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�� _���  1��c�  ¤������ �����
��<# ���� ����� `��\��	� ���=+8 �

e1&�� ���� ����=	 ¤��� �&=%�0 ���$�,� ��
�� f���%� �RN ���
�;<� �
�Y+# RN3�1�� ��8�
� $�)� �RN����� ��� ���� ��)���1	 

�� ��
%P .�fY%� ���� ¤�1�� RN $��
- D���-s��� R���  ��� $��N 

(James 2003) .��1B�1B ���8 ¤�1� .+) ����� ��RN�
� ����� 

1 Fresh Water 

�� ��^
��) ¤�����%	 �'��0� �����<( �������1� D��F&��B� ���� �
��� .
1	�$%� ¤�� ���<( $%)�� \+B� |
�;=� �\������1&;�� ��� �� K�-1- 

¤�1��) �;)���;� ���;�1&;�� �D��F&��B� ���� ���# �-�
��0 �� �$��%%#
1	�X�&���) � �
� RN `���1� ���� ����1� ¤��$%� ��G� ��1# �1B

�� j��E RN $�
- ¤�1� �0�  �� �# $��� �-��'+P ��%�\� ���T�
 T���3�1��� ¤�1��� 5�$��) ���� ��1��� D��F&��B� ��
��� �
��� RN ¤���B
�� e�� 3��� 1�� D�!�P .�1� ��� ��� 1	 ��� ��
�-���'+;- ¤��$�%�
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1	 �� .�1# D���� �
B�\��&��1# �
�+��|��B� 1�� ��# ��+])� $%�
 ��� 9��])� $���8 ��� f��� ��	 1b- � D$�� $�+]%� �
�� RN ��1��

_
;�
� �� RN ¤�� E�B �� j��E 5�
0 �� � D�1�# �#1�� �� ��&
 D$�<) $�+]%� ����
�� �� ��N �� �
�8
� �)$�=� ��
� � .+) �]&)

�� ���� .$)�� 
e�� �� �¤����+])� 3����� ����� .��� ��$��;�\	 �#����+)�� ��

�B�1� RN ��# �	���� �
E ¤�� ����) ��R�� ��� RN �� ��0�  
���� 3�1� 1-�B� ._�B ��+� ���<� ~��&) \) "12�� e��\�$�.

�1� ����H ��syRN �F�Q- ¤�1�� ����� ������&�� $%+�<)�� .�
�� � �1# �u��� ��+])� e�� �� ���� _�B sxy� 3��� ����:� �
�E ��

1<&%� �� .�1# _�B st�p ��1	�$%� ��+])��R�� ¤��B ��5�
�0 
¤��]- $� D��F&B�.-��::,- ��l *��_��B st�p�stxp 1��¤�� 
.+) ������ �F) ���
�� ���[�( 5�
�0 ��&	1� \�) ¤��N
�) ¤��� 

¤$�$8 ��¤�1� 3�� e�� ��D�1+� �&��� ��B� .(Spiegler 1980; 
AWWA 2004) 

�� *<��mH ��1	�3�1� $%� �� ��+])� �' 1� �� $=� �RN ¤��B
 D��F&�B� �� �
'E `��\	� ¤�1� 9��N R�� �' 1� .� ��B� D$�� .

��`��mH $�1'# .+) ¤��  ���� _
',� ��
#[� ��'( �� ��$B 

q� 91�
'l 1� 91�1	 ����H �� �# D�
���� 1�&+# ��$�:� �� �$%� �/p
��B� D$�B� 91�
�'l 1�� 91� .���::,� 3�1�� ��B�1� ��� ¤���B 

¤��+])� �����{ �P1B �'&G� `���1B $%&	���� �#�P1B ¤��� 
$��� �1-T��� 1�]%� ��� ¤�
�� ¤���� ����� �� ��8
�- ��� ��� �
��� 

(Mandri et al. 2011) . ���<�� ̀ �����N 9��])� ��� 3�%�+� ¤���
3�1� �)
+) �� RN ¤��B RN ���$�B $��1'# _
�',� ��'&G� ¤���

 ¤����+])� e�� �� D��F&��B� ���� ���B��� � 5������ �v����) ¤������
$%&E��1H (Rich et al. 2012)1E� ��� �� . ��1	�$�%� ���+])� ¤�1�� 

`H �FQ- RN¤�� �
� �K��
� �#���� �&�B ��¤|���  1�- 
��� \�����1&;�� �\+�B� |
�;=� ��� �
���\�) D��F&�B� ��� �
�� 

(Rahman et al. 2006).
�� �
i 1	 �'#���+])� $%��R�� ���� ¤��B �BD�
�  �'�0� 

�B�:s���+])� ��|�+- �:&�� r���+])� ��|��+- 1�( �:&���
q�.�!E ��+])� 

�� e�� ����+])� |���+-�� 3����H ¤�1��� �:&���� � ����� ����N
_�&��1# ¤��B ����
�� �1�B D$�%%# ���� ����-
� � �
�u1	 ¤������ 

CFC D��F&B� ���
� .��e�� ��+])� ��|�+- 1( �:&��� ¤V1�)� 

�-��1  ¤�1� ��+])� ����� D��
�� ¤�� _$Y� �-��1  �
YP ��$�%# 
���_�:&)� 5��1  ��D��
�� ����RN�
���_�&���1# ¤���B 9��])� 

���� � �
��� ��e�� 9
��B RN�
��E ���� ��
��%P �1��Y� ���+P ���� $��%# 
(Spiegler 1980; AWWA 2004)1	 .����� 5��$��� $��%� $��)�
-

1	 �� �Y� �����D���� ¤1����# ��� ��� �:&��� |�+- ¤��+])� $%�
1	 ��\� .� .�
� �1	 ��
)�n D$%%# .%E���B� �N 5��$�� $%�

�� �# 1	 �� �Y�) 1-T�� ����� �� $)�
-���# �
�� 9��])� ���+])� $%�
�� �]&) �� e�� �� .$��� `���# �� �&�B ��) ��
� ¤V1)� $)�
-

3�1� �� ¤��B 5��$� �;%�� �� �8
- �� �5��$� �'B� 5�$���8 ��
_
;�
� �# $%&�� ���&��1# �;�<- ¤��� D$�%�� ��� ����) 5��$��

D1F  ���� (f��� �N ¤�� �� 9�� �� �� ) ���)�%{ �$�%&	� ��Q��E� ¤���
�� �$%��� �&��� �	�# �01	 RN �� �
8
� ��&E�B �� ��1� $%)�
-

 ��&E��B ��� RN ��$�Y- �� v�H K�-1- 3�� �� .$)1� ��1� _�&��1#
 ��� T�� .+) ��'( �0�  ����
� �� �5��$� ��� ��# $���� ��
�-

 3�1�� RN ��� �5��$�� �� ���� ��1� � ����
� ��1# ���E �� vH
�1# �$H �B� _�B �� .stzp D��F&B� ��5��$� ���=B
- ����� 

¤�1� 3�1� ¤��B RN_��B �� � D$�� ���%�<H ���� ¤���st�p �
stxp�	1� ��1� �8
- ��
� (Parker 1942).
_�B ��st�s 1	�$%� 3�1� ¤�� 1�� ��%&Y� ¤���� 5��$�� ¤���B

 ��� �=�B
- ��H�1H $�� D(Knox 1961) 3��� �� 3�%�+� . �� _��B 
�1i )�+ �&=%0 3�1� ¤��B RN���'B� 5��$� ¤��� �18� $�
�# ���N��¤����� CCl2F2���-
� D��F&B� D$� �
�.3�� �1�i ��� 

h	
��) $)�
� ����� �;%�� _�&��1# ¤�� 5��$� �;<- D$� ���� 
.�{
# �¤���B�$8 �N��� ��RN�;�<� �
�� .(Rautenbach & 

Seide 1978; Tleimat 1980; Khan 1986) 
_���B _
��i �� ¤����styz ���-sttq D�1&���� 5���::,- �� ¤�

_�&��1# D��$)� `��\	� ��
� ¤���B�$8 5!;�<� f�	� � ���N���
 9�])��_�B �� .$stt�1	 ���� ¤$%� 3�1� �
�%� ����� RN ¤��B

 ��� 5��$�� �;<- e�� �� �1�Y� �'�B� HCFC141b ��u��� ���.$
�� �;�<- ���� ��# �'# e�� h�+P �� 5��$�sp RN �� ¤1�&�

�
� ����� D��::,� � 5��$�� _�&��1# ¤��B�$8 �� vH $%&�)�
-
$%��� �B� 1�) ��
� �
'E �� �N R�� (Richard et al. 1995).

_�B �� stt� ���	����� RN��_
',� ¤�� .+) $�1'# ��$B 
�/r�*)�� $0����h�1i �;<- 5��$�� ���H�1H $�� ��&E��1H.

4B
&� ���� ��<) ~��&) `���# ��¤�
�&,� .�+)qs$�0�� D�
��
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.�B� 5��$� _�&��1# ¤
<&�� �� 4�B
- RN��� ��
�- �
�'E
 $�<G� �
�Y�� �� RN (Ngan & Englezos 1996) � ¤�1+)�
�8 .

 _�B �� ��:F<�rppq 3�1� $ �� .� 1��) �� �� ���� RN ¤��B
 e�� ��� � �B�1� ¤��Q&�� � �%	 .�+) 1�2�� ¤��� �����:� ������

 ���%�\� ���# ��� ����<) ����)N 5���::,- ~����&) .$��)�1# $���
- RN
�+) *���� D$� ��5��$� �Y�) 1��B �� e�� ¤��� �Y�B�,� D$�� 
��1� �B� D�
� 1- (Javanmardi & Moshfeghian 2003).

`��mH �� 3�1� ���2<����N �B�1� �� ���1B ��� RN ¤��B
¤� 5��$� �� D��F&B� �1#$�#�`����N .�B� D$� �&E��1H 3¤���

 ������� D��$��,� �� ¤�$��=&�p���-�D��$��,� �|
���'B ���8�� 
¤��<	q��-�pRN ^
) �B ¤�1� ��� ����� 1��� RN �1�S:� RN

 $��8 D��� ��ppmxpp ��$:� �� �
� RN �ppm  s�ppp � .+)
- �� �#�  ~��&) .�B� D$� 9�])� D$�O5��$� e�� �Y�� 1n D�
��

 �B�(Sarshar 2002).
*��<��mH �� _���B ��rppx�;��<- ¤�1��� ��� 5��$��� �1��Y�

R142 ��3�1� ¤��B �� .�B� D$� D��F&B� RN 3�� �� h:,- .�
�B� D$� D��F&B� �&B
H�) ��\��&��1# .� �� ���2<����N D�2&B� 

(Alive & Yusifov 2008) .*���<��mH �� _����B ��rpss �
5��$� ¤� ¤�� 3�1#$�#� ����&�B
H �
�i $��
- D$�� .�� ��� �

D�1��<	 5���'+P 5��$��� �¤$�� �� �� �)�
&��B� .��� �� ¤����B ����
�� �� $���8 5��� 5�
0 $�)$�N �1�� ��
�&#�� �� 5��$�� ¤���

R�(�� ¤��  ���E ¤��� 5��$� ¤�� $� �3�� �� �;�<� K-1-
 5��$� ¤��B�$8$� Z1i1�1	 �� .���' 1� .- ¤��$%� ¤�xr��-

yp $0�� K�-1- ��� D$�� ��  �)$�=� D���� 1�� �� K+ > Na+ >

Mg2+ >  B3+ > Ca2+��� Z[  ��� ���<) ~���&) .$)
�� ��# $�%��
1	 �� D��F&B� �� �
� Z[ �X�$�$� ¤��� 5��$� $%� D��$)� �� �&����
�B� �;�1&;�� ��� � �
� (Hong et al. 2011)._�B ��rpss 1�n�

� �1B �
	 ¤��� ��$:� �;�<- D��� D$�%�� 5��$�� ¤�� �;�<- 
5��$� ¤�� ��&%H
';�B ��RN��B�1� .�+) ��B� D$�� ~���&) .

 �� 1�&+# �� .�+) Z[  ¤�1�xp$�0�� ��� .���\) ��-tp$�0�� 
5��F&��B� D$� e��\� 5��$�� �;<- }1) �# ��� ��<) ~��&) .

X�-$+P 5��$� 918 � ��&%H
';B ��
�� �1�B �
�	 �8�� �� �=��
-
�� _�B $��� �- ��&%H
';B ��$:� �# ���  �� �O3��� 1�� ¤����� 1n

�+) ��<) ���
� $�� (Corak et al. 2011) 

_����B ��LA6@ 1	 �� 5��$���� �;���<- ����B�1� ������$���%�
3�1� ���&� � 3�1�# $��#� ¤� ��� ^
) �� �� D��F&B� �� RN ¤��B
&E��1H$� �3�� �� .`��mH �
-�# `�����N ��
�� ¤���Na+�K+�
Ca2+�B3+�
)N �`����N ��
� ¤�� Cl-�−2

4SO $�)�
�.~���&)
�� D��F&B� �� �# ��� ��<) 3�1# $�#� ¤� ��$ JJ$�0�� .�+) ��

� $� Z[  �� ��&� �# �)��� $�� D��F&B� ��+�� ��� ��
%P����$�)��
�
� �� .� 1� Z[  `��# �� �	��(Kang et al. 2014) �%�1	 .
 _��B �� ����;+� �LA6@ ��$�%%# f�1��- 1�n� ��# $�)��� e��\��

 ���� 5��$�� �;�<- ¤�1� h�� ¤��$��� ��$B ¤�1� ���<�CO2

�N .�B� D$� D$��<� f�1��- 5�1�n� �� �[�� ��# $�)��� e��\�� ���
 5��$��� �;��<- ��$��)������ ���� ��$��%%#CO23���6A���-6AA 

*'� �T
�_
',� �� � ��$B ¤���� }� $�� $�� .(Farhang et al. 
2014) 

_�B ��rpsz .+) 1n� ��&� �$����1� ��&� �$���1'# �&� ¤��
 �B�&H �$��1'# �B�&H �$�$� ��$B �$���1� ��$B �$��1'# ��$B �$�$�
 � ���
	��$���1&- 5��$�� ��� �;<- ¤�� $�$� �B�&H � $���1�

 1�� ���H�1H /��&� D$� M
'G� ��� 5��$� D�1&��� ��i ¤� �� ¤�
 �N ~���&) .�	1� ��1� �B�1� ��
� �
� ��'( �� ��# ��� ���<) ���

_
',� ) ¢'( �	�# D��$)� �� .+) ¤��Ms>��� ���&)� ( .�+) ���
�� ��'( �� .$%# �+P �;��%��
�1- D$)������ ��
%P 3���H ¤�� �1�-

.+) f�1�- �B� 3;+� �� ���� 5��$� �;<- D$)������ �� D$%%#$%
(Sowa et al. 2014).
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Fig. 1. Experimental setup: 1) Cylindrical refrigerant pipe, 2) chilling cycle via R12 refrigerant (internal chilling), 3) 
hydrate formation zone, 4) Test solution, 5) double-glazed chamber or thermal jacket, 6) thermostatic bath (external 

chilling), 7) drain valve, 8)  view window, 9) digital microscope camera, 10) computer, 11) thermocouple 1, 12) 
thermocouple 2, 13) manometer, 14) viewer and data control system, 15) solution inlet valve, 16) primary brine solution 
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Fig. 2. Images of ice growing crystals during the freezing process 
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Table 1. Desalination results for different NaCl concentrations 

Experiment 
method 

Concentration 
)gr/L(

Initial
EC 

)µs/cm(
Final EC1

)µs/cm(
Removal 

Efficiency (%) 

Freezing method 

0.03 79.90 43.80 45
0.29 587.00 286.00 51
1.80 3520.00 2040.00 42

10.00 17760.00 9850.00 44
19.00 33100.00 20900.00 37
30.00 49600.00 35100.00 29

Hydrate method 

0.03 79.90 33.70 58
0.29 587.00 129.00 78
1.80 3520.00 1145.00 67

10.00 17760.00 6210.00 65
19.00 33100.00 14250.00 57
30.00 49600.00 24400.00 51

7>�3 ^`��'( �
g  �� 5��$� � ¤��+])� e�� �� RN ¤��B 3�1� ~��&) .+) �� �'&G� ¤��NaBr 
Table 2. Desalination results for different NaBr concentrations 

Experiment 
method 

Concentration 
(gr/L) 

Initial EC 
)s/cmµ(

Final EC 
)s/cmµ(

Removal Efficiency 
(%) 

Freezing method 

0.10 126.20 38.80 69
0.25 305.00 79.60 74
0.51 593.00 177.30 70
1.00 1161.00 474.00 59
3.00 3380.00 1921.00 43

Hydrate method 

0.10 126.20 38.10 70
0.25 305.00 54.10 82
0.51 593.00 72.50 88
1.00 1161.00 162.80 86
3.00 3380.00 682.00 80
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Fig. 3. Freezing point depression at different NaCl 
concentrations (Karamoddin 2014) 
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NaCl 
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Fig. 5. Water desalination efficiency in presence of NaBr 
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7>�3b`.+) �� ¤��+])� e�� �� �Y�) 5��$� e�� ���$)�� `��\	� �Y�) ¤�� NaCl �NaBr 
Table 3. Ratio of enhancements in the NaCl and NaBr removal efficiencies of the hydrate method to those of the 

freezing method 

NaCl concentration (gr/L) 

Ratio of 
enhancements in 

removal efficiencies 
of the hydrate 

method to freezing 
method

NaBr concentration 
(gr/L) 

Ratio of enhancements 
in removal efficiencies 
of the hydrate method 

to freezing method 

0.03 1.28 0.10 1.01
0.29 1.53 0.25 1.1
1.80 1.59 0.51 1.25

10.00 1.48 1.00 1.45
19.00 1.54 3.00 1.86
30.00 1.76
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