�. h⁄( 

o  :�
���;�-�!:��� �C�# 

  (?4
�� �E-) �*+ 9�!:��� T�:�� ��;�� + (%) 9
�\� T�:�� ��;�� (%) (%) $��4� T�:��= (%) �" 9�!:��� T�:�� ��;�� +  

�+
�+ � $��4� C� V�*���C� �X 4� �  �� �!"���# 4
!��4 �>��M �+
�+ 4�� �  C� IJ .�+
" ��C $� �!��4�J $4���#

C��+� 9��>) ����G $��G4.(  

 
 9��E4- �'� ��6�� � O0!% #	P� � #�� �"�$ #H(��( �� ".�(��:  

K��4  �!��4�J W
+  $��G C��+� b�4  

1 �#� ����& (������" ��
� � P�4
M) �   n��� TEA) ��EA b�4 �# (���C e:A �#  

2 pH �>��M � $��4� ����>  pH  �!��!��  

3 ���  O����� �!��  

4  ��;��EC �>��M � $��4� 4�   O�� =��� LF191  =M��Retsch  

5 �" 9��� � =#�Y �!:# W�'&4�  RM��  

6 (���� �!��� C� IJ) T�:�� � [� T�:�� =Q�Z ��;��   $�*Z �# �
����!���µm 45/0  �# �
����!�&EDTA )M 01/0 � (NaOH )M 1(  

7 (���� �!��� C� IJ) T�;��� � [� T�;��� =Q�Z ��;��   �# �
����!�& b�4 �# [� �!B� ��;�� �E�� �#EDTA T�:�� ��;�� C� �� �:� �  

  

 9��> 4�5 =:&�  4� $���� $� �!��4�J V����t& 
\+ � �" 	�E+� $�  .=�� �" ��� ��*+ ��+� C� 7�  
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 9��E5- +5< ".�(��: "��R< #	P� � #�� S�0�( ��  �'� H( @� "  �/ B�6�( �   

 4��"

=:&  
pH  S�# =����G�+�4 )m/h(  

 ������" ��� W
+

���N�  

C��  ������" ���?�N�  �"

)mmol/L solution(  

 �!B� 4�# ��;��

)Ca m�. h⁄(  

1  5/8  60  NaOH 57/0  85/4  

2  9  60  NaOH 27/1  85/4  

3  5/9  60  NaOH 56/1  85/4  

4  5/8  80  NaOH 41/0  85/4  

5  9  80  NaOH 36/1  91/6  

6  5/9  80  NaOH 05/2  91/6  

7  10  80  NaOH 3  91/6  

8  5/8  90  Ca(OH)2  25/0  55/8  

9  9  90  Ca(OH)2  81/0  6/10  

10  5/9  90  Ca(OH)2  71/1  99/13  

11  75/9  90  Ca(OH)2  91/1  74/14  

  

3 - .!� + /$��0  

  

 ������ ��B!+� =�>����C� O��!+ 5�4
�E# �# 4� ����" �� C� �-�%!+� �� e���� �+
�+ $�4 �# �" 	�E+� $�   $� 

+� �!��G 4��F ��4�# �4
� 4� ����" �� �� .���� �G��!:G =�� �#  �#��6�� � �6�l
-
�# 5�6�;�� 5������" $� 

� ����" �� C� �>��M �� ������" =�'�� O��!+ C� �*B# ���& �E��� 4� =�> C��+ �4
� �4�
� ���)& =�> 4� �� 4

�!B� ������ 	�E+�=��G �� �
M 4��F ��4�# �4
� 5�+4�� =�� � $��G.  V
���J V�*���C� ="���# �#3
m 1  �� C� ��

4� ����"  9��> udX �#6  ����� 4� .�" 	�E+�[(�A O��!+ �}�4� �# =:& ��� C�  [��\& � � .=�� �" �!M���J ��+�  

  

9��E 6-  ��6�� J��.� �L�*#�/ U�"�� �% H( #�� B.�(/"8 B�	&� 

�!��4�J  
4��%�  

��;�  C� IJ  ���� �!��� C� IJ  

pH 6/7    6/7    

�6��!6-� =���    µS/cm 919   µS/cm 919   

(�" �d��\�) �+
� V4�F  6/16   6/16   

T�:��   mg/L71  mmol/L77/1 mg/L70  mmol/L75/1  

T�;���   mg/L32   mmol/L32/1  mg/L32   mmol/L32/1  

) u�)� ��
�TSS(  mg/L 10˂    mg/L 0˂    

V��#��  mg/L 10˂    mg/L 10˂    

�#V��#��  mg/L 230  mmol/L77/3  mg/L 230   
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 ٦

3 -1 - "V( pH M�52* �W� 7����(� "8  

 [6"3 �Y� pH =:& �X �4 T�:�� ?@A ����+�4 ��;�� �#  ��*+ V
���J $� ��� � �+
�+��  .� �*� �� �� 5�
"

 4� 4
!��4 R�
& T�:�� ?@A ��;��pH  ���A10 -9 �� �>
& [#�F 5�"�# �� $4
X �# %80 % �86  C� T�:�� �#

 e�&�& 4�pH $� �#��# 5/9 � 10 �� ?@A  .�
"=��� 4� �
� R�
& T�:�� ?@A ����+�4  �!d:+ �G�+�4S�# $� 

) �#�*�m/h 90-80 ����+�4 C� �&S�# 4�
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9��E 7- +5< �/ �	.*(� M�52* ��8 �("8 #�� B�%�P� "�/��� X2.4� ��  

4
!��4 4� [� T�:��  4�#  
(kg Ca/m2.h) 

pH  �" u�4;& ������" ��� ��;�� (mmol/L water)  �G�+�4S�# =��� � ��� W
+  

58/4  6/8 57/0 

NaOH (60 m/h) 58/4  1/9  27/1  

58/4 5/9 56/1 

91/6 5/8 41/0 

NaOH (80 m/h) 
91/6  9  36/1  

91/6  5/9  05/2  

91/6 1/10 3 

55/8 4/8 25/0 
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60/10 7/8 81/0 

99/13 5/9 71/1 

74/14 8/9 91/1 

  

C��+� ����%�4
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3 -5 - +6��  X2.4� �� �	.*(� �/ M�52* >�?-< �(���  

R���" C� 7��  $��# T!:�� 4� �" [�6*& T�:�� K�!B� ����%�  [6" 4�7  � �*� �� �+
�+��  .=�� �" �}�4�

��  =:*+ 4
!��4 $��!+� 4� �E- [6" �# � �
# ����� �!��
M�+ ��� =%�%A 4� ��) ?4
�� T�:�� ��;�� 5�
"

�� �  4� (����+S�# =��� 4� �
� C� ��'!�� 	���G�+�4 m/h60  ����%� ����& 4�pH �� [�6*&  ���G� 4� pH  �#��#

5/9  4��%� �#[F��A �� �
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 >?�8- +�"% �/ ".58 �$�� �!28 �(��� X2.4� ��  
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Abstract 
In this paper, the performance of a fluidized bed crystallization (FBC) reactor in calcium softening of the 

specific water sample (Bojnourd Shirin-Dare dam) has been investigated. After definition of the problem 

(construction of a softening unit for water treatment plant of Bojnourd), the results of feed quality were 

assessed and the values of mentioned parameters for optimum operating conditions of reactor were 

determined in order to reach the maximum efficiency for calcium softening. Afterwards, in order to 

determine the performance parameters, pilot tests were conducted by semi-industrial reactor on 1 m
3
 

sample of the feed. Accordingly, various type and amount of chemicals and up-ward velocities were 

performed. The variables such as: flows (feed and chemicals), pH, temperature, EC of inlet and outlet 

streams, height of bed (fixed and fluidized), total concentration of the calcium in inlet and outlet streams 

were measured during the pilot tests. After analyzing the results of pilot tests (removal efficiency of 

calcium is around 90%), the best chemical (NaOH), up-ward velocity (80 m/h) and pH value (9.5) were 

determined for softening reaction. Furthermore, with respect to the low water discharge with pellets and 

lack of any wastewater production, this process categorizes in the group of zero liquid discharge and 

environmental friendliness processes.  

  

Keywords: Calcium hardness, Softening, FBC reactor, Pilot test 


