
<ÕOGÕ]�7HNQLN�hQLYHUVLWHVL

.LP\D�0�KHQGLVOL÷L�%|O�P�

Yüksek Lisans Tezi

³.ORU�$ONDOL�(OHNWUROL]GH�*D]�'LI�]\RQ�(OHNWURWODUÕQ

.DUDNWHUL]DV\RQX�LoLQ�*DOYDQRVWDWLN�$NÕP�.HVPH

Ölçümleri’’

+D]ÕUOD\DQ�

$KPHW�(\PHQ�$NúHQHU

'DQÕúPDQ�� Prof. Dr.Sabriye�3LúNLQ

Examiner: Prof. Dr. Ing. Jakob Jörissen

Co-Examiner: Prof. Dr. David W. Agar

Supervisor: Dipl.-Chem. Jens W. Kuhlmann

Dortmund, 6
th

 of August 2007



ødø1'(.ø/(5

��*LULú .......................................................................................................................................5

2 Klor-Alkali Elektroliz Teorisi................................................................................................8

2.1. Klor..................................................................................................................................11

2.1.2.  Kostik Soda..................................................................................................................13

2.2. Proseslerin Türleri............................................................................................................14

2.2.1. Diafram Prosesi.............................................................................................................14

�������&ÕYD�3URVHVL���������������������������������������������������������������������������������������������������������������������

2.2.3. Membran Prosesi...........................................................................................................16

2.3 Oksijen Tüketen Gaz Difüzyon Elektrotlu Membran Prosesi...........................................18

2.4   Gaz Difüzyon Elektrotu ..................................................................................................21

�������*D]�'LI�]\RQ�(OHNWURGXQXQ�)RQNVL\RQHOOL÷L ...............................................................21

�������*D]�'LI�]\RQ�(OHNWURGXQXQ�<DSÕVÕ���������������������������������������������������������������������������������

3.  Elektrot Potansiyellerinin Analizi.......................................................................................26

3.1. Hücre Gerilimi...................................................................................................................27

3.1.1. Tersinir Hücre Potansiyeli..............................................................................................29

�������$úÕUÕ�3RWDQVL\HOOHU������������������������������������������������������������������������������������������������������������

����������$NWLYDV\RQ�$úÕUÕ�3RWDQVL\HOL����������������������������������������������������������������������������������������

����������.RQVDQWUDV\RQ�$úÕUÕ�3RWDQVL\HOL�����������������������������������������������������������������������������������

�����������7DúÕQÕP�<�]H\�0RGHOL�<DNODúÕPÕ ............................................................................35

���������2KPLN�'LUHQo��ø5�'�ú�ú����������������������������������������������������������������������������������������������

3.2 Hücre Potansiyeli Analiz Yöntemleri.................................................................................39

������$NÕP�.HVPH�<|QWHPLQLQ�8\JXODQPDVÕ����������������������������������������������������������������������������

���$NÕP�.HVLPL�gOo�P��.DUDNWHUL]DV\RQX��������������������������������������������������������������������������������

����'HQH\H�<|QHOLN�2ODUDN�.RQXQXQ�%LOLPVHO�YH�7HNQLN�.ÕVPÕ����������������������������������������������

����'HQH\VHO�+�FUHQLQ�7DQÕPODQPDVÕ����������������������������������������������������������������������������������������

������6RQXoODU�YH�7DUWÕúPD�����������������������������������������������������������������������������������������������������������

5.1 'HQH\LQ�'H÷HUOHQGLULOPHVL���������������������������������������������������������������������������������������������

����������3RWDQVL\HO�$NÕP�<R÷XQOX÷X�(÷ULOHUL�����������������������������������������������������������������������������

5.3  7DIHO�'HQNOL÷L...............................................................................................................66

5.4 )DUNOÕ�2UDQODUGDNL�*D]�.DUÕúÕPODUÕQÕQ�(WNLOHUL��������������������������������������������������������������

6     Sonuç.................................................................................................................................73

7     Kaynaklar..........................................................................................................................77



Preface

I would like to express my gratitude to the University of Dortmund, Bio- and Chemical

Engineering Department, Technical Chemistry A, for the provision of all possible means in

order to be able to perform my assignment, to the company BAYER for placing at my

disposal the gas-diffusion electrode used in my experiments, furthermore, I would like to

thank particularly to Prof. Dr. Ing.. Jakob Jörissen for the technical support and scientific

guidance during the implementation of my experiments.



Özet

.ORU�DONDOL�HOHNWUROL]L��NLP\D�HQG�VWULVLQGH�HQ�GLNNDWH�GH÷HU�SURVHVOHUGHQ�ELULGLU��GL÷HU

LQRUJDQLN�NLP\D�SURVHVOHUL\OH�NÕ\DVODQGÕ÷ÕQGD��HQ�ID]OD��UHWLP�X\JXODPDVÕ�LoHUHQ�GDOGÕU��.ORU

ve kostik soda için elektrokimyasal üretim prosesleri 19. yy.’dan beri bilinmektedir. Zamanla

SURVHVWHNL�\HQL�JHOLúPHOHU�YH�LOHUOHPHOHUOH�EDúDUÕOÕ�ELU�úHNLOGH�HQHUML�W�NHWLPL�D]DOWÕODELOGL�

EXQD�UD÷PHQ�NORU�DONDOL�HQG�VWULVL�W�P�G�Q\DGD�HQ�ID]OD�HOHNWULN�W�NHWHQ�SURVHVOHUGHQ�ELULGLU�

2NVLMHQ�W�NHWHQ�JD]�GLI�]\RQX�HOHNWURWXQXQ�NDWRG�RODUDN�NXOODQÕPÕ�X\JXODPDVÕ\OD��HQHUML

W�NHWLPL�WHRULN�RODUDN�����D]DOWÕODELOLU�

*D]�GLI�]\RQ�HOHNWURWODUÕQÕQ��*'(��NXOODQÕPÕQD�ED÷OÕ�RODUDN�����HQHUML� WDVDUUXIX

VD÷ODQDELOLUVH��EX�D\QÕ�]DPDQGD�DoÕ÷D�oÕNDQ�&22 JD]�HPLV\RQXQXQ�GD�WDELDWWD�D]DOWÕODELOHFH÷L

DQODPÕQD�JHOLU�

%X�D\UÕQWÕOÕ�oDOÕúPDGD�WHPHO��GHQH\VHO�RODUDN�HOGH�HGLOHQ�JDOYDQRVWDWLN�DNÕP�NHVPH

|Oo�POHULQH�GD\DQÕU��*D]�GLI�]\RQ�HOHNWURWXQXQ�oDOÕúPD�VLVWHPOHUL�LQFHOHQPLú�YH�HOHNWURWODUÕQ

JHOLúLPLQH�NDWNÕ�VD÷ODPDN�DPDoODQPÕúWÕU�

Bölüm 2 klor-alkali elektrolizinin teorisini içermekte; dünyadaki klor ve kostik soda üretimi

YH�J�Q�P�]GH�EX��UHWLP�SURVHVLQLQ�X\JXODPDVÕ�YH�GHWD\ODUÕ�KDNNÕQGD�ELOJL�YHUPHNWHGLU�

%|O�P���K�FUH�YROWDMÕ�YH�NDWNÕVÕQÕ�LoHUPHNWHGLU��E|O�P�Q�LNLQFL�NÕVPÕQGD�LVH�KHP

HOHNWURNLP\DVDO�K�FUH�KHP�GH�\DNÕW�SLOLQGH�JDOYDQRVWDWLN�DNÕP�NHVPH�WHNQL÷L�LQFHOHQPLúWLU�

$NÕP�NHVPH�|Oo�OPHVLQLQ�NDUDNWHUL]DV\RQX�EDúOÕ÷Õ�DOWÕQGDNL�E|O�P��¶WH��GHQH\OHUGH

NXOODQÕODQ�\|QWHPLQ�X\JXODPDVÕ�YH�GHQH\�G�]HQH÷L�KDNNÕQGD�ELOJL�YHULOPHNWHGLU�

%|O�P���LVH�GHQH\LQ�GH÷HUOHQGLULOPHVL�YH�GHQH\VHO�\ROOD�HOGH�HGLOHQ�VRQXoODUÕQ�\RUXPODQPDVÕ

�]HULQHGLU��DNÕP�NHVPH�\|QWHPL�\DUGÕPÕ\OD��*'(�oHúLWOHPHOHUL�KDNNÕQGD�ELU�DoÕNODPD

VXQPDNWDGÕU�

%|O�P���VRQXoODU�KDNNÕQGD�JHQHO�ELU�GH÷HUOHQGLUPH�VXQPDNWD�YH�JHOHFHNWH�\DSÕODFDN

oDOÕúPDODUGD���]HULQGH�GXUXOPDVÕ�JHUHNHQ�KXVXVODUD�DoÕNOÕN�JHWLUPHNWHGLU�



%XUDGD�VXQXODQ�oDOÕúPD��HQG�VWULGHQ�RUWDNODUÕQ�GD�NDWÕOPDVÕ\OD�JHQLú�ELU�LúELUOL÷L�LoLQGH

JHUoHNOHúWLULOPLúWLU��%D]Õ�GH÷HUOL�KXVXVODUD��HOGH�HGLOHQ�VRQXoODUD��*'(¶OHULQ�\DSÕVDO�SODQODUÕ

YH�GH÷LúLPOHULQH��EX�\�NVHN�OLVDQV�WH]LQGH�SURMHQLQ�JL]OLOL÷L�QHGHQL\OH�JLULOPHPLúWLU�
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��*LULú

6RG\XP�KLGURNVLW�VRG\XP�NDUERQDW�JLEL�DONDOL�WX]ODU��D÷DUWÕFÕ�WR]ODU�JLEL�NORU�\D�GD�EHQ]HUL

RNVLWOH\LFL��UHWHQ�SURVHVOHU�NORU�DONDOL�SURVHVOHUL�RODUDN�DGODQGÕUÕOÕU�

Sodyum klorürün sulu çözeltisinin elektrolizi klor ve sodyum hidroksit üretir:

2 NaCl (aq) + 2 H2O (l) —› 2 NaOH  (aq) + Cl2 (g) + H2 (g).

*�Q�P�]GH�G�Q\D�NORU��UHWLPLQLQ����¶L�NORU�DONDOL�HOHNWUROL]L�LOH�VD÷ODQÕU��<�NVHN�HQHUML

tüketimi, çevreye dostu olmayan diyaframlar ve civa prosesleri nedeniyle, endüstriyel tesisler

PHPEUDQ�K�FUH�SURVHVOHUL\OH�\HU�GH÷LúWLUPHNWHGLU��0HPEUDQ�K�FUHGH��DQRW�YH�NDWRW�NDW\RQLN

L\RQ�JHoLUJHQOL�PHPEUDQ�E|OPH�LOH�D\UÕOÕU��.RQVDQWUH�HGLOPLú�WX]�o|]HOWLVL�DQRW�E|OPHVLQH

EHVOHQLU��G�ú�N�NRQVDQWUDV\RQOX�VRG\XP�KLGURNVLW�o|]HOWLVL�LVH�NDWRW�E|OPHVLQH�EHVOHQLU�

+�FUHGHQ�'&�DNÕPÕ�JHoLULOLUNHQ�1D&O�ELOHúHQOHULQH�D\UÕúÕU��0HPEUDQ�1D
+
�L\RQODUÕQÕQ�K�FUHGH

NDWRW�E|OPHVLQH�JHoPHVLQH�L]LQ�YHULU�YH�E|\OHFH�VRG\XP�KLGURNVLW�ROXúXU��.ORU�U�L\RQODUÕ

DQRWGD�RNVLWOHQHUHN�NORU�JD]Õ�ROXúWXUXU��+LGURMHQ�JD]Õ�YH�KLGURNVLO�L\RQODUÕ�NDWRW�E|OPHVLQGH

ROXúXU�

Klor-alkali elektrolizi, alüminyum üretiminden sonra ikinci en büyük elektrik tüketen

SURVHVWLU��%X�QHGHQOH�HQHUML\L�HQ�D]D�LQGLUPHN�YH�SURVHVLQ�YHULPOLOL÷LQL�DUWWÕUPDN�|QHPOLGLU�

+�FUHGHNL�SRWDQVL\HOL�DUWÕPÕ�LOH�HQHUML�W�NHWLPL�DUWDU��+�FUH�SRWDQVL\HO�DNÕP�H÷ULVL��8�,

H÷ULVL���K�FUH�SRWDQVL\HOLQGHNL�DUWÕPD�QHGHQ�RODQ�E|\OHFH�GH�SURVHVLQ�PDOL\HWLQL�DUWWÕUDQ�K�FUH

SRWDQVL\HOLQLQ�XQVXUODUÕ�KDNNÕQGD�KLoELU�ELOJL�YHUPH]�

+�FUH�SRWDQVL\HOLQLQ�XQVXUODUÕQÕ�LQFHOHPHN�LoLQ��GHQH\VHO�K�FUH\H�/XJJLQ�NÕOFDO�ERUXODUÕ

\HUOHúWLULOGL��.DWRGLN�SRWDQVL\HO�NÕVPÕ��]HULQGH�oDOÕúÕOGÕ��.DWRW�E|OPHVL�SRWDQVL\HOL�YH�K�FUH

SRWDQVL\HOLQGHNL�GLUHQo�ND\ÕSODUÕQÕ�RUWDGDQ�NDOGÕUPDN�LoLQ��\HQL�ELU�DNÕP�NHVPH�WHNQL÷L

NXOODQÕOGÕ�

$NÕP�NHVLOPHVLQGHQ�VRQUD�D\UÕúPD�H÷ULOHULQGHNL�]DPDQD�ED÷OÕ�GH÷LúLPL�HOGH�HGHELOPHN�LoLQ�

GLMLWDO�NDUW�NXOODQÕOGÕ��%X�NDUWODUGDQ�HOGH�HGLOHQ�YHULOHU��IDUNOÕ�NÕVÕP�SRWDQVL\HOOHUL�LoLQ

LQFHOHQGL��.DWRW�SRWDQVL\HOL�LoLQ�7DIHO�HúLWOL÷L�NXOODQÕODUDN��DNÕP�\R÷XQOX÷X�GH÷LúLPL�YH

NDWRGLN�\�N�WUDQVIHU�NDWVD\ÕVÕ�GH÷HUOHUL�HOGH�HGLOGL��8ODúWÕ÷ÕPÕ]�GH÷LúNHQ�DNÕP�\R÷XQOX÷X

GH÷HUOHUL��K�FUHGH�NXOODQÕODQ�DQRGXQ�\DSÕVDO�RODUDN�G�ú�N�ID]OD�SRWDQVL\HOL�ROGX÷XQX�J|VWHUGL�



7

$]DODQ�WX]�o|]HOW LVL �NRQVDQWUDV\RQX�YH�DQRW� L OH �NDWRW �DUDVÕQGDNL�ERúOXN�GD�K�FUH

SRWDQVL\HOLQLQ�XQVXUODUÕQD�RODQ�HWNLOHULQL�LQFHOHPHN�LoLQ�GH÷LúWLULOGL�

%X�oDOÕúPDGD�úLPGL\H�NDGDU�NORU�YH�VRG\XP�KLGURNVLW��UHWPHN�LoLQ�NXOODQÕODQ�PHPEUDQ�

HOHNWUROL]�SURVHVL��JD]�GLI�]\RQ�HOHNWURWODUÕ�LOH�\HU�GH÷LúWLUPLúWLU��E|\OHFH�\DNODúÕN�����HQHUML

WDVDUUXIX�VD÷ODQPÕú�YH�EX�GD�DoÕ÷D�oÕNDQ�&22�PLNWDUÕQÕ�G�ú�UP�úW�U��dDOÕúPDPÕ]GD�DPDo�JD]

GLI�]\RQ�HOHNWURGX��*'(��JHOLúWLUPHN�YH�HOHNWURW�oDOÕúPDVÕ�LoLQ�HQ�X\JXQ�K�FUH�WDVDUÕPÕQÕ

DoÕ÷D�oÕNDUPDNWÕU�

%X�oDOÕúPDQÕQ�DPDFÕ�JHUoHN�NRúXOODUGD�oDOÕúDQ�E�\�N�HOHNWUROL]�K�FUHOHUL�LoLQGH�\HU�DODFDN

JD]�GLI�]\RQ�HOHNWURWODUÕQGD��*'(��NXOODQÕODFDN��X\JXODQDELOLU�ROGX÷X�NDGDU��KÕ]OÕ��J�YHQLOLU

YH�LVWLNUDUOÕ�GD�RODQ�ELU�|Oo�P�\|QWHPL�JHOLúWLUPHNWLU��%X�QHGHQOH�*'(¶OHUL�RSWLPL]DV\RQX

LoLQ�JHUHNOL�YHUL�WRSODQPDOÕGÕU��.XOODQÕODQ�|Oo�P�\|QWHPL��*'(�|]HOOLNOHUL�LúOHP�VÕUDVÕQGD

N|W�\H�JLGL\RUVD��EXQD�NDUúÕ�X\JXQ�WHGELUOHU�DOÕQDELOPHVLQH�\DUGÕPFÕ�RODFDN�úHNLOGH

EHOLUOHQPHOLGLU��%X�oDOÕúPD�LoLQ��NDQÕWODQPÕú�ELU�\|QWHP�RODQ�JDOYDQRVWDWLN�DNÕP�NHVPH

|Oo�POHUL��ELOKDVVD�X\JXODPDODU�VÕUDVÕQGD�GDKD�\�NVHN�DNÕP�HOGH�HGLOPHVLQL�VD÷ODPÕúWÕU��g]HO

JHUHNVLQLPOHUH�YH�VRQXoODUÕQ�\RUXPODUÕ � Õú Õ÷ÕQGD�JHOLú W L U L OHUHN� �\|QWHPVHO �RODUDN

D\DUODQPDOÕGÕU�

%X�oDOÕúPDGD��*'(�YH�K�FUH�\DSÕVÕ�HWNLOHúLPLQLQ�|QHPOL�ROGX÷X���GDKD�E�\�N�K�FUHOHUGHNL

|Oo�P�WHNQRORMLVLQLQ�L\LOHúWLULOPHVL�LoLQ��NXOODQÕODQ�WHNQL÷LQ�JHOLúWLULOPHVL�SODQODQGÕ��<HQL

HOHNWUROL]�SURVHVL�LOH�DPDoODQDQ�HQHUML�HNRQRPLVLQH�XODúDELOPHN�LoLQ��HOHNWURW�SRWDQVL\HOL

YDVÕWDVÕ\OD�EHOLUOHQHFHN�GHSRODUL]H�HGLOPLú�RNVLMHQ�NDWRG�*'(¶OHULQLQ�oDOÕúPDVÕQÕQ�HQ�X\JXQ

úHNLOGH�D\DUODQPDVÕ�|QHPOLGLU��%X�WLS�|Oo�P�W�UOHUL�LoLQ��\�NVHN�HOHNWULN�K�FUH�DNÕPODUÕQD

VDKLS�RODQ��\HWHUOL�E�\�NO�N�HEDWODUÕQGDNL�K�FUHOHULQ�NXOODQÕPÕ��oRN�N�o�N�WHVW�K�FUHOHULQGHNL

DOGDQPDOÕ�VRQXoODUÕ�HOHPHN�LoLQ�|QHPOLGLU�

*'(�NDOLWHVL�LoLQ�ND\GD�GH÷HU�|Oo�W��HOHNWURGXQ�SRWDQVL\HOLGLU��EX�SRWDQVL\HO�WHUPRGLQDPLNWHQ

KHVDS�\ROX\OD�JHOHQ�NÕVÕPOD��DúÕUÕ�SRWDQVL\HOGHQ�JHOHQ�NÕVPÕQ�ELOHúLPLGLU��dDOÕúPDGD�HOHNWURW

YH�SURVHV�JHOLúLPLQLQGHNL�DPDo��DúÕUÕ�SRWDQVL\HOL�P�PN�Q�ROGX÷XQFD�G�ú�N�WXWPDNWÕU�YH�GH

*'(¶OHULQ�oDOÕúPD�V�UHOHULQL�P�PN�Q�ROGX÷XQFD�X]XQ�WXWDUNHQ��DúÕUÕ�SRWDQVL\HO�\�NVHOPHVLQL

HQJHOOHPHNWLU��$úÕUÕ�SRWDQVL\HO�ÕVÕ�LOH�JHOLúHQ�HQHUML�NXOODQÕPÕQD�ED÷OÕ�RODUDN�DUWDELOLU�
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*'(�\DSÕVÕQÕQ�EDúDUÕOÕ�ELU�úHNLOGH�RSWLPL]DV\RQX��X]XQ�YDGHOL�LVWLNUDUÕ�YH�K�FUHQLQ

ROXúWXUXOPDVÕ��D\UÕ�E|O�POHULQ�DúÕUÕ�SRWDQVL\HOOHULQLQ��|QFHGHQ�ELOLQPHVLQL�JHUHNWLULU��E|\OHFH

\HULQGH�*'(�NDUDNWHULVW L÷L �YH�\DSÕ�GHWD\ODUÕ �DPDFD�X\JXQ�RODUDN�JHOLúW LU L OHELO LU �



9

2 Klor-Alkali Elektroliz Teorisi

(OHNWURNLP\DVDO�SURVHVOHUGH�IDUNOÕ�LQRUJDQLN�PDGGHOHU��UHWLOLU��%XQD�WLSLN�|UQHN�NORU�DONDOL

SURVHVLQGH��UHWLOHQ�NORU�YH�NRVWLN�VRGDGÕU�

Klor-alkali endüstrisinin ürünleri: klor, kostik soda, hipoklorit, klorat, perklorat; kimyasal

HQG�VWUL�LoLQ�oRN�\�NVHN�|QHPH�VDKLSWLU��%LU��ONHQLQ�NORU��UHWLP�PLNWDUÕ�R��ONHQLQ�HQG�VWUL\HO

RODUDN�NDONÕQPÕúOÕ÷ÕQÕQ�ELU�VHPERO��RODUDN�GDKL�J|U�OHELOLU��$O�PLQ\XP��UHWLP�SURVHVLQGHQ

VRQUD�NORU�DONDOL�HOHNWUROL]�SURVHVL�HOHNWULN�W�NHWLPLQGH�LNLQFL�VÕUDGDGÕU�>�@�

Endüstriyel klor-alkali elektrolizinde elektrolit genel olrak sulu sodyum klorür çözeltisidir;

çok daha az olmak üzere de potasyum klorür çözeltisidir. Her iki durumda da birincil anot

tepkimesi klorürün oksidasyonudur.

�� �o eClCl 22

1

$QFDN�EX�WHSNLPH\H�GL÷HU�WHSNLPHOHU�HúOLN�HGHELOLU�\D�GD�DUGÕQGDQ�EDúND�WHSNLPHOHU�JHOHELOLU�

.DWRWWD�IDUNOÕ�WHSNLPHOHU�\HU�DODELOLU���U�QOHU�RSHUDV\RQ�NRúXOODUÕQD�ED÷OÕGÕU��.ORU�DONDOL

HOHNWUROL]L�KHP�HNRQRPLN�|QHPL��LOJLQo�WHSNLPH�WHNQRORMLVL�QHGHQL\OH�KDNNÕQGD�\DSÕODQ

GHWD\OÕ�DUDúWÕUPDODUÕ�KDNOÕ�oÕNDUWÕU��7HN�ELU�KDPPDGGH�YH�WHN�ELU�DQRW�WHSNLPHVLQGHQ�ELUoRN

�U�Q�Q�oÕNDUWÕODELOHFH÷LQL�J|VWHUHQ�KDULND�ELU�|UQHNWLU���(NLSPDQÕQ�WDVDUÕPÕQD�YH�WHSNLPHQLQ

NRúXOODUÕQD�J|UH�LNLQFLO�WHSNLPHOHU�|QOHQLU��LVWHQLU�\D�GD�NRQWURO�HGLOLU�

Boyutsal olarak stabil anotlar, klorür elektrolizlerinde bilinen grafit anotlar yerine geçen

UXWHQ\XP�RNVLW�WLWDQWXP�RNVLWWLU�>�@��6RQ����\ÕO��LoHULVLQGH�EX�GH÷LúLP�V|]�NRQXVX�SURVHVOHUGH

EX�QRNWD\D�JHOPHPL]H�NDWNÕ�VD÷ODPÕúWÕU�

.RVWLN�VRGDQÕQ�o|]HOWLGHNL��UHWLPL�����\\¶GD�ELOLQL\RUGX�DQFDN�NRVWLN�VRGD�HQG�VWUL\HO

W�NHWLP�LoLQ�EX�úHNLOGH�����¶D�NDGDU��UHWLOPHGL��%LULQFL�G�Q\D�VDYDúÕQGDQ�NÕVD�ELU�V�UH�|QFH

VDWÕODQ�NRVWLN�VRGDQÕQ�NORU�HOHNWUROL]�SURVHVLQGH�ELU�LNLQFL��U�Q�RODUDN�HOGHVL��QHUHGH\VH�VRGD

N�O�QGHQ�NLUHo�NDOVLQDV\RQX�LOH�HOGHVLQH�J|UH�LKPDO�HGLOHFHN�QRNWDGD\GÕ��%XQD�NDUúÕQ

����¶ODUGD�HOHNWUROLWLN�NRVWLN��NLUHo�VRGD�NRVWL÷LQL�JHoPH\H�EDúODGÕ�YH������YH�VRQUDVÕQGD

eski yöntem neredeyse kayboldu [3].
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.ORU�Q�HQG�VWUL\HO�RODUDN�NXOODQÕOPDVÕQD�\|QHOLN�RODUDN�LON�SDWHQW������\ÕOÕQGD�DOÕQPÕúWÕU

�NHúILQGHQ����\ÕO�VRQUD��YH�EX�D÷DUWPD�LoLQGL��.ORU�'HDFRQ�SURVHVL�LOH�KLGURNORULN�DVLWWHQ

WDWPLQ�HGLFL�ELU�GHQJHVL�ROPDGDQ�\DSÕOÕUGÕ��<�NVHN�NDSDVLWHOL�GR÷UX�DNÕPOÕ�HOHNWULN��UHWHFLQLQ

����\\¶ÕQ�RVQXQD�GR÷UX�\DSÕOPDVÕ\OD�NDOVLQL]DV\RQ�SURVHVL�JHoHUVL]�ROGX������\\¶ÕQ�RUWDODUÕQGD

G�Q\D�NORUXQXQ����¶XQGDQ�ID]ODVÕ�HOHNWUROLWLN�SURVHVOH��UHWLOL\RUGX�

Klor-alkali elektrolitik prosesi için ana teknoloji civa, diafram ve ana olarak sodyum klorür

NXOODQDQ�oRN�G�ú�N�ELU�\�]GH\OH�GH�SRWDV\XP�NORU�U�NXOODQDQ�PHPEUDQ�K�FUH�HOHNWUROL]L

teknolojileridir. [4]

'LDIUDP�K�FUH�SURVHVL�YH�FLYD�K�FUH�SURVHVL�����¶OHULQ�VRQODUÕQGD�WDQÕWÕOPÕúODUGÕ��0HPEUDQ

K�FUH�SURVHVL�oRN�GDKD�\DNÕQGD�ROPDN��]HUH�����¶GH�JHOLúWLULOGL���DQFDN�FLYD�K�FUHVLQLQ�|QHPL

����¶GH�FLYDQÕQ�oHYUH\H�HWNLVLQLQ�GLNNDWH�DOÕQPDVÕ�QHGHQL\OH�D]DOGÕ��|]HOOLNOH�-DSRQ\D¶GDNL

JHQLú�oDSWDNL�FLYD�]HKLUOHQPHOHUL�FLYD�K�FUHVL�SURVHVLQGHQ�ND\QDNODQPÕ\RU�ROPDVÕQD�UD÷PHQ�

�ONHGH�\DVDO�RODUDN�\DVDNODQPDVÕQD�QHGHQ�ROGX��>�@

'LDIUDP�SURVHVL�DQRW�YH�NDWRW�E|OPHOHULQL�D\ÕUPDN�LoLQ�GL\DIUDP�NXOODQÕU��EX�SURVHVLQ�DQD

DYDQWDMÕ�VDIVÕ]OÕ÷Õ�RODQ�NRQVDQWUH�WX]OX�o|]HOWLGH�JHUoHNOHúL\RU�ROPDVÕGÕU��(WNLQ�NDW\RQ

GH÷LúWLULFL�PHPEUDQODUÕQ�JHOLúLPL�GLDIUDP�SURVHVLQLQ�|QHPLQL�D]DOWPÕúWÕU��0HPEUDQ�K�FUHOHUL

GDKD�NRQVDQWUH�WX]OX�o|]HOWL�LOH�oDOÕúÕU�YH�GDKD�VDI�GDKD�NRQVDQWUH��U�Q��UHWLPL�JHUoHNOHúLU����

ppm NaCL içeren %33 NaOH). Böyle bir proses 1 ton %50’lik kostik soda üretimi için,  715

NLOR�VX\XQ�EXKDUODúPDVÕQÕ�JHUHNWLULU��%X�KDULND�ELU�WDVDUUXIWXU�YH�NORU�DONDOL�HOHNWUROL]L�LoLQ

tercih edilen bir teknolojidir. Bu proseslerin hepsi anotda üretilen klorun kostik sodadan

D\UÕOPDVÕQÕ�YH�GH�NDWRWGD�GR÷UXGDQ�\D�GD�GROD\OÕ�RODUDN�KLGURMHQ��UHWLPLQL�LoHULU�

.ORU�DONDOL�SURVHVLQLQ�FR÷UDIL�GD÷ÕOÕPÕ�IDUNOÕOÕN�J|VWHULU��NORUXQ��UHWLP�NDSDVLWHVL��

��%DWÕ�DYUXSD�FLYD�K�FUH�SURVHVLQLQ�KDNLPL\HWL��+D]LUDQ�����������

- A.B.D. diyafram hücresi prosesi hakimiyeti: %75

- Japonya membran hücresi prosesinin hakimiyeti: >%90

%DWÕ�$YUXSDGDNL�NORU��UHWLPL�NDSDVLWHVL������GL\DIUDP������PHPEUDQ����GL÷HU�SURVHVOHUGLU

(Haziran 2000).
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.ORU��UHWLPL�����¶ODUGDQ�EHUL�SODVWLNOHULQ��|]HOOLNOH�GH�39&�YH�SROL�UHWDQODUÕQ�\�NVHN

JHUHNVLQLPL�QHGHQL\OH�DQRUPDO�ELU�úHNLOGH�DUWPÕúWÕU��.ORUDURPDWLNOHUL��SURSLOHQ�RNVLW

�NORURKLGULQ�SURVHVL���NORUODQGÕUÕOPÕú�KLGURNDUERQODU�LoHUHQ�o|]�F�OHU�YH�LQRUJQDLN�NORU

ELOHúLNOHUL�GH�����¶ODUGDQ�VRQUD�NORU�NXOODQÕPÕQÕQ�DUWPDVÕQGD�|QHPOL�HWNHQOHUGLU��%LU��ONHQLQ

NOR�U�UHWLPL��R��ONHQLQ�NLP\DVDO�HQG�VWULVLQLQ�JHOLúPLúOL÷LQLQ�ELU�LúDUHWLGLU��>�@

Klorun küresel üretim kapasitesi 1995’te 44 milyon tondur, bu kapasitenin %24’ünü AB’ye

DLWWLU��+D]LUDQ�����¶GH�EDUÕ�DYUXSDGDNL�NORU��UHWLP�NDSDVLWHVL������PLO\RQ�WRQGXU��'�Q\DQÕQ

NORU�DONDOL�NDSDVLWHVLQLQ����¶L�.X]H\�$PHULND��%DWÕ�$YUXSD�YH�-DSRQ\D�E|OJHOHULQGHGLU�

����¶ODUÕQ�EDúÕQGDNL�G�ú�úWHQ�VRQUD�EDWÕ�DYUXSDGDNL��UHWLP�úX�DQGD�\ÕOOÕN���PLO\RQ�WRQ

FLYDUÕQGDGÕU������¶GD�����PLO\RQ�WRQ��

.ORU�DONDOL�HOHNWUROL]�\|QWHPL�\ROX\OD�NORU�YH�NRVWLN�VRGDQÕQ�HOHNWUROLWLN�\ROOD��UHWLPL�LoLQ��

DQD�WHNQRORML�YDUGÕU��%X�\|QWHPOHU�NDWRWGD�DoÕ÷D�oÕNDQ�UHDNVL\RQODUÕQ�GR÷DVÕQD�GD\DQÕU�

diafram hücre proseslerini, civa hücre roseslerini ve de membran proseslerini içerirler. Her

SURVHV�NORUX�DQRWWD��UHWLS��NRVWLN�VRGD�YH�NDWRWGD�DoÕ÷D�oÕNDQ�KLGURMHQGHQ�D\UÕ�WXWPDN�LoLQ

IDUNOÕ�ELU�PHWRGX�WHPVLO�HGHU�

� �SURVHV �DUDV ÕQGDQ�F LYD �SURVHV L �HQ � ID] OD �H OHNW U LN � W�NHWHQGLU � �DQFDN�NRV W LN �VRGD

o|]HOWLVLQLNRQVDQWUH�HWPHN�LoLQ�EXKDU�NXOODQÕOPD]��$QFDN�E�\�N�PLNWDUODUGD�FLYD�NXOODQÕPÕ

çevreyi zehirlenmesini önlemek için ölçülü tutulur. Diyafram hücre prosesinde daha ucuz bir

NDUÕúÕN�WX]�o|]HOWLVL�NXOODQÕOÕU�DQFDN�NRVWLN�VRGD\Õ�GHULúLNOHQGLUPHN�LoLQ�EXKDUODúWÕUPD

JHUNHOLGLU��g\OH�ROPDVÕQD�UD÷PHQ�PH\GDQD�JHOHQ�D÷ÕUOÕNoD����¶OLN�VRG\XP�KLGURNVLW�o|]HOWLVL

D÷ÕUOÕNoD���¶OLN�1D&O�LoHULU��%XKDUODúWÕUPD�YH�NULVWDOL]DV\RQ�VRG\XP�NORU�U��X]DNODúWÕUPDN

LoLQ�|Q�QH�JHoLOHPH]�YH�SDKDOÕ�ELU�VLVWHPGLU�NL�EX�GD�VLWHPLQ�HNRQRPLNOL÷LQL�G�ú�U�U�

����¶WHQ�EHUL�PHPEUDQ�K�FUH�SURVHVL�GL÷HUOHULQH�J|UH��VW�Q�JHOHFHN�úHNLOGH�JHOLúWLULOPHNWHGLU�

'L÷HU�HVNL�LNL�SURVHVH�NÕ\DVOD�oHYUHVHO�DYDQWDMODUÕ�YDUGÕU�YH�VRQ�\ÕOODUGDNL�HNRQRPLN�DoÕGDQ�HQ

DYDQWDMOÕ�SURVHV�ROPXúWXU��%X�DYDQWDMODUD�UD÷PHQ�WHNQRORMLQLQ�PHPEUDQ�K�FUHOHULQH�GH÷LúLPL

%DWÕ�$YUXSD¶GD�\DYDúWÕU��o�QN��ELU�oRN�YDU�RODQ�NORU�WHVLVOHUL�����¶OHUGH�������VHQHOLN�KD\DW

|P�UOHUL\OH�NXUXOPXúWXU�NXUXOPXúWXU�YH�GH�\HQL��UHWLP�NDSDVLWHOHUL�LoLQ�LKWL\Do�\RNWXU�\D

GDWHNQRORMLQLQ�GH÷LúWLULOPHVL�\|Q�QGH�K�N�PHWWHQ�JHOHQ�ELU�LWLFL�NXYYHW�GH�\RNWXU�

6RG\XP�NORU�U�o|]HOWLVLQLQ�HOHNWUROL]LQGHNL�WHPHO�SUHQVLS�DúD÷ÕGDNL�JLELGLU�
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$QRWGD�NORU�U�L\RQODUÕ�RNVLWOHQLU�YH�NORU��&O2��ROXúXU��.DWRWWD��FLYD�SURVHVLQGH�VRG\XP�FLYD

NDUÕúÕPÕ�ROXúWXUXOXU�YH�NDUÕúÕPGDNL�VRG\XP�YH�\�]H\GHNL�VX�LOH�WHSNLPHVL�VRQXFX�KLGURMHQ

(H2) ve hidroksil (OH
-
��L\RQODUÕ�ROXúXU�

Membran ve diafram hücrelerinde su hidrojen (H2) ve katotda hidroksil (OH
-
��L\RQODUÕ

ROXúWXUPDN�LoLQ�D\UÕúÕU

The general reaction occurring in the electrolysis of brine is:

(OHNWUROL]GH�WX]XQ�JHQHO�RODUDN��WHSNLPHVL�DúD÷ÕGDNL�JLEL�ROXU�

222 222 HClNaOHOHNaCl ��o�

7X]XQ�HOHNWUROL]L�LoLQ�<XNDUÕGD�EDKVHGLOHQ�SURVHVOHUGHQ�KHUELUL�NHQGLQH�|]J��RODUDN�IDUNOÕ

NDUDNWHULVWL÷H�VDKLSWLU�

.ORU�DONDOL�HOHNWUROL]LQLQ�DQD��U�QOHUL�NORU�YH�NRVWLN�VRGDGÕU��GL÷HUOHUL�DUDVÕQGD�KLSRNORULW�

NORUDW��SHUNORUDWYH�KLGURMHQGLU��$QFDN�EXQODU�HQG�VWULGH�JHQLú�X\JXODPD�DODQODUÕ�EXOXQDQ

NRVWLN�VRGD�YH�NORUD�NÕ\DVOD�GDKD�D]�|QHPOLGLU�

2.1. Klor

&��:��6FKHHOH�NORU�JD]ÕQÕQ�PDQJDQ�GLRNVLWWHQ�KLGURNORULN�DVLWOH�WHSNLPHVL�VRQXFX�ROXúWX÷XQX

�����\ÕOÕQGD�EXOGX�DQFDN�JD]Õ�ELU�HOHPHQW�RODUDN�WHVSLW�HWPHGL��.ORUXQ�NDEXO�HGLOHQ�NDúLIL�+�

'DY\¶GLU��JD]Õ�\HúLOLPVL�VDUÕ�PDQDVÕQD�JHOHQ�FKORURV�RODUDN�LVLPOHQGLUGL�>�@��.ORU�D\QÕ

]DPDQGD�'HDFRQ�SURVHVL\OH�GH��UHWLOGL��EX�WHNQLN�ELU�JHoLú�PHWDO�RNVLGLQL�NDWDOL]|U�RODUDN

kullanarak hidrojen klorürden klor üretimini içerir ancak hidrojen klorürün tamamlanamayan

G|Q�ú�P��QHGHQL\OH�\�NVHN�YHULPOH�VRQODQDPD]��EXQD�NDUúÕQ�NORU�DONDOL�SURVHVL�GDKD�L\L

verim verir; bu nedenle daha iyi bir alternatif sunar ve daha rövaçta bir teknolojidir.

.ORU�NLP\DVDO�WHNVWLO�WDUÕP�YH�ND÷ÕW�HQG�VWULVLQGH�VRQ��U�QOHULQ��UHWLPL�LoLQ�HQ�|QHPOL

KDPPDGGHOHUGHQ�ELULGLU��.ORU�LON�RODUDN�����¶OHUGH�WHNVWLO�YH�NDSÕW�LoLQ�DSDUWÕFÕ�DMDQODU�RODUDN�

WHPL]OLN�YH�GH]HQIHNVL\RQ�LoLQ�NXOODQÕOGÕ���'DKD�VRQUDGD�NXOODQÕúOÕ�ELU�NLP\DVDO�DMDQ�RODUDN

ODQVH�HGLOGL���UHWLP�LON�EDúODUGD�G�ú�N�ROVD�GD�VHQWHWLN�RUJDQLN�NLP\D�LoLQ�KDPPDGGH�RODUDN
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|QHPL�NHúIHGLOGL÷LQGH�����¶OHUGH�DUWWÕ������¶ODUGD�SODVWLN�HQG�VWULVLQGH�39&�SROL�UHWDQ�YH

GL÷HU�NLP\DVDOODU�QHGHQQL\OH�ROXúDQ�WDOHSWHQ�GROD\Õ�NORU��UHWLPL�G�Q\DGD�IDUNHGLOLU�úHNLOGH

DUWWÕ�

ùHNLO�������(NRQRPLN�DODQODUGD�NORU�JD]Õ��UHWLP�NDSDVLWHVLQLQ�JUDILN�J|VWHULPL������

ve 1997) [7]

%DWÕ�DYUXSD�GR÷X�DYUXSD�YH�DIULNDGDNL�NORU�NDSDVLWHOHULQLQ������LOH������\ÕOODUÕDUDVÕQGDNL

NÕ\DVÕ��.X]H\DPHULNDGDNL�NDQDGDGD�DPHULNDQÕQ�E�\�PHVLQGHQ�GROD\Õ�G��N�NDSDVLWH�ND\ÕW

HGLOLUNHQ��EX�GH÷HU�RUWD�GR÷XGD�\�NVHOPLúWLU��$V\D�YH�RN\DQXV\D�GD�YH�NÕVPHQ�GH�oLQGH

�UHWLP���NDWÕQD�oÕNDU�������LOH������DUDVÕQGDNL�E�\�PHGH�SD\ÕQ�����L�NX]H\�DPHULNDQÕQ

���¶Õ�DV\DQÕQ����¶L�GH�RUWD�GR÷XQXQGXU�>�@��dLQLQ�\ÕOOÕN��UHWLPL�����¶GHQ�EHUL�������
6
 t’a

\�NVHOHUHN�oLQL�EX�NRQXGD�DPHULNDGDQ�VRQUD�LNLQFL�\DSDU��ùHNLO�����NORU�NDSDVLWHVLQLQ

HNRQRPLN�E|OJHOHUH�J|UH�E�\�PH�NDSDVLWHVLQL�YHUPHNWHGLU��úHNLO�����LVH�G�Q\DGD����������

DUDVÕQGDNL�NORU��UHWLPLQL�HYUPHNWHGLU�

.ORUXQ�|QHPL�NLP\DVDO�HQG�VWULGH�ELU�DUD�DMDQ�ROPDVÕ�ID]OD�YXUJXODQDPD]��NXOODQÕPÕ

X\JXODQÕú�úHNLOOOHUL�YH�N�UHVHORODUDN��UHWLPL�]DPDQOD�DUWDFDNWÕU�
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ùHNLO������ '�Q\DGDNL�NORU�JD]Õ��UHWLPL�>�@

2.1.2.  Kostik Soda

.RVWLN�VRGD�YH\D�VRG\XP�KLGURNVLW��LQVDQ�\DSÕPÕ�HQ�HVNL�NLP\DVDOODUGDQ�ELULGLU��N|NOHUL�PÕVÕU

YH�KLGLVWDQGD�VRG\XP�NDUERQDWÕQ�NDOVLQH�HLGOPLú�NLUHo�WDúÕ\OD�WHSNLPHVL�LOH������VHQH

|QFHVLQH�GD\DQÕU

.RVWLN�VRGD�RUMLQOD�RODUDN�/H%ODQFK�VRGDVÕQVÕ��N�O��NLUHo�LOH�EDWFK�WLSL�NDOVLQL]DV\RQX�LOH

\DSÕOÕU�

� � 3232 2 CaCONaOHOHCaCONa �o�

.DOVL\XP�NDUERQDWÕQ�NRVWLN�VRGDGD�KHPHQ�KHPHQ�KLo�o|]�QPHPHVL�HVDVÕQD�GD\DQÕU��.RVWLN

VRGD�WX]ODUÕQ�HOHNWUROL]LQGHQ�ELU�\DQ��U�Q�RODUDN��UHWLOLU�YH�NLP\D�HQG�VWULVLQGH�LQRUJDQLN

RUJDQLN�ND÷ÕW�WHNVWLO�YH�DO�PLQ\XP�DODQODUÕQGD�JHQLú�X\JXODPD�DODQODUÕ�EXOXU

*HQHO�RODUDN�HOHNWUROL]�WHVLVOHUL����¶OLN�1D2+�o|]HOWLVL��UHWLU�������NDWÕ�1D2+�o|]HOWLQLQ

VX\XQXQ�����LOD�������D÷ÕUOÕNoD�XoXUXOPDVÕQD�NDGDU�EXKDUODúWÕUÕOPDVÕ\OD�HOGH�HGLOLU��gQHPOL

PLNWDUODU�HOHNWURNDSODPD�SHWURO�VDQD\LL�YH�GR÷DO�JD]�HQG�VWLUOHULQGH�NXOODQÕOÕU��'�Q\D�GD

toplam NaOH üretimi 1995’te 40.96.10
6
�W�D�GÕU��HQ�ID]O�PLNWDU�EX�VHQH�$%'¶GH��UHWLOPLúWLU�

%LUOLNWH��UHWLOHQ�NORU�LVH�DUWDQ�WDOHEH�GD\DOÕ�RODUDN�\DNODúÕN�\D�GD�GDKD�ID]OD�PLNWDUGD

�UHWLOPLúWLU��(OHNWUROLWLN�1D2K�DoÕ÷Õ�LOHULNL�ELUNDo�\ÕO�EHNOHQPHPHNWHGLU�
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ùHNLO�����������\ÕOÕQGD�G�Q\DGDNL�NRVWLN�VRGD�NXODQÕPÕ�>��@

2.2. Proseslerin Türleri

2.2.1. Diafram Prosesi

'LDIUDP�SURVHVL�GLDIUDP�GHQLOHQ�LQFH�\DSÕVDO�ELU�PDO]H\L�LoHULGH�HOHNWUROLW L �YH�GH

HOHNWURNLP\DVDO�K�FUH\L�LNL�\D�GD�GDKD�ID]OD�NÕVÕPD�D\ÕUPDN�LoLQ�GH�NXOODQÕOÕU��'DKD�JHQLú

J|]HQHNOL�PDO]HPH�GHPLUOH�HOHNWUL÷H�ED÷ODQPÕú�NDWRG��]HULQHGH�ELULNLU��YH�HOHNWUROLWLQ�ELU

NÕVÕPGDQ�GL÷HULQH�DNPDVÕQD�L]LQ�YHULU�IDNDW�LNL�D\UÕ�o|]HOWLQLQ�NDUÕúPDVÕQÕ�GD�HQJHOOHU�

ùHNLO�����GLDIUDP�SURVHVLQLQ�DNÕP�úHPDVÕQÕ�J|VWHUPHNWHGLU��'L\DIUDP�K�FUHVLQGH�DQRW

o|]HOWLVL�GL\DIUDPGDQ�NDWRW�NÕVPÕQD�GR÷UX��LNL�NÕVÕP�DUDVÕQGDNL�VÕYÕ�VHYL\HVL�IDUNÕQGDQ�GROD\Õ

DNDU�DNDU���.DWRW�o|]HOWLVL�VRG\XP�NORU�U�YH�VRG\XP�KLVURNVLWWHQ�\DSÕOPÕú�ELU�o|]HOWL�LoHULU

o�QN��VX\XQ�ELU�NÕVPÕ�NDWRWGD�KLGURNVLO�L\RQXQD�oHYULOLU��.ORU�JD]Õ�DQRWWD�ROXúXU�SURVHVLQ

LOHUOHPHVL�LoLQ�WHSHGHQ�DOÕQÕU��.RVWLN�VRGD�o|]HOWLVL�YH�KLGURMHQ�JD]Õ�GR÷UXGDQ�NDWRWGD�ROXúXU�

KLGURMHQ�JD]Õ�NDWRW�RGDVÕQÕQ�WHSHVLQGHNL�oÕNÕúWDQ�DOÕQÕU��GL\DIUDP�2+
-
�L\RQODUÕQÕQ�JHUL

GLI�]OHQPHVLQL�D]DOWÕUNHQ���NDWRWGD�2+
-
�L\RQODUÕ�ROXúXU
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ùHNLO������'L\DIUDP�SURVHVLQLQ�DNÕP�úHPDVÕ�>��@

'L\DIUDP�J|]HQHNOHU�DUDVÕQGDQ�GL\DIUDP�ER\XQFD�GL÷HU�WDUDIWDNL�DQRWD�GR÷UX�\HWHUL�NDGDU�2+

\Õ÷ÕQ�DNÕúÕQÕ�VD÷ODPDN�LoLQ��HOHNWULN�DODQD�ED÷OÕ�RODUDN��EXQX�NDUúÕOD\DFDN�úHNLOGH�oDOÕúWÕUÕOÕU�

7LSLN�ELU�GL\DIUDP�K�FUH�RSHUDV\RQXQGD�VÕYÕ�DNÕú�KÕ]Õ�NDEDFD�KLGURNVLO�L\RQODUÕQQ�RUWDODPD

\HU�GH÷LúWLUPH�KÕ]ODUÕQGDQ���NDGDU�ID]OD�ROPDOÕGÕU�NL��L\RQ�VÕ]GÕUPDVÕ�GHQLOHQ�JHUL\H�GR÷UX�\HU

GH÷LúWLUPH�|QOHQPLú�ROVXQ��+LGURNVLO�L\RQODUÕQÕQ�JHUL�GLI�]\RQX�GL\DIUDP�K�FUHOHULQGHNL�DNÕP

YHULPL�ND\ÕSODUÕQÕQ�DQD�QHGHQLQL�WHúNLO�HGHU�

2.2.2. Civa Prosesi

&LYD�SURVHVLQGH�FLYD��GR÷UX�DNÕP�VD÷OD\ÕFÕVÕQÕQ�ROGX÷X�\|QH�DúD÷Õ\D�GR÷UX�DNDU��+LGURMHQ�YH

VRG\XP�KLGURNVLW�NDWRWGD��UHWLOPH]�EXQXQ�\HULQH�VRG\XP��UHWLOLU�YH�FLYDGD�NDUÕúÕP�RODUDN

çözünür.

6ÕYÕ�NDUÕúÕP�HOHNWUROLWLN�K�FUHGHQ�D\UÕ�D\UÕúWÕUÕFÕ�GHQLOHQ�ELU�UHDNW|UH�WDúÕQÕU��.DUÕúÕP�EXUDGD

NDWDOL]|U�HúOL÷LQGH�VX\OD�WHSNLPH\H�JLUHU�VRG\XP�KLGURNVLW�YH�KLGURMHQ�JD]Õ�ROXúXU��$QRW�YH

FLYD�NDWRW�DUDVÕQGD�N�o�N�ELU�ERúOXN�YDUGÕU��(OHNWULN�DNÕPÕ�K�FUHGHQ�JHoHUNHQ�WX]OX�o|]HOWL\L

HOHNWURWODU�DUDVÕQGDNL�GDU�NÕVÕPGDQ�JHoHUNHQ�D\UÕúWÕUÕU��EX�WHSNLPH�VÕUDÕVQGD�DQRWGD�NORU�JD]Õ

(Cl2��NDWRWWDGD�PHWDOLN�VRG\XP��1D��DoÕ÷D�oÕNDU��VRG\XP�NDWRG�FLYDQÕQ�\�]H\LQGH�DoÕ÷D�oÕNDU

oÕNPD]�NDUÕúÕP�ROXúWXUXU�

Process Flow Scheme of the Diaphragm Process

+

Cl
-

Cl2 Na
+

Cl-
OH

-
H2 O

OH
-

H2

Evaporation

Salt SeparationBrine SaturationBrine Purification

-

NaCl H2 O

P1 P2>Cl2 H2

Anode Cathode

Diaphragm

Clean Brine

310g/l

Caustic Soda

50% NaOH

1% NaCl
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ùHNLO��������&LYD�SURVHVLQLQ�DNÕP�úHPDVÕ�>��@

.ORU�JD]Õ�YH�ER]XQPXú�WX]�o|]HOWLVL�K�FUH�GÕúÕQD�GR÷UX�DNDU�D\UÕ�D\UÕ�\D�GD�LNL�ID]ODÕ�NDUÕúÕP

úHNOLQGH�ELU�VRQUDNL�SURVHVH�JLGHU�

$oÕ÷DQ�oÕNDQ�HOHNWUROL]�WHSNLPHVL�

2Na
+
 + 2Cl

-
 + X Hg 2NaxHg + Cl2(g)

.DUÕúÕPÕQ�D\UÕúPD�WHSNLPHVL�LVH�DúD÷ÕGDNL�JLEL�YHULOLU�

2NaxHg + 2H2 O 2Na
+
 + 2OH

-
 + H2 (g) + X Hg

&LYD�K�FUHVL�SURVHVLQLQ�WHPHO�ND]DQFÕ�\�NVHN�VDIOÕNWD�VRG\XP�KLGURNVLW�o|]HOWLVL�ROXúPDVÕ

QHUHGH\VH�WDPDPHQ�NORU�]HKLUOHQPHVLQGHQ�PXDIWÕU�

2.2.3. Membran Prosesi

.DW\RQ�GH÷LúWLULFL�PHPEUDQODUÕQ�HWNLQOL÷LQLQ�JHOLúPHVL�GL÷HU�SURVHVL�GDKD�D]�|QHPOL�KDOH

JHWLUPLúWLU��0HPEUDQ�K�FUHVLQGHNL�IORUODQGÕUÕOPÕú�NDW\RQ�GH÷LúWLULFL�PHPEUDQODU�NXOODQÕOÕU�

'LDIUDPODUGDQ�IDUNOÕ�RODUDN�PHPEUDQODU�VX\XQ�KLGURGLQDPLN�DNÕúÕQÕ�HQJHOOHU�DQFDN�NDW\RQ

WUDQVIHULQH�NDW\RQODUÕQ�\HU�GH÷LúWLUPHVL�úHNOL\OH�L]LQ�YHULUOHU��9H�EX�úHNLOGH�NDWRW�YH�DQERW

Make-up Mercury

H2O

Anolyte

Dechlorination

Brine SaturationBrine Purification

-

Cl2

H2

Anode

Cathode

Clean Brine

310g/l

Caustic Soda

50% NaOH

0.006% NaCl

Depleted

Brine 270g/l

NaCl

Na-Amalgam

Graphite

Mercury

+

H2O



18

o|]HOWLOHULQLQ�QHUGH\VH�WDPDPHQ�ELUELULQGQH�D\UÕOPDVÕQÕ�VD÷ODUODU��%XQD�NDUúÕQ�ID]ODVÕ\OD

KDUHNHWOL�KLGURNVLO�L\RQODUÕQÕQ�PHPEUDQÕ�JHoPHVL�WDPDPHQ�|QOHQHPH]��<�NVHN�DONDOL

NRQVDQWUDV\RQGD�NDWRW�NÕVPÕ�2+
-
�GLI�]\RQXQD�VDOÕN�YHULU��DQRW�o|]HOWLVLQLQ�WDPSRQ�J|UHYL

J|UPHVLQH�NDWNÕGD�EXOXQXU�YH�KLSRNORULW�ROXúXPXQD�YH�DQRGLN�RNVLGDV\RQD�QHGHQ�ROXU��%X

HWNLOHUH�NORU�U�Q�RNVLMHQ�LoHUL÷L�LQFHOHQHUHN�DoÕNOÕN�JHWLULOHELOLU�

ùHNLO��������0HPEUDQ�SURVHVLQLQ�DNÕP�úHPDVÕ�>��@

0HPEUDQ�SURVHVLQGH�GR\XUXOPXú�WX]�o|]HOWLVL�DQRW�NÕVPÕQD�GR\XUXOXU���EXUDGD�HOHNWULN�DODQ

VRG\XP�L\RQODUÕQÕQ�PHPEUDQGDQ�NDWRW�WDUDIÕQD�JHoPHVLQH�QHGHQ�ROXUNHQ�YH�NDWRW�NÕVPÕ

LoLQGH�V�UHUOL�ELU�NRVWLN�VRGD�G|QJ�V��V|]�NRQXVX\NHQ��NORU�JD]Õ�DQRWGD�DoÕ÷D�oÕNDU���NDWRW

NÕVPÕQGD�LVH��NDWRWGD�VRG\XP�L\RQODUÕ\OD�Q�IX]�HGHUHN�NRVWLN�VRGD\Õ�WHúNLO�HGHQ�KLGURNVLO

L\RQODUÕQÕ�EÕUDNDUDN�KLGURMHQ�DoÕ÷D�oÕNDU� �.RVWLN�VRGD�WLSLN�RODUDN�������¶OLN�ELU

NRQVDQWUDV\RQD�o|]HOWLQLQ�LoHULGH�WHNUDU�VLUN�OH�ROPDVÕ\OD�JHOHUHN��EX�GH÷HUGH�K�FU\L�WHUNHGHU�

0HPEUDQ�NORU�L\RQODUÕQÕQ�DQRW�NÕVPÕQGDQ�NDWRW�NÕVPÕQD�GR÷UX\HU�GH÷LúWLUPHVLQL�VD÷ODU�

bununla beraber üretilen kostik soda çözeltisi diyafram hücre prosesindeki gibi tuz içermez.

7�NHQPLú�WX]�o|]HOWLVL�DQRW�NÕVPÕQGDQ�ERúDOWÕOÕU�YH�GH�WHNUDU�WX]�LOH�GR\XUXOXU��.RVWLN�VÕYÕ

NDWRWGD��UHWLOLUNHQ������NRQVDQWUDV\RQD�GHULúLNOHQPHVL�LoLQ��EXKDUODúWÕUPD�\DSÕOÕU�

+

H2 O

OH
-

H2

Anolyte

Dechlorination

Brine SaturationBrine Purification

-
Cl2 H2

Anode Cathode

Cl
-

Cl2

OH
-

Clean Brine

310g/l

Caustic Soda

50% NaOH

0.01% NaCl

H
+

Catholyte 33% NaOH

30% NaoH

Evaporation[Na(H2O)X]

Cl
-

Cation-Exchange Membrane

NaCl H2 O

Depleted

Brine 210g/l

Caustic Soda

33% NaOH

0.007% NaCl
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0HPEUDQ�SURVHVLQGH�WX]�o|]HOWLVLQLQ�\�NVHN�VDIOÕNWD�ROPDVÕ�NDWL�ELUúH\GLU�o�QN��PHPEUDQ

�VW�QGHNL�WX]ODUÕQ�o|NPHVLQH�GD\DOÕ�ER]XQPD�VDIVÕ]OÕNODUÕ�DNÕP�HWNLQOL÷LQL�D]DOWÕU�YH�GH�K�FUH

YROWDMÕQÕ�DUWWÕUÕU��0HPEUDQ�K�FUHOHUL�oRN�\�NVHN�VDIOÕNWD�NRVWLN�VRGD��UHWLPL�DYDQWDMÕQD

VDKLSWLU�YH�GL÷HU�SURVHVOHUH�QD]DUDQ�GDKD�D]�HOHNWULN�W�NHWLU�

0HPEUDQ�SURVHVLQLQ�GH]DYDQWDMODUÕ��UHWLOHQ�NRVWLN�VRGDQÕQ�GHULúLNOHQGLULOPHVL�LoLQ

EXKDUODúWÕUPD\D�LKWL\Do�GX\XOPDVÕ��ED]Õ�X\JXODPDODUGD��UHWLOHQ�NORU�JD]ÕQGDQ�RNVLMHQLQ

X]DNODúWÕUÕOPDVÕ�LoLQ�SURVHVH�LKWL\Do�GX\XOPDVÕ��%XQGDQ�EDúND�PHPEUDQ�K�FUH\H�JHOHQ�WX]

oRN�\�NVHN�VDIOÕNWD�ROPDOÕGÕU��EX�QHGHQOH�GH�HOHNWUROL]H�JHOPHGHQ�|QFH�HN�ELU�VDIODúWÕUPD

DúDPDVÕQGDQ�JHoPHOLGLU�

.ORU�DONDOL�SURVHVOHUL��UHWLOHQ�NORUXQ�YH�NRVWL÷LQ�NDOLWHVLQH��HNLSPDQD�YH�RSHUDV\RQ

PDOL\HWLQH�J|UH�NÕ\DVODQÕU��dHúLWOL�SURVHV�RSWLPL]DV\RQODUÕQD�YH�SURVHV�JHOLúLPLQH�ED÷OÕ�RODUDN

ED÷OÕ�RODUDN��PHPEUDQ�SURVHVLQLQ�HQHUML�W�NHWLPL�NORU�LoLQ������.:K�W¶GÕU�NL�EX�FLYD�YH

GL\DIUDP�SURVHVOHULQH�J|UH�oRN�GDKD�G�ú�NW�U��0HPEUDQ�SURVHVL�GL÷HU�SURVHVOHULQ�JHUHNWLUGL÷L

HQHUMLQLQ�����NDGDUÕQÕ�JHUHNWLULU�

*�Q�P�]GH�PHPEUDQ�SURVHVL�NORU�YH�VRG\XP�KLGURNVLW��UHLWPL�LOH�DGHWD�|]GHúOHúPLúWLU��7�P

\HQL�WHVLVOHU�EX�WHNQRORML\L�NXOODQÕU������¶GH�W�P�G�Q\D�NORU��UHWLPLQLQ����¶L�PHPEUDQ

SURVHVL�LOH�VD÷ODQÕU��'LDIUDP�SURVHV�NDSDVLWHVL��FLYD�K�FUH�NDSDVLWHVLQGH�D]DOPD�ROGX÷X�KDOGH�

VDELW�NDOÕU����SURVHVLQGH�oDOÕúPD�PDOL\HWOHUL�KHPHQ�KHPHQ�D\QÕGÕU��DQFDN�PHPEUDQ�SURVHVL

WX]XQ�VDIODúWÕUÕOPDVÕ�LoLQ�PHPEUDQÕQ�NDOVL\XP�PDJQH]\XP�JLEL�N�o�N�PLNWDUGDNL

VDIVÕ]OÕNODUD�NDUúÕ�KDVVDV�ROGX÷X�LoLQ��GDKD�\�NVHN�ELU�PDOL\HW�JHUHNWLULU��EXUDGD�V|]�NRQXVX

WX]ODUÕQ�VDIVÕ]OÕN�|Oo�G�����SSE¶GHQ�D]�ROPDOÕGÕU�

2.3 Oksijen Tüketen Gaz Difüzyon Elektrotlu Membran Prosesi

Oksijen tüketen gaz difüzyon elektrotuyla (GDE) membran prosesi membran prosesine

\|QHOLN�RODUND�LQFHOHQHQ�ELU�LOHUL�JHOLúPH\L�WHPVLO�HGHU��$QRW�WDUDIOÕ�WHSNLPH�VRQODQÕPÕ�D\QÕ

NDOÕU��EXQD�NDUúÕQ�NDWRW�WDUDIÕQGDNL�WHSNLPH�WDPDPHQ�WUDQVIHU�HGLOLU��ùLPGL\H�NDGDU�VXQXODQ

W�P�SURVHVOHU�VX�PROHN�O�QGHNL�KLGURMHQL�D]DOWÕU��%X�WHSNLPH�VÕUDVÕQGD�KLGURMHQ�NDWRWWD�\D�GD

NDUÕúÕP�D\UÕúWÕUÕFÕVÕQGD�D\UÕúWÕUÕOÕU�

2H2O + 2e¯ › 2 OH¯ + H2^   E° = - 0.83 V
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(OHNWUROL]�KLGURMHQ�SURVHVOHUL�oRN�\�NVHN�ELU�VDIOÕNWDGÕU���������DQFDN�EDVÕQoVÕ]GÕU��EX

QHGHQOH�HQG�VWUL\HO�NLP\D�LoLQ�GH÷HUL�NÕVÕWOÕGÕU��+LGURMHQ�LoLQ�G�Q\D�SD]DUÕ�GROXGXU��5XWLQ

HOHNWUROL]LQ����¶VL�KLGURMHQLQ�ÕVÕO�DPDoOD�HQHUML��UHWLPL�LoLQ�NXOODQÕOPDVÕGÕU�>��@�

D I S S O L V I N G  P O S I T I O N  A N D

CLEANING

Brine Cleaning – Brine Saturation

– Analyte Dechlorination Clean

Brine

ThinbrineCatalystEvaporationCati

on ExchangingMembrane Sodium

HydroxideAnode Reaction

Cathode Reaction

ùHNLO����� 2NVLMHQ�W�NHWHQ�JD]�GLI�]\RQ�HOHNWURWOX�PHPEUDQ�SURVHVLQLQ�oDOÕúPD

sistemi [30]

0HPEUDQ�SURVHVLQGH�*'(�LOH��HOHNWURW�NDWRW�E|OPHVLQL�LNL�NÕVPD�D\ÕUÕU��0HPEUDQÕ�NDUúÕOD\DQ

WDUDI�NDWRW�o|]HOWLVL\OH�GROXGXU��YH�NDWRW�E|OPHVL�DUDVÕQGDQ�HOHNWUROL]�K�FUHVLQH�RNVLMHQ�DNDU�

2NVLMHQ�DNÕPÕ�HOHNWURWOD�GLI�]�HGHU�YH�YH�RUDGD�NDWRW�o|]HOWLVLQGHNL�VX\OD�WHSNLPH\H�JLUHU�

D\QÕ�]DPDQGD�RNVLMHQ�JD]Õ��UHWLOLU�

2H2O + O2 + 4e¯ › 4OH¯ E° = +0,40 V

$oÕ÷D�oÕNDQ�2+�L\RQODUÕ�HOHNWURWWDQ�NDWRW�o|]HOWLVLQH�GR÷UX�JLUHUOHU��NDWRW�o|]HOWLVL�K�FUHGHQ

ERúDOWÕOÕU�YH�EXKDUODúWÕUÕOÕU��2NVLMHQ�W�NHWHQ�*'(�SURVHVLQGHQ�NDWRW�o|]HOWVLQLQ�LOHUL�SURVHVL�

KLGURMHQ�DoÕ÷D�oÕNDUDQ�PHPEUDQ�SURVHVLQH�NDUúÕOÕN�JHOLU�

6RQXo�RODUDN�K÷FUH�YROWDMÕ�WHRULN�RODUDN������9¶D�G�úHELOLU��+�FUH�JHULOLPLQGHNL�G�ú�ú����¶GHQ

��9¶D�NDGDU�ROXUVD�EX�WHNQLN�DoÕGDQ�IL]LEÕOGÕU�>��@��+LGURMHQ��UHLWPL\OH�LOJLOL�PRGHUQ

PHPEUDQ�SURVHVOHUL�\DNODúÕN�����9¶OXN�K�FUH�JHULOLPOHUL\OH���N$�P
2
�DNÕP�\R÷XQOX÷XQGD

JHUoHNOHúWLULOHELOLU����WRQ�NORU��UHWLPL�LoLQ�JHUHNOL�HQHUML�PLNWDUÕ������N:K¶WLU�>��@�
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ùHNLO������(QHUML�W�NHWLPL�DoÕVÕQGDQ�SURVHVOHULQ�NDUúÕODúWÕUÕOPDVÕ�>��@

� Energy consumption for evaporation and processing of sodium hydroxide

-     Energy consumption for production of 1 t of chlorine

2NVLMHQ�W�NHWHQ�*'(�SURVHVLQGH�EX�IDVLOLWH�WHNUDU�\DSÕODQGÕUÕOÕUVD�K�FUH�JHULOLPLQGH����¶GHQ��

9¶D�NDGDU�G�ú�ú�EHNOHQHELOLU��D\QÕ�DNÕP�\R÷XQOX÷X\OD�\DNODúÕN���9��%X�QHGHQOH���WRQ�NORU

�UHWLPL�LoLQ�K�FUH�JHULOLPL�YH�EXQD�ED÷OÕ�RODUDN�HQHUML�W�NHWLPL�����RUDQÕQGD�D]DODELOLU��hUHLWP

PLNWDUODUÕ�LoLQ�HQHUML�W�NHWLPL�R�]DPDQ�\DNODúÕN������N:K�ROXU�>��@��.DWRW�o|]HOWLVLQGH����

JHZ�VRG\XP�KLGURNVLWLQ�EXKDUODúPD�LoLQ�HQHUML�PDOL\HWOHUL��WRSODP�HQHUML�W�NHWLPLQGH�KHQ�]

ND\ÕGD�DOÕQPDPÕúWÕU�

(QHUML�PDOL\HOWHLUQGHNL�G�ú�ú�NRQYDQVL\RQHO�PHPEUDQ�SURVHOHULQH�J|UH�\DNODúÕN�����YH

GL\DIUDP�\D�GD�DPDOJDP�SURVHVOHULQH�J|UH�GH�����RODUDN�WHNQLN�DoÕGDQ�IL]LEÕOGÕU�>��@���

JHOHQHNVHO�SURVHVH�NDUúÕ�EX�\�NVHN�DYDQWDMÕQ�\DQÕQGD�RNVLMHQ�W�NHWHQ�JD]�GLI�]\RQ�HOHNWURWODUÕ

\DQÕQGD�PHPEUDQ�SURVHVOHULQLQ�GH�DYDQWDMODUÕ�YDUGÕU�

ø\RQ�GH÷LúWLULFL�PHPEUDQÕQ�LOHWNHQOL÷L�NDOÕFÕ�VHoLFLOL÷LQ�DUWPDVÕ\OD�G�úHU��'DKD�G�ú�N

LOHWNHQOLN�GDKD�\�NVHN�ELU�RKPLN�GLUHQo�YH�PHPEUDQGD�GDKD�ID]OD�YROWDM�G�ú�ú��GHPHNWLU��%X

L\RQ�GH÷LúWLULFL�PHPEUDQÕQ�LNL�\�]O��\DSÕVÕQÕQ�QHGHQLGLU��V�OIRQLN�DVLW�JUXSODUÕ\OD�ILOP

WDEDNDVÕ�DQFDN�ELU�HOHNWUROLW�JHoLUJHQOL÷LQGH�RODELOLU��L\RQ�GH÷LúWLULFL�\�]H\�LoLQ�NDUERNVLOOL�DVLW
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JUXSODUÕ\OD�ELUOLNWH�PHNDQLN�WDúÕ\ÕFÕ�J|UHYL�J|U�U��%X�ILOP�NDWPDQ�L\RQ�GH÷úWLULFL�PHPEUDQÕQ

gerçek fonksiyonunu üstlenir. [32]

2.4   Gaz Difüzyon Elektrotu

�������*D]�'LI�]\RQ�(OHNWURGXQXQ�)RQNVL\RQHOOL÷L

2NVLMHQ�W�NHWHQ�JD]�GLI�]\RQ�HOHNWURWX�PRGHOL���DQD�DGÕPGD�WRSODQDELOLU��ELULQFLVL�RNVLMHQ�JD]

RGDVÕQGDQ�J|]HQHNOL�HOHNWURWD�GLI�]�HGHU��RUDGD�NDWDOL]|UH�DGVRUEODQÕU�YH�HOHNWUROLWOH

UHDNVL\RQD�JHWLULOLU��7HSNLPHQLQ��U�QOHUL�HOHNWUROLW�DUDVÕQGDQ�HOHNWURWX�WHUN�HGHU��(OHNWURWWDNL

WHSNLPH��VDGHFH���ID]OÕ�E|OJHGH�JHUoHNOHúHELOLU��%X�E|OJH�NDWDOL]|U�Q��NDWÕ��RNVLMHQLQ��JD]��YH

HOHNWUROLWLQ��VÕYÕ��ELUDUDGD�ROGX÷X�\HUGLU��ùHNLO�����GD���ID]OÕ�E|OJH�J|VWHULOPLúWLU�

(OHNWURWWD�E�\�N�ELU���ID]OÕ�E|OJH�ROXúWXUDELOPHN�LoLQ�HOHNWURWXQ�KHP�KLGURILOLN�KHP�GH

KLGURIRELN�NDUDNWHUGH�ROPDVÕ�ELU�úDUWWÕU��'L÷HU�WDUDIWDQ�J|]HQHNOHUL�ELUDUDGD�WXWDLEOPHN�LoLQ

HOHNWUROLW LQ�NDSLOHU�NXYYHWOHULQH�PDUX]�NDOPDPDOÕGÕU� �$QFDN�RNVLMHQLQ�HOHNWURWXQ

J|]HQHNOHULQH�Q�IX]�HWPH�|]HOL÷L�\RNWXU��YH�RUD\D�GDKD�ID]OD�WUDQVIHU�HGLOHPH]��EX�DQGDQ

HOHNWURW�ER÷XOXU��'L÷HU�WDUDIWDQ�GD�K�FUH�LoLQGHNL�JD]�EDVÕQFÕ�oRN�\�NVHN�ROPDPDOÕGÕU��(÷HU

RNVLMHQ�HOHNWUROLW�LoLQGHNL�HOHNWURW�DUDVÕQGDQ�IRNXUGDWÕOÕUVD��(OHNWRUWXQ�J|]HQHNOHUL�DUDVÕQGD

DGVRUEH�HGLOPLú�RNVLMHQ�PROHN�OOHUL\OH�WHSNLPH\H�JLUHFHN�HOHNWUROLW�GDKD�ID]OD�EXOXQDPD]��

ùHNLO����� *'1¶QLQ�SRUODUÕQGDNL���ID]OÕ�E|OJH�>��@

Electrode, Electrolyte, Three-Phase Zone, Catalyst
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������*D]�'LI�]\RQ�(OHNWURGXQXQ�<DSÕVÕ

2NVLMHQLQ�LQGLUJHQPHVL�DONDOL�RUWDPODUGD�LNL�D\UÕ�PHNDQL]PD\OD�\HU�DODELOLU���.DWDOL]|UGHNL

DGVRUSVL\RQ�NDWLGLU��(÷HU�DGVRUSVL\RQ�RNVLMHQ�PROHN�O�Q�Q�ELU�XFXQGDNL�DNWLI�PHUNH]GH��0�

JHUoHNOHúPLúVH� �NDODQ�2�2�ED÷Õ�HWNLOHQPH\HFHNWLU � �%X�DGVRUSVL\RQ�PHNDQL]PDVÕ

PHNDQL]PDVÕ�SHURVLW�DUD��U�Q�Q�Q�ROXúXPXQX�NROD\ODúWÕUÕU��KDOEXNL�VWDELO�2�2�ED÷ODUÕ

QHWLFHGH�DoÕOPDPÕú�ELoLPGH�NDOÕU��%LU�\D�GD�LNL�DNWLI�NDWDOL]|U�PHUNH]OL��RODQ�DGVRUSVL\RQ

GXUXPXQGD�NDODQ�2�2�ED÷ODUÕ�YDUOÕ÷ÕQÕ�V�UG�U�U��%X�DGVRUSVL\RQ�PHNDQL]PDVÕ�RNVLMHQLQ

SHURNVLW�DUD�DGÕPÕ�ROPDNVÕ]ÕQ�GR÷UXGDQ�LQGLUJHQPHVLQL�NROD\ODúWÕUÕU�

ùHNLO������� $EVRUEVL\RQXQ�P�PN�Q�RODQ�PHNDQL]PDVÕ�>��@

7HSNLPHQLQ�HúLWOL÷L�RNVLMHQLQ�DONDOL�RUWDPGD�SHURNVLW�DUD�DGÕPÕ�LOH�GROD\OÕ�RODUDN�LQGLUJHQPHVL

DúD÷ÕGDNL�JLEL�JHUoHNOHúLU�

O2 + H2O + 2e¯ › HO 2¯+ OH¯ E° = - 0,08 V

HO2¯ + H2O + 2e¯ › 3OH¯ E° = + 0,88 V

2NVLMHQLQ�DONDOL�RUWDPGD�SHURNVLW�DUD�DGÕPÕ�ROPDNVÕ]ÕQ�LQGLUJHQPHVL�DúD÷ÕGD�YHULOGL÷L�JLELGLU�

 O2 + 2H2O + 4e¯ › 4OH¯ E° = + 0,40 V

$GVRUSVL\RQ�PHNDQL]PDVÕQÕ�W�U��X\JXODQDQ�NDWDOL]|U�Q�PDO]HPHVLQH�YH�S+�KÕ]ÕQD�ED÷OÕGÕU�

$ONDOL�RUWDGD�RNVLMHQLQ�SODWLQ�JUXEX�PHWDOOHU�YH�J�P�úOH�WHSNLPHVL�DQFDN�J|U�O�U�

5HG�NVL\RQ�D÷ÕUOÕNOÕ�RODUDN�DOWÕQ��JUDILW�YH�NDUERQ�PDO]HPHOHULQLQ�oR÷XQGD�J|U�O�U��&LYD�LOH

GH�GROD\OÕ�ELU�úHNLOGH�SHURNVLW�DUD�EDVDPD÷Õ\OD�DQFDN�JHUoHNOHúLU�>��@�

2NVLMHQLQ�GR÷UXGDQ�LQGLUJHQPHVL�HQHUML\H�X\XOPDN�VXUHWL\OH�GROD\OÕ�LQGLUJHQPH\H�NÕ\DVOD

GDKD�X\JXQGXU��%X�QHGHQOH�J�P�ú�YH�J�P�ú�RNVLW�RNVLMHQ�W�NHWHQ�JD]�HOHNWURWODUÕQGD
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NDWDOL]|U�RODUDNNXOODQÕOÕU��6WDELOL]DV\RQ�DPDFÕ�YH�HOHNWURW�LoHULVLQGHNL�DNÕP�GD÷ÕWÕPÕ�LoLQ

J�P�ú�\D�GD�J�P�úOH�NDSODQPÕú�QLNHOGHQ�ELU�WHO�\DSÕ�NXOODQÕOÕU��*D]�GLI�]\RQ�HOHNWRUWODUÕQÕQ

KLGURIRELN�NDUDNWHULVWL÷L��NXWXSVDO�JUXSODUÕ�ROPD\DQ�VHQWHWLNOHULQ�\DUGÕPÕ\OD�DoÕ÷D�oÕNDUÕOÕU�

%X�NRQXGD�|]HOOLNOH�GR\XUXOPXú�SHUIOXRUR�SROLPHUOHU�37)(�WDYVL\H�HGLOLU�>��@�

ùHNLO������ Gas difüzyon elektrottan bir kesit [30]

Stream Collector, PTFE – Particles, Catalyst – Particles

*|]HQHNOL�HOHNWURWODUÕQ��UHWLPLQGH�\D�HOHNWURWWDQ�D\UÕOÕUODU��VLIORQ�HOHNWURWXQGD�ROGX÷X�JLEL

LVRSURSDQRO�\D�GD�HOHNWURWWD�NDOÕUODU�|UQH÷LQ�2[�$J�HOHNWURWXQGDNL�DNWLI�NDUERQ�JLEL��2�]DPDQ

DNWLI�NDUERQ�KHP�V|]NRQXVX�IRQNVL\RQX�KHP�GH�HOHNWURNDWDOLWLN�NDUDNWHULVWL÷L��]HULQH�DOÕU��EX

GD�RQX�J�P�ú�\D�GD�J�P�ú�RNVLGH�NDUúÕ�UHNDEHWWH�GDKD�NXYYHWOL�NÕODU�

%X�QHGHQOH�HOHNWURGXQ�KLGURILOLN�NDUDNWHULVWL÷L�DNWLI�NDUERQXQ�SD\ODúÕPÕ\OD�DUWDU�

(OHNWURWODUGD�DNWLI�NDUERQ�ROPDNVÕ]ÕQ�NDWDOL]|U�VHQWHWLNOHU�RUDQÕ������¶GÕU��D\QÕ�NRúXOGD�EX

RUDQ�N�WOHFH�\R÷XQOXNWDNL�DúÕUÕ�IDUN�QHGHQL\OH������¶GXU�>��@��.DWDOL]|U�Q�EX�\�NVHO

KLGURIRELN�HWNL�SD\ODúÕPÕ�ROPD]VÕ]ÕQ��SRO\PHU�SROLPHU�oRN�J�oO��RODELOLU�YH�EX�QHGHQOH

NXOODQÕODPD\DELOLU��$NWLI�NDUERQ�HOHNWURWODUÕ�NDWDOL]|U�Q�SDKDOÕ�NXOODQÕPÕQÕ�D]DOWÕU�YH�E|\OHFH

GH��UHWLP�PDOL\HWLQL�G�ú�U�U�

$NWLI�NDUERQOD�HOHNWURWODU�HOHNWUROL]�RSHUDV\RQX�VÕUDVÕQGD�KDVVDV�ELU�úHNLOGH�WHSNLPH\H

JLUHUOHU��(OHNWURQ�DNÕúÕ�ROPDNVÕ]ÕQ�SHURNVLWOHU�DGVRUEHQWWH�NDOÕUODU��EX�GXUXP�HOHNWURGXQ

NRUR]\RQX\OD�VRQXoODQÕU��$NWLI�NDUERQ�NHQGLQL�WHPL]OHU�YH�HOHNWURWXQ�|]HOOLNOHUL�D]DODQ

hidrofilik özellik nedeniyle geriler.
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ùHNLO������� Aktif karbonlu GDE’den bir kesit [30]

Stream Collector, Carbon – Particles, PTFE – Particles, Catalyst – Particles

*'(¶GH�V|]�NRQXVX�HOHNWUROL]�WHSNLPHOHUL�LoLQ�HQHUML�JLULúL�DoÕVÕQGDQ�E�\�N�PLNWDUGD�ELU

G�ú�ú�J|]OHQLU�

.ORU�DONDOL�HOHNWUROL]L�YH�NORU��UHWLPL�WHSNLPHOHUL�DúD÷ÕGDNL�JLELGLU�

Anotta:

2 Cl
-   › Cl2 + 2 e

-     
E0 = + 1,36 V

$QRWOD�D\QÕ�úHNLOGH�NDWRWWD�GD�KLGURMHQ�DUD��U�Q�RODUDN�oÕNDU�

4 H2O + 4 e
-  › 2 H2 + 4 OH

-   
E0 = - 0,83 V

.DWRGLN�KLGURMHQ��UHWLPL�QRUPDO�HOHNWURW�\HULQH��*'(�YH�WHSNLPH�RUWD÷Õ�RODUDN�RNVLMHQ

NXOODQÕODUDN�HQJHOOHQLU�

2 H2O + O2 + 4 e
-    › 4 OH

-
E0 = + 0,40 V

2NVLMHQLQ�LQGLUJHQPHOHUL�NDUúÕODúWÕUÕOGÕ÷ÕQGD��KLGURMHQ��UHWLPL�VRQXFX�DoÕ÷D�oÕNDQ�\�NVHN�DúÕUÕ

potansiyelin bir sonucu olarak apolar oksijen katodu pratikte 1.0 V’luk enerji tasarrufuna

RODQDN�VD÷ODU��%X�úHNLO�����¶WH�J|VWHULOPLúWLU�



26

ùHNLO�������� K l o r - a l k a l i  e l e k r o l i z d e  G D E ’ l i  v e  G D E ’ s i z  d u r u m l a r d a k i  h ü c r e

potansiyelleri [28]

Chlor-Alkali-Elektolyse : Chlor-alkali electrolysis

Anode : Anode, Sauerstoffverzehrkathode: Oxygen-depolarized-cathode

Kathode : Cathode, Spannung : Voltage , Stromdichte: Current density
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3.  Elektrot Potansiyellerinin Analizi

(OHNWURW�SRWDQVL\HOL��HOHNWURWOD�HOHNWUROLW�DUDVÕQGDNL�DUD\�]GHNL�SRWDQVL\HO�IDUNÕGÕU��<DUÕ

K�FUHQLQ�HOHNWURW�SRWDQVL\HOL��V|]�NRQXVX�HOHPHQW�o|]HOWL�L\RQODUÕ\OD�WHPDV�KDOLQGH\NHQ

HOHNWURQODUÕQÕ�ND\EHWWL÷LQGH�|Oo�OHQ�GH÷HUGLU��d|]HOWL\H�ELU�PHWDO�GDOGÕUÕOGÕ÷ÕQGD��\�]H\LQGHNL

GHQJH�DúD÷ÕGDNL�JLEL�NXUXOXU�

MneM n ��� (3.1)

dR÷X�VLVWHP�RGD�VÕFDNOÕ÷ÕQGD�GHQJH\H�oDEXN�JHOLU��JHUL�NDODQ�VLVWHPOHUGH�LVH�EX�\DYDú

VH\UHGHU��'HQH\VHO�K�FUHGHNL�JLEL�RSHUDV\RQ�IRQNVL\RQXQGDNL�o|]HOWL�L\RQODUÕ\OD�ELUOLNWH�

GHQJHGHNL�JD]ODUÕ�LoHUHQ�JD]�HOHNWURWODUÕQ�GHQJH�ED÷ÕQWÕODUÕ�DúD÷ÕGDNL�JLELGLU�

�

�

��

��

CleCl

eHH

22
1

22
1

%XQODU�JD]�L\RQODUÕQÕQ�EXOXQGX÷X�o|]HOWL\H�EDWÕUÕODQ�LQHUW�HOHNWURW�\�]H\L��]HULQGH�JD]ÕQ

IRNXUGDPDVÕQÕ�JHUHNWLULU��(OHNWURW�\�]H\LQGH�DGVRUSODQDQ�JD]ODU�o|]HOWL�LoLQGHNL�L\RQODUOD

GHQJH\H�JHOLU�YH�HOHNWURGXQ�GHQJH�SRWDQVL\HOL�NDUDNWHULVWL÷LQH�X\XP�VD÷ODPDVÕQD�QHGHQ�ROXU�

+LGURMHQ�HOHNWURWXQGD�J|U�O�U�NL�RNVLGH�ROPXú�\DSÕ�o|]HOWLGHGLU��NORU�HOHNWURGX�LoLQ�RNVLGH

RODQ�\DSÕ�\�]H\GH�DGVRUSODQÕU��>�@

Metal 1
W.E

Metal 2
R.ESolution

I

I
1

'

I
�

'

mI 2

mI 1

s
I

E

X

G V

Interphases

ùHNLO����� 3RWDQVL\HO�IDUNÕ�YH�HOHNWURW�SRWDQV\HOL�>��@

iI'  �PHWDO�L�LOH�DUD\�]H\�DUDVÕQGDNL�SRWDQVL\HO�IDUN

miI'  = metal i’nin potansiyeli

G � �VDELW�ID]ÕQ�NDOÕQOÕ÷Õ

V � �GLI�]\RQ�ID]ÕQÕQ�NDOÕQOÕ÷Õ
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<XNDUÕGD�WDQÕPODQDQ�HOHNWURWODU�\DUÕ�K�FUH�RODUDN�ELOLQHQ�\DSÕ\Õ�ROXúWXUXUODU��7DP�ELU

HOHNWURNLP\DVDO�K�FUH\L�ROXúWXUDELOPHN�LoLQ�LNL�D\UÕ�HOHNWURGXQ�ELUDUD\D�JHWLULOPHVL

JHUHNPHNWHGLU��6WDQGDUW�oHYUH�NRúXOODUÕQGD��VÕFDNOÕN����.�YH�JD]ODU�LoLQ���EDU��|Oo�OHQ

elektrot potansiyeli, standart elektrot potansiyelidir, Eo. Elektrot potansiyeli türlerin

DNWLYLWHVLQH�ED÷OÕGÕU�

ùHNLO�����V|]�NRQXVX�HOHNWURWODUÕQ��oDOÕúPD�YH�UHIHUDQV�HOHNWURWODUÕ��KLoELU�D\JÕWOD�|Oo�P�

\DSÕODPD\DQ�DUD\�]H\OH�LOLQWLOL�RODUDN� sm
i

i IMI � ' �SRWDQVL\HO�IDUNÕQÕ�J|VWHULU��øNL�HOHNWURW

DUDVÕQGDNL�SRWDQVL\HO�IDUNÕ�
21 II '�' E  miktarla ölçülebilir.

7HN�ELU�HOHNWURWXQ�SRWDQVL\HOLQL�|OoPHN�P�PN�Q�GH÷LOGLU��EX�\�]GHQ�LNL�HOHNWURWXQ

ROXúWXUGX÷X�VLVWHPGHNL�SRWDQVL\HO�IDUNÕ�|Oo�O�U��9ROWDPHWUH�\D�GD�HOHNWURPHWUH�JLEL�KHUKDQJL

ELU�SRWDQVL\HO�|Oo�P�D\JÕWÕ�LNL�PHWDOLN�E|OPH\H�VDKLSWLU��EX�E|OPHOHU�SRWDQVL\HO�IDUNÕQÕQ

|Oo�OG�÷��LNL�QRNWD\D�ED÷ODQPDOÕGÕU��%LU�E|OPH�oDOÕúPD�HOHNWURGXQD�ED÷ODQÕUNHQ��GL÷HU�NÕVÕP

NHVLQOLNOH�SRWDQVL\HOL�VDELW�YH�WHNUDUODQDELOLU�RODQ�UHIHUDQV�HOHNWURGXQD�ED÷ODQPDOÕGÕU�>��@��%X

QHGHQOH�EX�|Oo�P�HQ�D]ÕQGDQ�LNL�HOHNWURW�SRWDQVL\HOL�LoHULU�

%X�|Oo�P��GHQH\VHO�RODUDN�\DSPDN�EDVLW�ROVD�ELOH��EX�VRQXFXQ�\RUXPODQPDVÕ��IDUNOÕ�ELOHúHQ

NRQVDQWUDV\RQODUÕQGDNL�o|]HOWL��K�FUH�LoLQGH�DNÕP�DNDUNHQ�PXNDYHPHWOL�,5�G�ú�úOHUL�YH�DNÕP

JHoLúL�LOH�DoÕ÷D�oÕNDQ�NLP\DVDO�GH÷LúLPOHULQ�QHGHQ�ROGX÷X�HOHNWURW�SRODUL]DV\RQODUÕ�QHGHQL\OH

NDUPDúÕN�RODELOLU�

3.1. Hücre Gerilimi

(OHNWURNLP\DVDO�K�FUHQLQ�HOHNWURWODUÕQÕQ�SRWDQVL\HOL�GHQJH�SRWDQVL\HOOHUL�NDGDU�DúÕUÕ

SRWDQVL\HOOHU�YH�RKPLN�SRWDQVL\HO�G�ú�úOHULQL�GH�LoHULU��%X�úHNLO����¶GH�J|U�OG�÷��JLEL�IDUNOÕ

parçalara bölünebilir.
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Anode Cathode

membrane

Anolyte

Catholyte

Cell Voltge

E A

IR
membrane

E C

IR
Catholyte

IR
anolyte

' U
2
,A

AK6

CK6

' U
2
,C

' U 1,C

'U
1
,A

'U
1
,A,memb

'U
2
,A,memb

'U
2
,C,memb

'U
1
,C,memb

U
Cathode

U
Anode

' U
ohm,Anolyte

' U
ohm,Catholyte

' U
ohm,memb

ùHNLO������� (OHNWURNLP\DVDO�K�FUHGHNL�JHULOLPLQ�ELOHúHQOHUL

ùHNLO����¶GH�J|VWHULOGL÷L�JLEL��,5�G�ú�ú��EHOLUWLOHQ�QHGHQOHUGHQ�ND\QDNODQÕU��PHPEUDQGD�

katotda, anotta, anot çözeltisi ve anot ara yüzeylerinde, anot ve membranda, katot çözeltisi ve

katotda, katotda ve membranda

ùHNLO����¶GH

EC = Denge katodik potansiyeli

Ea = Denge anodik potansiyeli

ǻ82,F� ��.DWRW�\DSÕVÕQGDNL�RKPLN�ND\ÕSODU

ǻ82,$� ��$QRW�\DSÕVÕQGDNL�RKPLN�ND\ÕSODU

ǻ81,F� ��.DWRW�o|]HOWLVL�YH�NDWRW�DUDVÕQGDNL�DUD\�]H\GHNL�RKPLN�ND\ÕSODU

ǻ81,$� ��$QRW�o|]HOWLVL�YH�DQRW�DUD\�]H\LQGHNL�RKPLN�ND\ÕSODU

ȈȘc� �.DWRWGDNL�DúÕUÕ�SRWDQVL\HOL

ȈȘA� �$QRWWDNL�DúÕUÕ�SRWDQVL\HO

ǻ82,�F��PHPE� �.DWRW�WDUDIÕQGDNL�PHPEUDQGDNL�GLUHQo�ND\ÕSODUÕ



30

ǻ82,�$��PHPE� �$QRW�WDUDIÕQGD�PHPEUDQGD�GLUHQo�ND\ÕSODUÕ

ǻ81,�F��PHPE� �.DWRW�o|]HOWLVL�YH�PHPEUDQ�DUD\�]H\LQGHNL�GLUHQo�ND\ÕSODUÕ

ǻ81,�$��PHPE� �$QRW�o|]HOWLVL�YH�PHPEUDQ�DUD\�]H\LQGHNL�GLUHQo�ND\ÕSODUÕ

IRi� �0HPEUDQ�DQRW�o|]HOWLVL�YH�NDWRW�o|]HOWLVLQGHNL�GLUHQo�ND\ÕSODUÕ

(OHNWURNLP\DVDO�K�FUHQLQ�WRSODP�K�FUH�SRWDQVL\HOL�DúD÷ÕGDNL�HúLWOLNOH�YHULOLU�

IRUU CAvCellCell ¦��� KK.Re
(3.2)

Burada

CellU  ��+�FUH�YROWDMÕ��9�

.Re vCellU � �7HUVLQLU�K�FUH�YROWDMÕ��9�

AK � �$QRGLN�DúÕUÕ�SRWDQVL\HO��9�

CK � �.DWRGLN�DúÕUÕ�SRWDQVL\HO��9�

IR¦  �7RSODP�GLUHQo�ND\EÕ���9�

3.1.1. Tersinir Hücre Potansiyeli

7HUVLQLU�K�FUH�SRWDQVL\HOL�LNL�HOHNWURW�UHDNVL\RQODUÕQÕQ�GHQJH�SRWDQVL\HOOHULQLQ�IDUNÕQD�HúLWWLU

YH���PRO�PDGGHQLQ�WHSNLPHVLQLQ�VHUEHVW�HQHUMLVLQLQ�HOHNWULNVHO�RODUDN�HúGH÷HULQH�NDUúÕOÕN

gelir.

FnUG

QUWG

evCell

vCellElec

uu '

u  '

Re

Re.

F

Q
ne  

G'  = Tepkimenin serbest enerjisi

Q  = Elektriksel yük (C)

F  = Faraday sabiti 96487 (A.s/mol)

en � �(OHNWURQ�QXPDUDVÕ

7HUVLQLU�K�FUH�SRWDQVL\HOL�LoLQGHQ�DNÕP�DNPD]NHQ�HOHNWURNLP\DVDO�K�FUHQLQ�E|OPHOHUL

DUDVÕQGDNL�SRWDQVL\HO�\D�GD�YROWDM�IDUNÕGÕU��7HUVLQLU�K�FUH�SRWDQVL\HOL�K�FUHGHNL�ID]�VÕQÕUODUÕ�\D

GD�DUD\�]H\OHUGH�HOHNWURQ�\D�GD�L\RQ�\�NOHULQLQ�\HU�GH÷LúWLUPHVL�LOH�DoÕ÷D�oÕNDQ�HOHNWULNVHO
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SRWDQVL\HO�IDUNODUÕQ�WRSODPÕGÕU��+HUELU�SRWDQVL\HO�IDUNÕQ�E�\�NO�÷��WHPDV�KDOLQGH�RODQ�LNL

ID]ÕQ�NLP\DVDO�\DSÕVÕ\OD�DODNDOÕGÕU��7HUVLQLU�K�FUH�YROWDMÕ�����ED÷ÕQWÕVÕ\OD�IRUP�OL]H�HGLOLU�

CathodeAnodevCell UUU � .Re
(3.3)

ADACtrAnodeAnode EU .. KK �� x (3.4)

CDCCtrCathodeCathode EU .. KK �� x (3.5)

+HUELU�DQRW�YH�NDWRW�SRWDQVL\HOOHUL�����YH�����ED÷ÕQWÕODUÕ\OD�YHULOHQ�GHQJH�SRWDQVL\HOOHUL�YH

DúÕUÕ�SRWDQVL\HOOHULQ�WRSODPÕQD�HúLWWLU��.DWRW�YH�DQRWXQ�VWDQGDUW�GHQJH�SRWDQVL\HOOHUL�VÕUDVÕ\OD��

0.83 ve 1.37 V’tur.

Burada,

AnodeU  = Anot potansiyeli (V)

CathodeU  = Katot potansiyeli (V)

o
AnodeE  = Anodik denge potansiyeli (V)

o
CathodeE  = Katodik denge potansiyeli (V)

ACtr .K � �$QRGLN�\�N�WUDQVIHU�DúÕUÕ�SRWDQVL\HOL��9�

Cctr .K � �.DWRGLN�\�N�WUDQVIHU�DúÕUÕ�SRWDQVL\HOL��9�

AD ,K � �'LI�]\RQD�ED÷OÕ�DQRGLN�DúÕUÕ�SRWDQVL\HOL��9�

CD ,K � �'LI�]\RQD�ED÷OÕ�NDWRGLN�DúÕUÕ�SRWDQVL\HOL��9�

��������$úÕUÕ�3RWDQVL\HOOHU

(OHNWURNLP\DVDO�K�FUHGH�YROWDMÕQ�DUWPDVÕ�HOHNWURWODUGDNL�DúÕUÕ�SRWDQVL\HOOHU�QHGHQL\OH�DoÕ÷D

oÕNDU��$úÕUÕ�SRWDQVL\HOOHU�HOHNWURGXQ�HOHNWURW�YH�GHQJH�SRWDQVL\HOOHUL�DUDVÕQGDNL�IDUND�HúLWWLU�

6|]�NRQXVX�WHSNLPHQLQ�JHUoHNOHúHELOPHVL�LoLQ�EX�EX�DúÕUÕ�SRWDQVL\HOOHULQ�DúÕOPDVÕ�ELU

PHFEXUL\HWWLU��$úÕUÕ�SRWDQVL\HO�DQRW�LoLQ�SR]LWLI�NDWRW�LoLQ�QHJDWLIWLU��+�FUHGHNL�oDOÕúPD\Õ

DQODPDN�YH�NÕVÕWOD\DQ�IDNW|UOHULQ�SHUIRUPDQVÕQÕ�EHOLUOH\HELOPHN�LoLQ��ELUELULQGHQ�IDUNOÕ�DúÕUÕ

SRWDQVL\HO�oHúLWOHULQLQ�VDSWDQPDVÕ�JHUHNPHNWHGLU��%X�NÕVÕWOD\ÕFÕ�HWNHQOHU�HOHNWURW�NLQHWL÷LQL�

GLUHQo�ND\ÕSODUÕQÕ�YH�WDúÕQÕP�NÕVÕWODPDODUÕQÕ�LoHULU�>��@����oHúLW�DúÕUÕ�SRWDQVL\HO�YDUGÕU�YH

EXQODU�DúD÷ÕGDNL�DOW�E|O�POHUGH�DoÕNODQDFDNWÕU�
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����������$NWLYDV\RQ�$úÕUÕ�3RWDQVL\HOL

(÷HU�HOHNWURQ�\D�GD�L\RQODUÕQ�HOHNWURW�HOHNWUROLW�DUD\�]H\L�\D�GD�HOHNWURNLP\DVDO�oLIW

NDWPDQGDQ�WUDQVIHUL�HQ�\DYDú�DGÕP�LVH��R�]DPDQ�R�DúDPDGDNL�WHSNLPHQLQ�DúÕUÕ�SRWDQVL\HOL

DNWLYDV\RQ�DúÕUÕ�SRWDQVL\HOL��\�N�WUDQVIHUL�DúÕUÕ�SRWDQVL\HOL��RODUDN�DGODQGÕUÕOÕU��(÷HU�V|]

NRQXVX�WHSNLPH�X\JXQ�ELU�KÕ]GD�LOHUOL\RUVD�YH�HWNLQ�PLNWDUGD��U�Q�DoÕ÷D�oÕNÕ\RUVD��R�]DPDQ

\DYDú�HOHNWURQ�WUDQVIHULQLQ�\�NVHN�DNWLYDV\RQ�HQHUMLVL�YDUGÕU��'HQJHGH�RODQ�GH÷HULQ��]HULQH

DúÕUÕ�SRWDQVL\HO�IRUPXQGDNL�X\JXODQDQ�SRWDQVL\HOGH�ND\GD�GH÷HU�PLNWDUGD�GH÷LúLPH�LKWL\Do

YDUGÕU��%X�WDQÕP�SURVHVWHNL�\DYDú�DGÕPÕQ��\�NVHN�DNWLYDV\RQ�HQHUMLVL�EDUL\HULQL�JHoPH

PHFEXUL\HWL�ROGX÷X�LoLQ�HOHNWURQ�WUDIQJHUL�ROGX÷XQX�YXUJXODU�

Anodik ve katodik aktivasyon kontrolünün matematiksel olarak ifadesi:
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oa exp (3.6)
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TR
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oc

1
exp (3.7)

(÷HU�EX�LNL�HúLWOL÷L�ELUOHúWLULUVHN��HOHNWURNLP\DVDO�WHSNLPHOHU�LoLQ�WRSODP�SRODUL]DV\RQ�H÷ULVLQL

HOGH�HWPLú�ROXUX]�
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 K
E

K
E

TR

Fv

TR

Fv
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1
expexp (3.8)

Burada,

ea vu ED

Ve

� � ec vu� ED 1

aD � �$QRW�\�N�WUDQVIHU�NDWVD\ÕVÕ

cD � �.DWRW�\�N�WUDQVIHU�NDWVD\ÕVÕ

ai  �$QRW�DNÕP�\R÷XQOX÷X��$�P
2
)

ci  �.DWRW�DNÕP�\R÷XQOX÷X��$�P
2
)

oi � �$NÕP�\R÷XQOX÷X�GH÷LúLPL��$�P
2
)

E  = Simetri faktörü



33

ev  �5HDNVL\RQGD�\HU�DODQ�HOHNWURQODUÕQ�VD\ÕVÕ����

R  = Evrensel gaz sabiti 8.314 (VAs/Kmol)

T � �VÕFDNOÕN��.�

K � �<�N�WUDQVIHUL�DúÕUÕ�SRWDQVL\HOL��9�

%X�HúLWOLN�VDOW�DQRW�\D�GD�NDWRW�WHSNLPHVL�LoLQ�X\JXODQÕU��DUNDGD�GHYDP�HGHQ�WHSNLPH\L�KHU

VDIKDGD�J|]�DUGÕ�HGHUHN��%D÷ÕQWÕ����¶GH�H÷HU�DúÕUÕ�SRWDQVL\HO�E�\�NVH��VWHO�WHULPOHUGHQ�ELUL

J|]�DUGÕ�HGLOLU��R�]DPDQ�7DIHO�HúLWOL÷L�DQRW�YH�NDWRW�WHSNLPHOHUL�LoLQ�W�UHWLOHELOLU�

io

C
at

h
o

d
ic

 c
u

rr
en

t d
en

si
ty

A
n

o
d

ic
 c

u
rr

en
t 

d
en

si
ty

jc

ja

Eeq

K-+K

ùHNLO���� (OHNWURW�DúÕUÕ�JHULOLPLPLQ�K �NDWRGLN�YH�DQRGLN�ELOHúHQOHULQLQ�DNÕP�RODUDN

fonksiyonu [10]

%X�GH÷LúHQ�DNÕP�\R÷XQOX÷XQX�Lo�WDQÕPOD\DQ�%XWOHU�9ROPHU�ED÷ÕQWÕVÕGÕU��%X�GH÷LúHQ�DNÕP

\R÷XQOX÷X��HOHNWURW�\�]H\LQLQ�KHU�VDQWLPHWUH�NDUHVLQGHQ�WUDQIHU�HGLOHQ�HOHNWURQODUÕQ�PRO

PLNWDUÕ�LOH�GR÷UX�RUDQWÕOÕGÕU�YH�HOHNWURW�WHSNLPH�KÕ]ÕQÕQ�|Oo�W�G�U��>��@

i
F

TR
i

F

TR

a

o

a

log3.2log3.2 ¸̧
¹

·
¨̈
©

§
u
u�¸̧

¹

·
¨̈
©

§
u
u� 

DD
K (3.9)

Veya daha sade bir biçimde;

K
D

¸
¹
·

¨
©
§

uu
u

� 
TR

F
ii a

o 3.2
loglog (3.10)

log i = log oi ��>���Į���]�)�������57�@��_Ș_�����������������D��
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%X�ED÷ÕQWÕ�JHQHO�RODUDN�úHNLO����¶WH�J|VWHULOGL÷L�JLEL��DNWLYDV\RQ�NRQWURO��WHSNLPHOHULQGH

SRODUL]DV\RQ�H÷ULOHULQLQ�oL]LOPHVL�LoLQ�NXOODQÕOÕU�

ùHNLO����¶WHQ�J|U�OHFH÷L�JLEL�_Ș_� ���D�NDUúÕOÕN��JUDIL÷LQ�[�NHVLPL��DNÕP�\R÷XQOX÷X�GH÷LúLPL

GH÷HULQL�Lo�YHULU��H÷LPLQ�WHUVL�GH�7DIHO�H÷LPLQL��E��YHULU�

���E� �G_Ș_���G�ORJL

���E� �������57������Į��]�)��� (3.11)

$NÕP�\R÷XQOX÷X�GH÷LúLPL�YH�7DIHO�H÷LPL�KHUKDQJL�ELU�HOHNWURW�WHSNLPHVL�LoLQ�VDELW�GH÷LOGLU�YH

HOHNWURW�PDO]HPHVL�LOH�HOHNWUROLW�ELOHúLPLQH�ED÷OÕGÕU�

ùHNLO������ <�N�WUDQVIHU�UHDNVL\RQX�LoLQ�7DIHO�JUDIL÷L�>��@

���������.RQVDQWUDV\RQ�$úÕUÕ�3RWDQVL\HOL

$QRWGD�DoÕ÷DQ�oÕNDQ�RNVLGDV\RQ�SRWDQVL\HOL�

)(2)(2 2 solClesolCl �o ��

Bu tepkimede reaktan Cl
-
�DQRW�\�]H\LQGH�W�NHWLOLU�YH�o|]HOWL�\Õ÷ÕQÕQGD�\HQLOHQPHN

]RUXQGDGÕU��%X�\HQLOHQPH�DQL�YH�WDPDPHQ�ROPDGÕNoD��\�]H\�YH�\Õ÷ÕQ�NRQVDQWUDV\RQODUÕ

DUDVÕQGD��\Õ÷ÕQGD�GDKD�ID]OD�&O
-
�NRQVDQWUDV\RQX�RODFDN�úHNLOGH��ELU�X\XPVX]OXN�DoÕ÷D�oÕNDU

s

Cl
c �  < b

Cl
c �
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%HQ]HU�úHNLOGH�HOHNWURWWD�ROXúDQ�&O2�HWUDIÕ�VDUDQ�o|]HOWLGHQ�X]DNODúWÕUÕOPDOÕGÕU��H÷HU�EX

X]DNODúWÕUPD������HWNLQ�LVH��NDUúÕW�HúLWVL]OLN�ROXúXU�

s
Clc

2
 > b

Clc
2

Burada,

s
speciesc � �$QRW��]HULQGHNL�W�UOHULQ�NRQVDQWUDV\RQODUÕ

b
speciesc � �d|]HOWL�\Õ÷ÕQÕQGDNL�W�UOHULQ�NRQVDQWUDV\RQODUÕ

%X�HúLWVL]OLNOHU�QHGHQL\OH�NRQVDQWUDV\RQ�DúÕUÕ�SRWDQVL\HOL�YDUROXU��%X�HúLWVL]OLNOHULQ�X]DQWÕVÕ
SURVHVOHULQ�\DSÕVÕQD�YH�&O

-
 ile Cl2¶QLQ�HOHNWURQ�\�]H\LQH�\�]H\LQGHQ�WDúÕQÕPÕQÕQ�HWNLQOL÷LQH

ED÷OÕGÕU��>��@

7�P�SURVHV�úHNLO����¶WH�J|VWHULOPHNWHGLU�

Transport

Transport

Working
electrode

2e

Cl-

Cl2Cl2

Cl-

ùHNLO����� $QRW�\�]H\LQGHNL�RNVLGDV\RQ�UHDNVL\RQXQXQ�PHNDQL]PDVÕ�>��@

$NWLYDV\RQ�DúÕUÕ�SRWDQVL\HOL�YDU�LVH��NRQVDQWUDVR\Q�SRODUL]DV\RQX�LOH�ELUOLNWH�DúD÷ÕGDNL�HúLWOLN
NXOODQÕOÕU�

� � � � � �
»
»
¼

º

«
«
¬

ª

¿
¾
½

¯
®
­��

¿
¾
½

¯
®
­ � 

�

�

�

�
KDKD

DD

RT

nF

c

c

RT

nF

c

c
cck

nF

i
b
Cl

s
Cl

b

Cl

s

Clb
Cl

b

Cl

o exp1exp
2

2

2

1
(3.12)

%X�HúLWOLNWH�Ș�KHU�LNL�DOÕUÕ�SRWDQVL\HOLQ�ELUOHúLN�HWNLVLQL�WHPVLO�HGHU��\�N�WUDQVIHUL�YH�GLI�]\RQ��

Burada,

n � �7UDQIHU�HGLOHQ�HOHNWURWODUÕQ�QR¶VX

D  �.DWRGLN�\�N�WUDQVIHUL�NDWVD\ÕVÕ

'L÷HU�WDUDIWDQ�NRQVDQWUDV\RQ�DúÕUÕ�SRWDQVL\HOL�WHN�SRODUL]DV\RQ�LVH�1HUQVW�HúLWOL÷L�NXOODQÕOÕU�
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s
Cl

s

Clo

c

c

nF

RT
EE

2

ln
�

� (3.13)

%D÷ÕQWÕ�X\JXODQGÕ÷ÕQGD�\�]H\�NRQVDQWUDV\RQODUÕ�\Õ÷ÕQ�GH÷HUOHULQL�DOÕU�YH�SRWDQVL\HO�1HUQVW
ED÷ÕQWÕVÕQGD�YHULOGL÷L�JLEL�VÕIÕU�GH÷HULQL�DOÕU�

b
Cl

b

Clo
N

c

c

nF

RT
EE

2

ln
�

� (3.14)

6RQ�LNL�ED÷ÕQWÕQÕQ�ELUELULQGHQ�oÕNDUÕOPDVÕ�NRQVDQWUDV\RQ�SRODUL]DV\RQXQXQ�WHPHO�HúLWOL÷LQL
verir;

°¿

°
¾
½

°̄
°
®
­

 
�

�

b
Cl

s

Cl

s
Cl

b

Cl
Conc

cc

cc

nF

RT

2

2lnK (3.15)

%X�WHPHO�ED÷ÕQWÕ�VDGHFH�DNWLYDV\RQ�DúÕUÕ�SRWDQVL\HOLQLQ�\RNOX÷XQGD�X\JXODQÕU�

Burada,

E  = Elektrot potansiyeli

oE = Standart elektrot potansiyeli

NE  = Dengedeki elektrot potansiyeli

�����������7DúÕQÕP�<�]H\�0RGHOL�<DNODúÕPÕ

%X�\DNODúÕPGD�HOHNWURW�\�]H\LQGHQ�o|]HOWL �\Õ÷ÕQÕQD�GR÷UX�RODQ�DNÕúWD�DoÕ÷D�oÕNDQ

NRQVDQWUDV\RQ�GH÷LúLPOHUL�|QOHQLU��%LU�|UQHN�ROPD\DQ�NRQVDQWUDV\RQODU��NRQVDQWUDV\RQ

SURILOOHULQLQ�GR÷UXVDO�ROGX÷X��NRQVDQWUDV\RQXQ�X]DNOÕ÷D�NDUúÕ�JUDIL÷L��VDELW�NDOÕQOÕNWDNL�ELU

yüzeyle į�VÕQÕUODQÕU�

+HUELU�HOHNWURDNWLI�W�U�\�]H\�ER\XQFD�WDúÕQÕPÕ�HVQDVÕQGD��EX�\�]H\LQ�XoODUÕ�DUDVÕQGDNL

NRQVDQWUDV\RQ�IDUNÕ� bs cc � � L O H �R UDQ W Õ O Õ � E L U � K Õ ] O D �KD UHNH W � HGH U � �2NV LGDV\RQ �K Õ ] Õ

222 CleCl �o �� �NORU�JD]ÕQÕQ�HOHNWURGX�WHUN�HWWL÷L�YH�NORU�L\RQXQXQ�XODúPÕú�ROGX÷X�KÕ]D

HúLWWLU�

� � � �s

Cl

b

ClCl

b
Cl

s
ClClnet ccmccmr ��� � � 

222
(3.16)
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2UDQWÕ�VDELWOHUL�
2Clm  ve �Cl

m �WDúÕQÕP�NDWVD\ÕODUÕ�\D�GD�N�WOH�WUDQVIHU�VDELWOHUL�RODUDN�ELOLQLU�

netr � �(OHNWURW�SURVHVLQLQ�KÕ]ÕGÕU��PRO�P
-2

 s
-1

).

.

c

WE

xG

s

Cl
C �

b
ClC

2

s
ClC

2

b

Cl
C �

ùHNLO����� 7DúÕQÕP�\�]H\�PRGHOL�>��@

%X�HúLWOL÷LQ�WHPHO�HúLWOLNOH�ELUOHúWLULOPHVL�VRQXFXQGD�NRQVDQWUDV\RQ�SRODUL]DV\RQX�HúLWOL÷L

DoÕ÷D�oÕNDU�

°¿

°
¾
½

°̄
°
®
­

�

�
�

°¿

°
¾
½

°̄
°
®
­

 
��

��

IcnFAm

cnFAmI

nF

RT

cm

cm

nF

RT
b

ClCl

b
ClCl

b
ClCl

b

ClCl
conc

22

22

lnlnK (3.17)

%X�VRQXo�J|VWHULU�NL�DNÕP� b
RRcnFAm �µL�DúPD]�YH�EX�GH÷HUH�OLPLWL�RODUDN� f�oconcK �D\QÕ

biçimde �f oconcK �úHNOLQGH�\DNODúÕU�,�VDELW�RODQ� b
oocnFAm� ¶H�\DNODúÕU��%D÷ÕQWÕ�����¶GH

JHoHQ�YROWDPRJUDP�DúD÷ÕGD�J|VWHULOPLúWLU�YH�YROWDPHWULN�GDOJD�RODUDN�ELOLQHQ�ELU�úHNOL�YDUGÕU�

'DOJDQÕQ�LNL�G�]O�÷��YDUGÕU��(�\HWHUOL�úHNLOGH�SR]LWLI�ROGX÷XQGD�DQRGLN�NÕVÕWODPD�DNÕPÕ�YH

\�NVHN�QHJDWLI�DúÕUÕ�SRWDQVL\HOOHUGH�NDWRGLNNÕVÕWOD\ÕFÕ�DNÕP��<�]H\�WDúÕQÕP�PRGHOL�OLQHHU

NRQVDQWUDV\RQ�SURILOOHUL\OH�JHUoHN�KDOGHQ�ELUD]�X]DN�ROVD�GD��WDúÕQÕP�NDWVD\ÕODUÕ�PR  ve mo

GH÷HUOHQGLULOGL÷LQGH��NXOODQÕODQ�YROWDPRJUDPODUGDQ�WDKPLQOHU�\DSÕODELOLU�
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I

EEN

b

ClCl CnFAm �

b

ClCl CnFAm ��

ùHNLO����� 9ROWDPPRJUDP�HúLWOL÷L��������>��@

3.1.2.3 2KPLN�'LUHQo��,5�'�ú�ú��

2KPLN�GLUHQo�JHQHOOLNOH�HOHNWURWX�oHYUHOH\HQ�HOHNWUROLW�o|]HOWLVLQGHQ�DNÕP�JHoWL÷L�VÕUDGD�DúÕUÕ

SRWDQVL\HOLQ�\�NVHOPHVL�VRQXFX�DoÕ÷D�oÕNDU��%|\OH�o|]HOWLOHULQ�VÕQÕUVÕ]�LOHWNHQOL÷L�\RNWXU��YH

DNÕPD�NDUúÕ�GLUHQo�J|VWHULU��YH�EX�GD�oDOÕúPD�HOHNWURWODUÕ�DUDVÕQGD�,5�G�ú�ú�\OH�VRQXoODQÕU�

$NÕPÕQ�DNPDVÕ�LoLQ��L\RQODU�L\RQLN�ELU�LLOHWNHQGH�KDUHNHW�HWPHOL�YH�EX�L\RQODUÕQ�KDUHNHWL�LoLQ

elektrik alan gerekli.

2KPLN�DúÕUÕ�SRWDQVL\HOLQ�E�\�NO�÷��oDOÕúPD�YH�UHIHUDQV�HOHNWURWX�DUDVÕQGDNL�SRWDQVL\HO�IDUNÕ

ile bulunur.

refworkohm )�) K

Burada,

ohmK  �2KPLN�ND\ÕSODU

work) � �dDOÕúPD�HOHNWURWXQXQ�SRWDQVL\HOL

ref)  = Referans elektrotunun potansiyeli

refwork )�) �IDUNÕ�DUD\�]H\OH�VÕQÕUGDú�oDOÕúPD�HOHNWURGX��]HULQGHNL�ELU�QRNWD�LOH�D\QÕ�úHNLOGH

UHIHUDQV�HOHNWURWX��]HULQGHNL�ELU�QRNWD�DUDVÕQGDNL�SRWDQVL\HO�IDUNÕQÕ�YHULU�YH�RKPLN�GLUHQo

D\QÕ�]DPDQGD�EDVLW�ELU�úHNLOGH�RKP�NDQXQXQX�NXOODQDUDN�GD�J|VWHULOHELOLU�

solohm IR K
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Burada Rsol LNL��HOHNWURW�DUDVÕQGDNL�o|]HOWLQLQ�GLUHQFLGLU�YH�RKPLN�SRWDQVL\HOLQ�QHGHQ�VÕNoD�,5

G�ú�ú��RODUDN�JHoWL÷LQL�DoÕNODU�

2KPLN�G�ú�ú��UHIHUDQV�HOHNWURWXQ�o|]HOWLVLQL�oDOÕúPD�HOHNWURWXQXQNLQGHQ�NDSLOHU�ERUX

\HUOHúWLUHUHN�\DOÕWPDN�VXUHWL\OH��PLQLPL]H�HGLOLU��DoÕN�Xo�HOHNWURW�\�]H\LQH�EX�HOHNWURW

\�]H\LQGH�WHN�DODQ�NXYYHWLQH�X\DFDN�úHNLOGH�\DNÕQ�NRQXPD�JHWLULOLU��%LU�K�FUHGHNL�RKPLN

ND\ÕSODUÕQ�HQ�E�\�N�ND\QD÷Õ��HOHNWUROLW�D\ÕUÕFÕVÕ�RODUDN�GDYUDQDQ�NDW\RQ�GH÷LúWLULFL

PHPEUDQODUGÕU�

*HQHO�RUJDQLN�PHPEUDQ�PDWHU\DOOHULQLQ�LOHWNHQOL÷L�E�\�N�|Oo�GH�PHPEUDQÕQ�QHPOLOLN

GXUXPXQD�ED÷OÕGÕU��%X�QHGHQOH�RKPLN�ND\ÕSODUÕQ�|Oo�P��EL]H�VX\XQ�NRQWURO��KDNNÕQGD

|QHPOL�ELOJL�YHULU��6X�NRQWURO��DNÕP�\R÷XQOX÷X��K�FUH�VÕFDNOÕ÷Õ�JLEL�SDUDPHWUHOHUGHQ�HWNLOHQLU�

RKPLN�ND\ÕSODUÕQ�DUWÕúÕ��D\QÕ�]DPDQGD�PHPEUDQÕQ�VDIVÕ]OÕNODU�LOH�]HKLUOHQPHVLQH�ELU�LúDUHW�GH

RODELOLU��EX�VDIVÕ]OÕNODUD�|UQHN�RODUDN�K�FUHQLQ�PHWDOLN�SDUoDODUÕQÕQ�L\RQODUÕ�YHULOHELOLU�YH�EX

L\RQODU�PHPEUDQÕ�NLUOHWLU�YH�LOHWNHQOL÷LQL�D]DOWÕU��\DNÕW�SLOOHULQGH�ROGX÷X�JLEL��>��@�

0HPEUDQÕQ�]HKLUOHQPHVLQLQ��RKPLN�ND\ÕSODUGD�FLGGL�ELU�HWNLVL�YDUGÕU�

2KPLN�DúÕUÕ�SRWDQVL\HOLQ�GDKD�D]�UDVODQDQ�IRUPX��HOHNWURW�\�]H\LQGHNL�WHSNLPHGHNL�ROXúXP

QHGHQL\OH�PH\GDQD�JHOHQ�\DSÕúÕN�ILOP�WDEDNDGDQ�GROD\Õ�QLVSHWHQ�HOHNWULN�LOHWNHQOL÷LQLQ

G�úPHVLGLU��<�]H\�RNVLW�ILOPOHUL�EHQ]HU�ELU�GDYUDQÕú�J|VWHULU�NL��\�]OHUFH�YROWOXN�DúÕUÕ

SRWDQVL\HOROXúXPXQ�ELOH�QHGHQ�RODELOLUOHU��>��@

%LUoRN�HOHNWURNLP\DVDO�oDOÕúPDGD�RKPLN�DúÕUÕ�SRWDQVL\HO� ohmK  istenmeyen bir olgudur ve

GHQH\VHO�oDOÕúPDODUGD�PLQLPXPD�LQGLULOPH\H�oDOÕúÕOÕU���d|]HOWL�LOHWNHQOL÷L�DUWWÕUÕOÕU�YH�E|\OHFH

ohmK ��K�FUH�o|]HOWLVLQH�ID]ODGDQ�HOHNWUROLW�HNOH\HUHN�D]DOWÕOÕU��ø\RQ�VD÷OD\DQ�DQFDN�V|]�NRQXVX

L\RQODUÕ�HOHNWURW�WHSNLPHOHULQGH�\HU�DOPD\DQ�HOHNWUROLWOHUH�GHVWHNOH\LFL�HOHNWUROLW�GHQLU��>��@

6ÕNoD�ID]ODGDQ�LOHWNHQOLN�NDWNÕVÕ�VD÷OD\DQ�GHVWHNOH\LFL�HOHNWUROLWOHU��HOHNWURNLP\DVDO�K�FUHGHNL

o|]HOWL\H�HNOHQLU��EX�KXVXVXQ�ELUNDo�ID\GDOÕ�HWNLVL�YDUGÕU��EXQODUGDQ�ELUL�GH�RKPLN�ND\ÕSODUÕQ

PLQLPL]H�HGLOPHVLGLU��NORU�DONDOL�WHNQRORMLVLQGH�EX�\|QWHP�NXOODQÕOPD]�



40

3.2 Hücre Potansiyeli Analiz Yöntemleri

(OHNWRUNLP\DVDO�K�FUHGH�RKPLN�ND\ÕSODUÕ�|OoPHN�LoLQ�LNL�\|QWHP��DNÕP�NHVPH�\|QWHPL�YH�DF

empedans spektroskopisidir.

$NÕP�NHVPH�\|QWHPLQGH�HOHNWURW�SRWDQVL\HOLQLQ�RKPLN�NÕVPÕ��HOHNWURNLP\DVDO�ND\ÕSODUGDQ

�DúÕUÕ�SRWDQVL\HOOHU��D\UÕOÕU��EX�\|QWHP�DNÕP�NHVLOGL÷LQGH�RKPLN�ND\ÕSODUÕQ�HOHNWURNLP\DVDO

DúÕUÕ�SRWDQVL\HOOHUH�NÕ\DVOD�oRN�GDKD�KÕ]OÕ�ELU�úHNLOGH�ND\EROPDVÕ�DYDQWDMÕQD�GD\DQÕU�

(PSHGDQV�VSHNWURVNRSLVL�\|QWHPLQGH�LVH��oDOÕúÕODQ�VLVWHPLQ�DF�VLQ\DOOHULQH�WHSNLVL��Hú]DPDQOÕ

ID]�YH�JHQOLN�|Oo�POHUL�VLVWHPLQ�GHYUH�PRGHOLQH�\D�GD�NÕVPL�GLIHUDQVL\HO�ED÷ÕQWÕODUGD

EHOLUWLOGL÷L�JLEL�ELU�PRGHOH�NDUúÕOÕN�JHOHFHN�úHNLOGH�LQFHOHQLU��>��@

$NÕP�NHVPH�\|QWHPL�JHQHO�RODUDN�WHN�K�FUH�oDOÕúPDODUÕQGD�NXOODQÕOÕU��YH�EX�\|QWHP�\Õ÷ÕQ

KDOLQGHNL�\DNÕW�SLOOHULQGH�WRSODP�GLUHQo�ND\EÕQÕ�|OoPHN�LoLQ�GH�NXOODQÕOÕU�

������$NÕP�.HVPH�<|QWHPLQLQ�8\JXODQPDVÕ

$NÕP�NHVPH�\|QWHPLQLQ�WHPHO�SUHQVLEL�DNÕPÕ�NHVPHN�YH�VRQXoWDNL�YROWDM�GH÷LúLPLQL

L]OHPHNWLU��%X�\|QWHP�KHP�HOHNWURNLP\DVDO�K�FUHOHUGH�KHP�GH�\DNÕW�SLOOHULQGH�NXOODQÕODELOLU�

<DNÕW�SLOOHULQGH�HOHNWULNVHO�HQHUML�UHDNWDQODUÕQ�W�NHWLPL�LOH��UHWLOLU��HOHNWURNLP\DVDO�K�FUHOHUGH

ise elektrik enerjisi maliyetiyle kimyasal ürünler üretilir.

$NÕP�NHVLOGL÷LQGH�LNL�K�FUHQLQ�YHUGL÷L�H÷LPOHULQ�GDYUDQÕúODUÕ�ELUELULQH�NDUúÕW�ELoLPGHGLU�

<DNÕW�SLOLQGH�K�FUHGHNL�YROWDM�DNÕPNHVLPLQGHQ�VRQUD�\XNDUÕ�oÕNDUNHQ��HOHNWURNLP\DVDO

K�FUHGH�DúD÷Õ\D�LQHU��+HU�LNL�K�FUH�LoLQGH�DNÕP�NHVLPLQGHQ�VRQUD�YROWDM�GH÷LúLPLQLQ�DOPDVÕ

JHUHNHQ�LGHDO�GXUXP�úHNLO����¶GD�J|VWHULOPLúWLU�

2KPLN�GLUHQo�LOH�SRWDQVL\HO�ND\EÕ�QHUHGH\VH�KHPHQ�ROXU��KDOEXNL�HOHNWURNLP\DVDO�DúÕUÕ

SRWDQVL\HOLQ�D]DOÕPÕ�EXQD�NÕ\DVOD�GDKD�\DYDú�KÕ]GD�JHUoHNOHúLU��%X�QHGHQOH�RKPLN�ND\ÕSODU

DNÕP�NHVLPLQGH�KHPHQ�|QFH�YH�VRQUD�SRWDQVL\HO�IDUNÕQGDNL�GH÷LúLP�KHVDSODQDUDN�|Oo�O�U�

%|\OHFH�HPSHGDQV�VSHNWURVNRSLVLQH�NÕ\DVOD��DNÕP�NHVPH�\|QWHPLQLQ�GDKD�DoÕN�ELU�úHNLOGH

YHUL�LQFHOHPHVLQH�VDOÕN�YHUHQ�ELU�\|QWHP�ROGX÷X�V|\OHQHELOLU�
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ùHNLO����� (OHNWURNLP\DVDO �K�FUH �YH�\DNÕ W �SL O LQLQ �DNÕP�NHVL OPHVLQGHQ�VRQUDNL

NDUúÕODúWÕUÕOPDVÕ�>��@

3UDWLNWH�\DNÕW�SLOOHULQGHNL�YH�HOHNWURNLP\DVDO�K�FUHOHUGHNL�YROWDM�JHoLúOHUL�YROWDM�JHoLúOHUL�úHNLO

���¶GH�J|VWHULOGL÷L�JLEL�LGHDO�H÷ULOHUGH�EHOLUWLOGL÷L�JLEL�GH÷LOGLU��$NÕP�NHVLPLQGHQ�VRQUD��YROWDM

GH÷HUL�DúÕPÕ�JHUoHNOHúLU��EXQX�WDNLEHQ�GH�VDOÕQÕP�KHP�HOHNWURNLP\DVDO�K�FUHOHUGH�KHP�GH

\DNÕW�SLOOHULQGH�J|]OHQLU��$\QÕ�W�UGHQ�HWNLOHU�WHUVL�LúOHPGH�GH�DNÕP�WHNUDU�J|QGHULOGL÷LQGH

\DNÕW�SLOOHULQGH�J|]OHQLU��%X�HWNLOHU��GHYUH�VLVWHPL�DNÕPÕQÕQ�HQG�NWDQVÕ�ND\QDNOÕ�VRQXoODUGÕU�

%X�QHGHQOH�GHYUHGHNL�DNÕP�\�N��DUWWÕUÕOGÕ÷ÕQGD��\XNDUÕGD�EHOLUWWL÷LPL]�V|]�NRQXVX�HWNLOHU

daha da kötüye gider. Endüktansla ilintili etkilere ek olarak, elde edilen datalar ölçüm

D\JÕWODUÕ�ND\QDNOÕ�LVWHQPH\HQ�HWNLOHU�GH�LoHULUOHU�

ùHNLO����¶GD�QHW�ELU�úHNLOGH�EHOLUWLOGL÷L�JLEL�DNÕPNHVLPLQGHQ�VRQUD�HOHNWURNLP\DVDO�K�FUHGH

E�\�N�ELU�GH÷HU�DúÕPÕ�ROXU��3DUD]LWWHQ�VRQUD�GDOJDODQPD�GD�ROXU��EX�QHGHQOH�RUWDODPD

RWXUWXODQ�oL]JL�LOH��úHNLOGHNL�NDOÕQ�oL]JL��ROD\Õ�GDKD�L\L�ELU�úHNLOGH�DQODPDN�P�PN�Q

olabilir.[16]

.D\ÕW�HGLOHQ�YROWDM�JHoLúOHULQGHNL��LGHDO�ROPD\DQ�YH�NRUNXODQ�EX�HWNLOHU�QHGHQL\OH�HOGH�HGLOHQ

YHULOHUGHQ�GLUHQo�ND\ÕEÕQÕ�EHOLUOHPHN�EL]L�G�ú�QPH\H�LWPHOLGLU��$SDoÕN�ELU�úHNLOGH�EHOLUWLUVHN

\|QWHP�GLUHQo�ND\EÕQÕ��YROWDM�GH÷HUOHULQL�NHVLPGHQ�KHPHQ�|QFH�YH�NÕVD�ELU�V�UH�VRQUD�ND\ÕW

HWPHN�YH�EX�GH÷HUOHULQ�IDUNÕQÕ�DOPDNWÕU��%X�GXUXPGD��úHNLO������PHWRGXQ�NHVLQ�VRQXo

YHUPHVL��DNÕP�NHVLPL�YH�YROWDM�|Oo�P��DUDVÕQGDNL�JHFLNPH\L�D\DUODPD\D�ED÷OÕGÕU��>��@
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ùHNLO����� $NÕP�NHV L OPHV LQGHQ � VRQUD � H O HN W URN LP\DVD O �K�F UHGHN L � H O HN W U LNVH O

GH÷LúLP>��@

(÷HU�,5�VHUEHVW�YROWDMÕ�úHNLO����¶GDNL�JLEL�D�QRNWDVÕQGD�|Oo�O�UVH��RNXPD�GH÷HU�DWÕPÕ�YH

NHVLPGHQ�KHPHQ�VRQUD�JHUoHNOHúHQ�VDOÕQÕP�QHGHQL\OH�EL]L�\DQOÕú�ELU�GH÷HUOHQGLUPH\H�WDúÕU�

'L÷HU�WDUDIWDQ�EX�|Oo�P��E�QRNWDVÕQGD�\DSDUVDN�GLUHQo�ND\EÕQÕ�VLVWHPHWLN�ELU�úHNLOGH

ROGX÷XQGDQ�ID]OD�WDKPLQ�HWPLú�ROXUX]��o�QN��ED]Õ�HOHNWURNLP\DVDO�SRWDQVL\HO�ER]XQPDODUÕ�R

QRNWDGD�oRNWDQ�EDúODPÕú�ROXU��\DQL�WDKPLQ�HGLOHQ�,5�G�ú�ú��V|]�NRQXVX�QRNWDGD��\�N�WUDQVIHUL

DúÕUÕ�SRWDQVL\HOLQLQ�ED]Õ�NÕVÕPODUÕQÕ�GD�úHNLO����¶GDQ�J|U�OHELOHFH÷L�JLEL�LoHULU���%X�QHGHQOH

VRQXoODUÕQ�NHVLQOHúWLULOPHVL��\�NVHOHQ�YROWDM�H÷ULVLQL��DNÕP�NHVLPLQGHQ�VRQUDNL�H÷UL��NHVLPLQ

JHUoHNOHúWL÷L�QRNWD\D�GR÷UX�JHUL�X]DWPD\OD�VD÷ODQDELOLU�

gOo�POHULQ�DQDOL]OHULQGH�X\JXQ�PHWRGODUÕ�VHoHELOPHN�LoLQ��HVDV�KXVXV�HQ�\DYDú�YH�HQ�KÕ]OÕ

HOHNWULNVHO�SURVHVOHU�LoLQ�KÕ]�NHVWLULPLQGH�EXOXQPDNWÕU��'LUHQo�ND\ÕSODUGDNL�ER]XQPD�LoLQ�KÕ]

WDKPLQL��K�FUHGHNL�L\RQLN�YH�HOHNWURQLN�LOHWNHQOHULQ�GLHOHNWULN�ER]XQPD�]DPDQODUÕQÕ

G�ú�QHUHN�JHUoHNOHúWLULOLU��>��@
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���$NÕP�.HVLPL�gOo�P��.DUDNWHUL]DV\RQX

����'HQH\H�<|QHOLN�2ODUDN�.RQXQXQ�%LOLPVHO�YH�7HNQLN�.ÕVPÕ

*'(¶QLQ�NDOLWHVL�LoLQ�DQODPOÕ�|Oo�W��WHUPRGLQDPLN�YH�DúÕUÕ�SRWDQVL\HOGHQ�JHOHQ�GHQJH

SRWDQVL\HOL�LOH�ROXúWXUXODQ�HOHNWURGXQ�SRWDQVL\HOLGLU��dDOÕúPDPÕ]GD�HOHNWURWODUÕQ�YH�SURVHV

JHOLúLPLQLQ�DPDFÕ��ÕVÕ�DoÕ÷D�oÕNPDVÕ\OD�GDKD�ID]OD�HQHUML�NXOODQÕPÕQD�QHGHQ�RODQ�DúÕUÕ

SRWDQVL\HOL�P�PN�Q�ROGX÷XQFD�G�ú�N�WXWPDN�YH�GH�DúÕUÕ�SRWDQVL\HO�DUWPDVÕQÕ��RSHUDV\RQ

VÕUDVÕQGDNL�*'(�NXOODQÕP�V�UHVLQL�P�PN�Q�ROGX÷XQFD�DUWWÕUPDNWÕU��<DSÕQÕQ�YH�X]XQ�YDGHOL

LúOH\HQ�ELU�*'(¶QLQ��K�FUH�LQúDDVÕ�JLEL�EDúDUÕOÕ�ELU�úHNLOGH�RSWLPL]H�HGLOPHVL��ELUELULQGHQ�D\UÕ

DúÕUÕ�SRWDQVL\HO�NÕVÕPODUÕ�KDNNÕQGD�ELOJL�LOH�P�PN�QGLU��%X�úHNLOGH�V|]�NRQXVX�*'(

NDUDNWHULVWL÷L�YH�\DSÕ�GHWD\ODUÕ��DPDFD�X\JXQ�RODUDN�JHOLúWLULOHELOLU�

$úÕUÕ�SRWDQVL\HOOHULQ�DQDOL]L�D\QÕ�]DPDQGD�EX�oDOÕúPDQÕQ�GD�DPDFÕGÕU��7H]LQ�LOHUOH\HQ

NÕVÕPODUÕQGD��|QFHGHQ�J|U�OP�ú�RODQ�JDOYDQRVWDWLN�DNÕP�NHVLP�|Oo�P��WHNQL÷LQGHQ�|]HOOLNOH

GDKD�E�\�N�HOHNWURNLP\DVDO�K�FUHOHU�LoLQ�QHOHU�EHNOHQHELOHFH÷L�DoÕNODQDELOHFHNWLU�

%LU�\|QWHP�|]HO�RODUDN�\DNÕW�SLOOHULQLQ�JHOLúLPLQGH��OLWHUDW�UGH�GH�JHQHO�RODUDN�X\JXODQÕ\RU

ROGX÷XQGDQ�EDKVHGLOGL÷L�JLEL��HOHNWURNLP\DVDO�HPSHGDQV�VSHNWURVNRSLVLGLU��|U����������%X

VHEHSOH�HOHNWURW��EXUDGD�*'(���SRWDQVL\HOLQ��GDKD�G�ú�N�PLNWDUGD�YH�GH÷LúLN�IUHNDQVODUGDNL

\�NOHUOH�D\DUODQGÕ÷Õ��SRWDQVL\RVWDWLN�WHPHOOL�RODUDN�oDOÕúWÕUÕOÕU��3RWDQVL\HOLQ�ELU�IRQNVL\RQX

RODQ�DNÕP�YH�IUHNDQVD�ED÷OÕ�RODUDN�DNÕP�YH�SRWDQVL\HOGHNL�ID]�GH÷LúLPOHUL��PDWHPDWLNVHO

GH÷HUOHQGLUPH\H�ED÷OÕ�RODUDN�LVWHQHQ�ELOJL\L�EL]H�VD÷ODU�

2WRPDWLN�D\JÕWODU�YDVÕWDVÕ\OD��EX�\|QWHP�NROD\OÕNOD�NRQWURO�HGLOHELOLU��3RWDQVL\RVWDW�\XNDUÕGD

EHOLUWLOGL÷L�JLEL��WHVW�HGLOPLú�JHQLú�IUHNDQV�DODQÕQGD�YHULOHQ�SRWDQVL\HO�SURVHVL��|Oo�P�D\JÕWÕ

SRWDQVL\HOLQL�YH�DNÕPÕ�D\QÕ�DQGD��KDWDVÕ]�YH�ID]ODGDQ�JHOHQ�ID]�GH÷LúLPL\OH��GR÷UX�ELU�úHNLOGH

RNX\DELOPHOLGLU��%X�D\JÕWODU�QLVSHWHQ�SDKDOÕGÕU��|]HOOLNOH�GH�SLORW�WHVLV�ER\XWODUÕQGD��\�NVHN

DNÕP�JHUHNWLUHQ�ELU�WHVW�K�FUHVL�LoLQ��(÷HU�D\JÕWODUÕQ�LGHDO�GDYUDQÕúWDQ�VDSPDVÕ��E|\OHFH�VXQL

\DQOÕú�VRQXoODUD�\|QHOLP�|V]�NRQXVX�ROXUVD��\DQOÕú�VRQXoODUÕQ�WHKOLNHVL�G�ú�Q�OHELOLU�

(OYHULúVL]�ELU�GXUXPGD��EX�VRQXoODU�D\ÕUW�HGLOHPH\HELOLU��EX�QHGHQOH�VRUXQXQ�QHGHQL�*'(�LoLQ

\DQOÕú�RODUDN�|QHULOHELOLU�

.DUúÕW�RODUDN��V|]�NRQXVX�oDOÕúPDGDNL�JDOYDQRVWDWLN�DNÕP�NHVPH�|Oo�P�QGH�WHN�ELU�DNÕP

NHVLPL�JHUHNPHNWHGLU��EX�J�Q�P�]GHNL�NXOODQÕODQ�HOHNWURQLN�D\JÕWODUOD�GD��E�\�N�DNÕPODUGD



44

HWNLQ�ELU�úHNLOGH�oDOÕúÕU��%X�G�]HQOHPH�DoÕVÕQGDQ�NÕ\DV�HGLOGL÷LQGH�|QHPOL�|Oo�GH�GDKD�EDVLW

YH�GDKD�J�YHQLOLU�YH�ID]OD�NDUÕúPD�ROPDNVÕ]ÕQ�VRQXo�YHUHQ�SRWDQVL\HOLQ�|Oo�OPHVL\OH�VD÷ODQÕU�

$\QÕ�]DPDQGD�HPSHGDQV�VSHFWURVNRSLVLQGH�ROGX÷X�JLEL��NDUúÕODúWÕUÕODELOLU�YHUL�GH�HOGH

HGLOHELOLU��DQFDN�D\JÕWODUD�\|QHOLN�KDUFDPDODU�ROGXNoD�D]DOWÕOPÕúWÕU��3UHQVLS�RODUDN�J�QFHO

\|QWHPOHU����VHQH�|QFH�oRNWDQ�JHOLúWLULOPLúWL��EX�PHWRGODU�|QHPOL�úHNLOGH�EDVLW�YH�EXJ�QN�

NXOODQÕODQ�HOHNWURQLN�D\JÕWODUOD�oRN�GDKD�ID]OD�HWNLQ�ELU�úHNLOGH�NXOODQÕODELOL\RUGX�

*DOYDQRVWDWLN�DNÕP�NHVPH�|Oo�P���RKP�SRWDQVL\HO�G�ú�ú�Q��GL÷HU�DúÕUÕ�SRWDQVL\HOOHUGHQ

D\ÕUPDN�LoLQ��L\L�ELU�úHNLOGH�GHQHQPLú�RODQ�HQ�EDVLW�\|QWHPGLU��gOo�P�SUHQVLEL��RWRPDWLN�,5

NDUúÕODPDOÕ�HOHNWURQLN�|Oo�P�D\JÕWODUÕQGD�GD��/XJJLQ�NDSLOHU�ERUXVX\OD�HOHNWURWODU�DUDVÕQGDNL

YROWDM�G�ú�ú�Q��\RN�HWPHN�LoLQ�X\JXODQDELOLU��|U��>��@���*�Q�P�]GH�JDOYDQRVWDWLN�DNÕP

NHVPH�|Oo�P�\|QWHPL��\DNÕW�SLOOHULQLQ�JHOLúWLULOPHVLQGH��HPSHGDQV�VSHNWURVNRSLVLQLQ�RKP

SRWDQVL\HO�G�ú�úOHULQLQ�WHVSLWWH�GDKD�D]�JHFLNPH\OH�oDOÕúWÕ÷Õ�KDNLNDWLQH�\|QHOLN�RODUDN�

LODYHWHQ�NXOODQÕOÕU��>��@

%DúODQJÕoWD�JDOYDQRVWDWLN�DNÕP�NHVPH�|Oo�P�\|QWHPL\OH��*'(¶OHUL�PXD\HQHVLQGH�ELOJL

WRSODPDN�P�PN�QG���'DKD�VRQUDODUÕ�EX�\|QWHP�EDúDUÕOÕ�ELU�úHNLOGH�.DWÕ�3ROLPHU�(OHNWUROLW

7HNQRORMLVL¶QGH��63(��SUHQVLS�RODUDN�3URWRQ�*HoLUJHQ�0HPEUDQOÕ�<DNÕW�3LOOHULQH�3(0)&�

NDUúÕOÕN�JHOLU��WX]�HNOHPHVL�ROPDGDQ�VXOX�ROPD\DQ�RUWDPGD��HOHNWUR�RUJDQLN�VHQWH]OHU�LoLQ

NXOODQÕOGÕ��%XUDGD�RNXQDQ�K�FUH�SRWDQVL\HOL�NÕVÕPODUÕ��NHVLPGHQ�VRQUDNL�ROXúXP�VÕUDODUÕQD

göre ve gözenekli ya da gözeneksiz anot yüzeyindeki  birikmelere, küçük miktarlarda eklenen

V�OILULN�DVLW�YDVÕWDVÕ\OD�JHUL\H�oHNLOHELOLU�YH�PLQLPL]H�HGLOHELOLU�>�����@��.XOODQÕPGD�RODQ�YH

\�NVHN�GLUHQo�J|VWHUHQ��/XJJLQ�NÕOFDN�ERUXODUÕ\OD�X\JXODQDQ�1DILRQ�PHPEUDQODUÕQD�NDUúÕQ�

HWNLQ�ELU�úHNLOGH�oDOÕúDQ�|OoPH�WHNQRORMLVL�NXUXODELOLU�



45

ùHNLO����� *'(¶GH�ELU�SRU�LoLQGHNL�PH\GDQD�JHOHQ�ROD\ODUÕQ�úHPDWLN�J|VWHULPL [23].

Elektrokimyasal tepkime ½ O2 + H2O + 2 e¯ › 2 OH¯ ancak 3 fazl Õ�E|OJHGH�ROXúDELOLU��$NWLI

NDWDOL]|U�NÕVÕPODUÕ��WHSNLPHQLQ�JHUoHNOHúPHVL�LoLQ�HOHNWURQ�VD÷ODPDN�DPDFÕ\OD��DNÕP

WRSOD\ÕFÕ\D�X\JXQ�ELW�HOHNWULNVHO�ED÷ODQWÕ�LOH�NDWÕ�ID]GD�ROPDOÕGÕU��*'(¶OHUGH�\DNÕW�SLOOHUL�LoLQ

HOHNWULN�LOHWLP�NDWDOL]|U�PDGGHVL�RODUDN�NDUERQ�VL\DKÕ�NXOODQÕOÕU��RNVLMHQ�W�NHWHQ�NDWRWODU�NORU�

DONDOL�HOHNWUROL]L�LoLQ�GR÷UXGDQ�NDWDOL]|U�RODUDN�GDYUDQDQ�J�P�ú��DNOD�JHOLU��|U�������%XQGDQ

EDúND�JD]�ID]ÕQD�YH�HOHNWUROLW�ID]D�L\L�\DSÕOPÕú�ED÷ODQWÕ�JHUHNOLGLU��%HOLUWLOHQ�NRúXOODUÕ

NDUúÕODPD\DQ�NDWDOL]|U�WDQHFLNOHUL�DNWLI�GH÷LOGLU�

'XUD÷DQ�HOHNWUROL]�RSHUDV\RQXQGD��*'(¶QLQ�HOHNWURW�SRWDQVL\HOL�SRWDQVL\HO�NÕVÕPODUÕQ

WRSODPÕ�LOH�WDEORGD�EHOLUWLOGL÷L�JLEL�ROXúWXUXOXU��(÷HU�JDOYDQRVWDWLN�DNÕP�NHVLPL�|Oo�P�QGH�

K�FUH�DNÕPÕ�oRN�NÕVD�ELU�]DPDQ�V�UHVLQGH�������V��K�FUH�DNÕPÕ�NHVLOLUVH�YH�DNDELQGH

SRWDQVL\HOL�GDKD�\�NVHN�DEVRUSVL\RQ�KÕ]ÕQGD�EÕUDNÕUVD��úHNLO��¶GHNL�JLEL�VRQXoODU�DOÕQÕU�

/RJDULWPLN�]DPDQ�DSVLVLVLQGH������������¶\H�X\JXQ�RODUDN���]DPDQ�DUDOÕ÷ÕQD���
-8

 den 1000

VDQL\H\H�NDGDU�K�FUH�DNÕPÕ�NHVLPL�LQFHOHQPLúWLU��ùHNLO���SRWDQVL\HO�SURVHVH�X\JXQ�RODUDN�

KHVDSODPDODUÕQ�VRQXoODUÕQÕ�J|VWHUPHNWHGLU��%XUDGD�KLGURMHQ�W�NHWHQ�DQRW�LoLQ��WHNOL�HWNL

E�\�NO�NOHUL�LoLQ�OLWHUDW�UGHQ�PDNXO�VRQXoODU�DOÕQPÕúWÕU�
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$NÕP�NROOHNWHU�\OH�HOHNWULNVHO�WHPDVWDNL

WDúÕ\ÕFÕ�PDGGH�|UQH÷LQ�NDUERQ�VL\DKÕ
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ùHNLO����� $NÕP�NHVLPLQGHQ�VRQUDNL�KLGURMHQ�W�NHWHQ�DQRGD�GDLU�VLPXLDVLRQ�KHVDEÕ

+HVDSODPD�ELU�KHVDSODPD�WDEORVX�SURJUDPÕ�NXOODQÕODUDN�PDWHPDWLNVHO�NDUPDúÕNOÕN�ROPDGDQ

\DSÕOÕU��PHVHOD�([FHO�JLEL���%X�KHVDSODPDGD�PRGHO�GHQNOHPL�LOHUL�ELU�PRGLILNDV\RQD�JHUHN

ROPDGDQ��VLVWHP�JHUHNVLQLPOHULQH�J|UH�D\DUODQÕU��2NVLMHQ�W�NHWHQ�NDWRW�LoLQ�VRQXo�YHUHQ�GL÷HU

FHELUVHO�LúDUHWOHU�YH�Q�PHULN�GH÷HUOHU�YDUGÕU��DQFDN�NDUDNWHULVWLNOHU�JHQHO�RODUDN�NÕ\DVODQDELOLU�

Örnekte kesimden önce sabit durumda, 0,434 A cm
- 2  

E�\�NO�NWH�ELU�DNÕP�\R÷XQOX÷X

X\JXODQÕU��'HQJH�SRWDQVL\HOL�HOHNWUROLW�RODUDN�����QRUPDO�DVLW�YH�����&�LoLQ�JHoHUOLGLU�

2UWDODPD�DúÕUÕ�SRWDQVL\HO�%XWOHU�9ROPHU�GHQNOL÷LQH�J|UH�KHVDSODQÕU��EX�KHVDSWD�OLWHUDW�UGHQ

DOÕQDQ�X\JXQ�GDWDODU��SODWLQGH�GH÷LúHQ�DNÕP�\R÷XQOX÷X�GH÷HUL������$�FP
-2 
SDVDMÕQ�NDWVD\ÕVÕ

���¶WLU��'ROD\ÕVÕ\OD�VRQXo�����9�FLYDUÕQGD�ELU�RUWDODPD�DúÕUÕ�SRWDQVL\HOGLU�

%XQXQOD�ELUOLNWH�KLGURMHQ�JD]Õ�YH�L\RQODUÕ�WDúÕQÕP�VÕUDVÕQGD�)LFN¶LQ�LON�NDQXQXQD�J|UH�GLUHQoOH

NDUúÕODúÕUODU��%X�EL]L�G�úP�ú�RODQ�KLGURMHQ�NÕVPL�EDVÕQFÕQD�YH�WHSNLPH�E|OJHVLQGHNL�VWDWLN

DNÕP�DNÕúÕ�VÕUDVÕQGD��DUWPÕú�KLGURMHQ�L\RQ�NRQVDQWUDV\RQXQD�J|W�U�U��$NDELQGH�JD]�YH

HOHNWUROLW�WDUDIODUÕQGDNL�GLI�]\RQ�DúÕUÕ�SRWDQVL\HOOHUL�1HUQVW�HúLWOL÷L�LOH�KDVDSODQDELOLU��(OHNWURW

SRWDQVL\HOL��RKPLN�GLUHQFLQ�QHGHQ�ROGX÷X�GLUHQo�SRODUL]DV\RQX�GD�GDKLO�ROPDN��]HUH��EX

NÕVÕPODUÕQ�SRWDQVL\HOOHULQLQ�WRSODPÕQÕQ�ELU�VRQXFXGXU�
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+�FUH�DNÕPÕ�VRQD�HUGL÷LQGH��GLUHQo�SRODUL]DV\RQX�GHUKDO�VRQODQÕU��KDOEXNL�GL÷HU�DúÕUÕ

SRWDQVL\HOOHU�oLIW�NDWPDOÕ�E|OJHGH�YDUOÕNODUÕQÕ�V�UG�U�UOHU��%X�VHEHSOH�GLUHQo�SRODUL]DV\RQX�

GXUD÷DQ�LúOHPOHUGH�HOHNWURW�SRWDQVL\HOOHUL�LOH�K�FUH�DNÕPÕQÕQ�VRQD�HUPHVL�DUDVÕQGD

EHOLUOHQHELOLU���ùHNLO�����������9���%XQXQ�LoLQ�|Q�NRúXO�K�FUH�DNÕPÕQÕQ�X\JXQ�oDEXNOXNWD�YH

NDUÕúPD�ROPDGDQ�NHVLOPHVLGLU�

�������¶GHQ�ND]DQÕODQ�GHQH\LPH�\|QHOLN�RODUDN�EDKVHGLOHQLQ�JHUoHNOHúWLULOPHVL��NHVPH

WUDQVLVW|UOHUL\OH�H÷HU�GR÷UXGDQ�K�FUH\H�ED÷OÕ�LVHOHU�YH�LQG�NWDQV�P�PN�Q�ROGX÷XQFD

|QOHQL\RUVD��VDGHFH����FP�X]XQOX÷XQGDNL�H÷ULOPLú�ELU�NDEORQXQ�ELOH�LQG�NWDQVÕ���V�V�UHVLQFH

NXYYHWOL�SRWDQVL\HO�VDOÕQÕPD�QHGHQ�ROPXúWXU�YH�EX�GD�DNÕP�NHVPH�|Oo�P�QGH�QHW�ROPD\DQ

VRQXoODU�DOÕQPDVÕQD�QHGHQ�ROXU��DQFDN�EX�GR÷UXGDQ�ED÷ODQWÕODU�VD\HVLQGH�|QOHQHELOLU�

P�PN�QG�U��<�NVHN�DNÕP�GH÷HUOHULQGH��DNÕP�HOHNWURPDQ\HWLN�E�W�QO�O�N�PDQDVÕQGD��VDGHFH

NHVLOPH]�DQFDN�LQG�NWDQVVÕ]�K�FUH�GLUHQFL�LoLQ��X\JXQ�ELU�GH÷HUH�GH÷LúWLULOLU�GH�

0�WHDNLEHQ�DNÕP�WHPLQL�G�]HQOL�ELU�WHPHOGH�NHVLOHELOLU��.HVPH�WUDQVLVW|UOHUL�E�W�Q�\OH�DNÕPÕ

NHVHPH]��EX��HN�RODUDN�VLVWHPH�NRQXODQ�HOHNWURPHNDQLN�DNÕP�NHVLFL�LOH�VD÷ODQÕU��$\UÕFD

/XJJLQ�NÕOFDO�ERUXODUÕ�LOH�*'(�DUDVÕQGDNL�SRWDQVL\HO�G�ú�ú��ELOLQPHOLGLU��EX�QHGHQOH

YDUVD\ÕODQ�|Oo�OP�ú�GLUHQo�SRODUL]DV\RQXQGD�GH÷LOGLU��*�YHQLOLU�RODQ�\|QWHP��*'(

\�]H\LQGH�QHW�ELUúHNLOGH�EHOLUOHQHQ�ELU�V�UHGH�HQ�D]Q�/XJJLQ�NÕOFDO�ERUXVXQGDQ�|OoHUHN�GH÷HU

DOPDN�YH�EX�GH÷HUOHUL�H[WUDSROH�HWPHNWLU�

+�FUH�DNÕPÕQÕ�NHVWLNWHQ�VRQUD��HOHNWURW�SRWDQVL\HOL��]HULQH�úDUM�HGLOHQ�oLIW�NDWPDQ�NDSDVLWHVL

SDVDM�WHSNLPHVL�VÕUDVÕQGD�\�N�Q��ERúDOWÕU��EXQGDQ�GROD\Õ�GD�oLIW�NDWPDQ�NDSDVLWHVL�RODUDN����

µF.cm
-2
��JHRPHWULN�HOHNWURW�\�]H\LQH�ED÷OÕ�RODUDN��NXOODQÕODELOLU��%X�VXUHWOH�J|U�QHQ�Lo�DNÕP

\R÷XQOX÷X��ELULQFLO�RODUDN�GXUD÷DQ�K�FUHQLQ�GD\DQÕP�IUHNDQVÕQD�NDUúÕOÕN�JHOLU��$OÕQDQ�YHULOHU

ÕúÕ÷ÕQGD��HOHNWURW�SRWDQVL\HOLQGH���
-6
�VDQL\HGHQ�|QFH�ROPDPDN��]HUH�IDUNHGLOLU�ELU�G�ú�ú�

|]HOOLNOH�KÕ]OÕ�KLGURMHQ�WHSNLPHOHUL�LoLQ�EHNOHQPHOLGLU��+HPHQ�KHPHQ���0K]�ND\ÕW�IUHNDQVÕ�LOH

|Oo�P�GH÷HUOHULQLQ�WRSODPÕ�YH�GH��������¶QLQ�DQDOL]OHULQGH�RQD\ODQDQODU��RUDGD���0+]�

\HWHUOL�ROPDOÕGÕU�

.ÕVPL�EDVÕQo��NRQVDQWUDV\RQ�IDUNODUÕ�JD]�YH�HOHNWUROLW�ID]GD�GLI�]\RQ�DúÕUÕ�SRWDQVL\HOOHULQH

neden olur. Bu nedenle elektrot potansiyeli son durumda, denge potansiyelinden daha sonra

DoÕ÷D�oÕNDU��|UQHNWH�EX�����VDQL\H�VRQUDGÕU��+HVDSODPD�DPDoOÕ�RODUDN�WHSNLPH�E|OJHVLQGH�JD]

ve elektrolit fazdan hacimler VG and  V E�DOÕQPDOÕGÕU��EXQODUGDNL�JHUoHN�NRQVDQWUDV\RQODU
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VDNODQÕU �YH�GLI�]\RQ�WDúÕQÕP�GLUHQFLQH�ED÷OÕ �RODUDN�J|UHFHO L �ELU �úHNL OGH�\DYDúoD

D\UÕúWÕUÕOPDOÕGÕU��7LSLN�PHUGLYHQLPVL�H÷ULOHU�EX�WLS�SURVHVOHUGH��DSVLVWH�ORJDULWPLN�]DPDQ

X\JXODQGÕ÷ÕQGD�VDELW�]DPDQGD�DoÕ÷D�oÕNDU��EN]��ùHNLO������

øoDNÕú�E�\�NO�NOHUL��PHUGLYHQLPVL�H÷ULOHULQ�\�NVHNOLN�YH�]DPDQ�VDELWL�GH÷LúNHQ�D\DUODUÕQD

\|QHOLN�RODUDN�\DSÕODQ�NHVWLULPOHU�\DUGÕPÕ\OD�KHVDSODQÕU��.Õ\DVODQDELOLU�|Oo�POHU�DUDVÕQGDQ�

\DQL�JD]�ELOHúHQOHULQGH�YH�DNÕP�IUHNDQVÕQGD��ELOJL�HOGH�HGLOHELOLU��EX�GD�PHUGLYHQLPVL

H÷ULOHUGH�ELU�oHúLW�DúÕUÕ�SRWDQVL\HO�RODUDN�GH÷HUOHQGLULOHELOLU��GDKD�ID]OD�ELU�úHNLOGH�HWNLOHULQ

DoÕ÷D�oÕNPDVÕ�\ROX\OD��ELOLQLU�KDOH�JHOLU��*|VWHULOHQ�|UQHNWH�JD]�GLI�]\RQ�HOHNWURWX�LoLQ�EDVLW

ELU�PRGHOLQ�DOWÕ�oL]LOPHNWHGLU��%X�PRGHO�oDOÕúPDGD�L]OHQHQ�\ROD�ED÷OÕ�RODUDN��GH÷LúNHQOHUH

\|QHOLN�ELU�úHNLOGH�UDKDWoD�GH÷LúWLULOHELOLU�

%X�QHGHQOH�LOHUOHPLú�ELU�SURVHV�LoLQGH�\HWHUVL]�ELU�SHUIRUPDQVÕQ��\DQL�D]DODQ�NDWDOL]|U

DNWLYLWHVL�\D�GD�JD]�YH�HOHNWUROLW�ID]GDNL�WDúÕQÕP�HQJHOOHULQLQ�QHGHQOHULQL�EXOPDN�LoLQ�oDOÕúPD

\DSÕOÕU�YH�SLORW�WHVLV�|OoH÷LQGHNL�GDKD�E�\�N�K�FUHOHUGHQGH�HOGH�HGLOHELOHFHN�RODQ�EX�GH÷HUOHU�

HOHNWURWXQ�ROXúWXUXOPDVÕ�YH�RSUDV\RQ�NRúXOODUÕQÕQ�EHOLUOHQPHVL�LoLQ�JHUHNOLGLU�

����'HQH\VHO�+�FUHQLQ�7DQÕPODQPDVÕ

<DUÕ�K�FUH�WLSL��*DVNDWHO�ILUPDVÕQD�DLW�+=�33���PRGHOL�GHQH\OHULPL]GH�NXOODQÕOPÕúWÕU��<DUÕ

K�FUH�KDNNÕQGDNL�ELOJL�DúD÷ÕGD�EHOLUWLOGL÷L�JLELGLU�

øú�(OHNWURWX .DUúÕ�(OHNWURW

Alkali �� o�� OHeOHO 442 22
�� ��o eOHOOH 424 22

O2

Asidik OHeHO 22 244 o�� �� �� ��o eHOOH 442 22

Alkali OHeOHH 22 222 o�� �� �� ��o eOHHOH 222 22
H2

Asidik �� o� HeH 222 222 HeH o� ��

Tablo 4.1:  GDE’deki muhtemel reaksiyonlar
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ùHNLO�����  DeneyOHUGH�NXOODQÕODQ�*DVNDWHO�ILUPDVÕQÕQ�K�FUHVL

7DEOR����¶GH�DONDOL�YH�DVLW�o|]HOWLOHUGHNL�JD]�GLI�]\RQ�HOHNWURWODUÕQGD�\HU�DODQ�WLSLN

WHSNLPHOHUL�J|VWHUPHNWHGLU��7DEORGDQ�GD�J|U�OHELOHFH÷L�JLEL�NDUúÕW�HOHNWURWGD��oDOÕúÕODQ

HOHNWURGD�NÕ\DVOD�WHUV�ELU�WHSNLPH�\�U�PHNWHGLU�

<DUÕ�K�FUHGH�NXOODQÕODQ�HOHNWUROLW�|Oo�POHU�VÕUDVÕQGD�GH÷LúWLULOPHPLúWLU��E|\OHFH�X]XQ�YH

SHUL\RGLN�|Oo�POHUH�L]LQ�YHULOPLú�ROXU�

����������ùHNLO����� Hücre gövdesinin kesiti
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(OHNWUROLW�2GDVÕ�
<DUÕ�K�FUHQLQ�HOHNWUROLW�RGDFÕ÷Õ�ERUX�úHNOLQGHGLU�YH�HOHNWURWODU�EX�ERUXQXQ�LNL�D\UÕ�XFXQGDGÕU�

E|\OHFH�HOHNWUROLWWHQ�JHoHQ�DNÕP�P�PN�Q�ROGX÷XQFD�G�]HQOLGLU��+�FUH�EXKDUODúPD\Õ��HQ

DúD÷Õ�G�]H\GH�WXWXPDN�LoLQ�ELU�NDSDNOD�oHYULOLGLU��$\UÕFD�NDUúÕW�HOHNWURWWDQ�JD]Õ�VHUEHVW

EÕUDNPDN�LoLQ�ELU�\R÷XúPD�ERUXVX�YDUGÕU��%X�úHNLOGH�JD]�VHUEHVW�EÕUDNÕOPÕú�YH�VR÷XWXOPXú

ROXU��VX�EXKDUÕ�LVH�\R÷XúDUDN�HOHNWUROLW�RGDFÕ÷ÕQD�JHUL�G|QHU�

*D]�2GDVÕ�

*'(¶GH�JD]�VDGHFH�HOHNWUROLWOH�WHPDV�KDOLQGH�ROPDN�]RUXQGDGÕU��%X�QHGHQH�ED÷OÕ�RODUDN�JD]

RGDVÕ�\DUÕ�K�FUH�RGDVÕQGDQ�D\UÕOPDOÕGÕU��%X�D\ÕUÕP�3OH[LJODV�WDEDNDVÕQÕQ�\DUGÕPÕ�VD\HVLQGH

JHUoHNOHúWLULOLU��g]HOOLNOH�3OH[LJODV¶ÕQ�NXOODQÕOPDVÕQÕQ�QHGHQL�QHGHQL�EX�WDEDNDODUÕQ�VD\GDP

ROPDVÕGÕU��EX�GD�HOHNWURGXQ�NRQWURO�HGLOHELOPHVLQH�RODQDN�WDQÕU��*DV�RGDVÕ�DúD÷ÕGDNL

ELUOHúHQOHUGHQ�ROXúXU�

- *D]�JLULúL

- *D]�oÕNÕúÕ

- .RQGHQVDW�oÕNÕúÕ�

*D]�RGDVÕQÕQ�NRQLN�ELU�ELoLPL�YDUGÕU��E|\OHFH�\R÷XúDQ�PDGGH�ELULNHUHN�HOHNWURGX�HQJHOOHPH]�

Haber-Luggin Kapiler Tübü:

+DEHU�/XJJLQ�NDSLOHU�W�SOHUL��UHIHUDQV�YH�oDOÕúPD�HOHNWURWODUÕ�DUDVÕQGDNL�ED÷ODQWÕ\Õ�VD÷ODPDN

LoLQ�NXOODQÕOÕU��+DEHU�/XJJLQ�NDSLOHU�W�SOHULQL�G�]J�Q�ELU�úHNLOGH�NXOODQDELOPHN�LoLQ��\HULQH

JHWLULOPHVL�JHUNHHQ�KXVXVODU�YDUGÕU�

��(OHNWUROLWOHUGH�ER]XOPD\DQ�DNÕú�oL]JLOHUL��GDKD�N�o�N�oDSUD]�JHoLú�ER\XWODUÕ��

��'�ú�N�HOHNWUROLWLN�GLUHQo��GDKD�JHQLú�oDSUD]�JHoLú�ER\XWODUÕ��

��dDOÕúPD�HOHNWURWXQXQ�KHPHQ�|Q�QGH�NRQXPODQPD�

��.DSLOHU�W�EH�ED÷ODQDELOHQ�JD]�ERUXODUÕQGD�\R÷XQOXN�

+DEHU�/XJJLQ�NDSLOHU�W�SOHUL�oRN�LQFH�RODUDN�WDVDUODQÕU��E|\OHFH�\XNDUÕGD�EHOLUWLOHQ

gereksinimler gözlenebilir.
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���������������ùHNLO����� +DEHU�/XJJLQ�.DSLODUÕQÕQ�SR]LV\RQX

Referans elektrodu:

5HIHUDQV�HOHNWURGX�RODUDN�*DVNDWHO �I LUPDVÕ� WDUDIÕQGDQ��UHWL OHQ�+\GUR)OH[�PRGHOL

NXOODQÕOPÕúWÕU�

ùHNLO������ *DVNDWHO�ILUPDVÕQÕQ�+\GUR)OH[�WLSL�UHIHUDQV�HOHNWURGX

/XJLQ�NÕOFDO�ERUXODUÕQÕQ�\DUGÕPÕ�LOH�NDWRW�YH�UHIHUDQV�HOHNWURW�ED÷ODQWÕGD�ROXUODU��E|\OHFH

NDWRGXQ�SRWDQVL\HOLQLQ�|Oo�OPHVL�P�PN�Q�ROXU��5HIHUDQV�HOHNWURWGXQ�JHQHO�NDUDNWHULVWL÷L

DúD÷ÕGD�OLVWHOHQPLúWLU�

Boyutlar:

%LU�NXUúXQ�NDOHP�NDGDU�N�o�N�YH�HOH�JHOHELOHFHN�ER\XWWDGÕU��7RSODP�X]XQOX÷X����FP¶GLU�

7�S�Q�oDSÕ���PP¶GLU�

+DEHU�/XJJLQ�.DSLODUÕ
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Madde:

6WDQGDUW � W LSL �300$�GD\DQÕNOÕ �SODVWL÷LQGHQ�\DSÕOÕU � �7�S�PDGGHVL�RODUDN�37)(¶GH

NXOODQÕODELOLU�

dDOÕúPD�VÕFDNOÕ÷Õ�

37)(¶GH�\DSÕOPD�W�S�������&¶D�NDGDU�NXOODQÕODELOLU�

Ölçüm çözeltileri:

+\GUR)OH[�IDUNOÕ�o|]HOWLOHUOH�NXOODQÕODELOLU��+J�+J2��YH�$J�$J&O��JLEL�HOHNWURWODUD�NDUúÕW

RODUDN��DONDOL�o|]HOWL\OH�ROGX÷X�JLEL�DVLW�o|]HOWLVL\OH�GH�NXOODQÕODELOLU�

+\GUR)OH[�LoLQGH�DNÕúNDQ�HOHNWUROLW�\RNWXU��EX�QHGHQOH�+\GUR)OH[�HN�ELU�HOHNWUROLW�N|SU�V�

ROPDGDQ�NXOODQÕODELOLU��E|\OHFH�RODVÕ�VDIVÕ]OÕN�\D�GD�o|NHOPH�HWNLOHUL�GH�RUWDGDQ�NDONPÕú�ROXU�

dDOÕúPD�(OHNWURGX�

dDOÕúPD�HOHNWURGX�RODUDN�%D\HU¶LQ�JD]�GLI�]\RQ�HOHNWURGX�NXOODQÕOPÕúWÕU�

.DUúÕW�(OHNWURW�

8\JXODPDQÕQ�DPDFÕQD�\|QHOLN�RODUDN�SODWLQ��WLWDQ\XP�YH�QLNHO�RODELOLU�

.DUúÕW�HOHNWURGD�\|QHOLN�RODUDN�JHUHNOL�GXUXPODU�DúD÷ÕGDNL�JLELGLU�

- (OHNWUR�NLP\DVDO�D\UÕúPD\D�NDUúÕ�GLUHQo

- $NÕP�LOHWNHQOL÷L�

'HQH\OHULPL]GH�NXOODQÕODQ�SODWLQ�WDEDND�������QP�NDOÕQOÕ÷D�YH����P2KP�GLUHQFH�VDKLSWLU�

6WDQGDU�K�FUHGH�ED]Õ�GH÷LúLNOLNOHUH�JLGLOGL��EXUDGD�DPDo�oDOÕúPDPÕ]�LoLQ�V|]�NRQXVX�NRúXOODUÕ

VD÷ODPDNWÕ�

,VÕWPD�6LVWHPL�

6WDQGDUW�GR÷UXGDQ�DNÕP�LOH�oDOÕúDQ�ÕVÕWPD�VLVWHPL�DOWHUQDWLI�DNÕPOD�oDOÕúPDN�LoLQ�G|Q�úW�U�OG�

YH�ELUELUL\OH�VHUL �RODUDN�ED÷ODQGÕ� �+�FUH\H�ÕVÕ O �DOJÕOD\ÕFÕ �ED÷ODQGÕ�YH�ELU �NRQWURO

G�]HQOH\LFLVL\OH�ED÷ODQWÕODQGÕ�

.DUÕúWÕUÕFÕ�

.�o�N�oDSOÕ�ELU�PÕNQDWÕV�K�FUH\H�\HUOHúWLULOGL�YH�GÕúDUÕGDQ�PDJQHWLN�NDUÕúWÕUÕFÕ�LOH�KRPRMHQOL÷L

YH�K�FUHGH�L\RQODUÕQ�KDUHNHWLQL�VD÷ODPDN�LoLQ��VDELWOHQGL�
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6R÷XWXFX�

<�NVHN�DNÕPGD� WX WDU O Õ �E L U � úHNL OGH �oD O Õ ú Õ UNHQ � �K�FUHGH �R ODEL OHFHN �K LGUR MHQ �JD] Õ

NRQVDQWUDV\RQXQX�G�ú�UPHN�E|\OHFH�DoÕ÷D�oÕNDELOHFHN�SDWODPD�WHKOLNHVL�|QOHPHN�LoLQ�

\R÷XúPD�ERUXVXQ�LoLQGH�RODQ�LQFH�ELU�WHIORQ�ERUXGDQ�K�FUH\H�D]RW�JD]Õ�YHULOLU��%X�DPDo�LoLQ

VR÷XWXFX�VR÷XWPD�ERUXVX��]HULQH�\HUOHúWLULOLU��E|\OHFH�\R÷XúPD�SURVHVL�QHJDWLI�HWNLOHUGHQ

X]DN�WXWXOPXú�ROXU�

ùHNLO����� 'HQH\�G�]HQH÷L

'HQH\OHU�VÕUDVÕQGD�PDJQHWLNNDUÕúWÕUÕFÕQÕQ�YH�ÕVÕWPD�VLVWHPLQLQ�|Oo�POHU��]HULQGH�HWNL

NXUGX÷XQX�YH�EX�úHNLOGH�VRQXoODUÕQ�J�YHQLOLUOL÷LQLQ�]DUDU�J|UHFH÷LQL�IDUNHWWLN��%X�QHGHQOH

WDP�NHVLQ�ELU�VRQXo�DODPDGÕN��EX�\�]GHQ�JHoHUOL�|Oo�POHU�DODELOPHN�LoLQ��NDUÕúWÕUÕFÕ�YH�ÕVÕWPD

VLVWHPLQL�NDSDWWÕN�

%XQGDQ�EDúND�VRQXoODUÕPÕ]Õ�|Oo�P�NDUWÕQÕQ�YH�K�FUH\H�ED÷OÕ�RODQ�NDEOR�X]XQOXNODUÕQÕQ�YH

EXQODUÕQ�SR]LV\RQODUÕQÕQ�HWNLOHGL÷LQL�WHVSLW�HWWLN��1HJDWLI�HWNLOHUL�D]DOWPDN�LoLQ��NDEORODUÕ

P�PN�Q�ROGX÷XQFD�NÕVDOWWÕN��6SLUDO�NDEORODUÕQ�DQOÕN�RODUDN�\DUDWWÕ÷Õ�LQG�NVL\RQXQ�GD�HWNLVL

YDUGÕ��EX�QHGHQOH�NDEORODUÕ�GH÷LúPH]�ELU�úHNLOGH�G�]�KDOH�JHWLUGLN�YH�EX�GXUXPGD�VDELWOHGLN�

6R÷XWXFX

0DJQHWLN�NDUÕúWÕWÕFÕ

øQFH�WHIORQ�ERUX
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6RQXFD�GR÷UX�LOHUOHUNHQ��NDWRW�SRWDQVL\HOLQGH�EHNOHQPHGLN�ELU�GH÷LúLP�ROGX÷XQX�IDUN�HWWLN�

1HGHQL�DUDúWÕUÕUNHQ�JD]�YH�HOHNWUROL]�RGDODUÕ�DUDVÕQGD�V|]�NRQXVX�RODELOHFH�ELU�VÕ]PD\Õ

HQJHOOHPHN�LoLQ�NRQXOPXú�NDSD÷ÕQ�VLOLNRQGDQ�\DSÕOPÕú�ROGX÷XQX�IDUN�HWWLN��6LOLNRQXQ

NXYYHWOL�DONDOLOHUH�NDUúÕ�DúÕUÕ�KDVVDV�ROGX÷XQX�G�ú�QHUHN��ER]XQPD\D�X÷UD\ÕS�VRQXoODUÕ

HWNLOH\HFH÷LQL�G�ú�QG�N�YH�VLOLNRQ�NDSDNODUÕ�WHIORQ�RODQODUÕ\OD�GH÷LúWLUGLN��gOo�POHUL

WHNUDUOD\DUDN�NDWRW�SRWDQVL\HOLQLQ�HVNL�WDVODNWD�WDKPLQ�HGLOGL÷L�JLEL�QRUPDO�GXUXPD�JHOGL÷LQL

IDUNHWWLN��%X�úHNLOGH�oDOÕúPDPÕ]ÕQ�WHPHOL�RODQ�JDOYDQRVWDWLN�DNÕP�NHVLP�\|QWHPLQLQ�KHUKDQJL

ELU�EHNOHQPH\HQ�SUREOHPLQ�WHúKLVLQGH�NXOODQÕODELOHFH÷LQL�GH�DQODPÕú�ROGXN��|UQH÷LQ�VOLNRQ

kapaklar hususu.

%X�GHQH\VHO�oDOÕúPDQÕQ�DPDFÕ�HOHNWUROL]�K�FUHVLQGHQ�JHoHQ�DNÕPÕQ�NHVLOPHVL�VÕUDVÕQGD�

HOHNWULNVHO�GXUXPGDNL�DQL�GH÷LúLNOLNOHUL�EHOLUOHPHNWLU��%X�GH÷LúLPL�WDQÕPOD\DELOPHN�LoLQ���D\UÕ

DQD�QRNWD\Õ�GLNNDWH�DOPDN�JHUHNLU��ELULQFLVL��DNÕP�K�FUH�ER\XQFD�LOHUOHUNHQ�JHoHQ�]DPDQ�

LNLQFLVL��DNÕPÕQ�NHVLOPH�DQÕ���o�QF�V���DNÕP�NHVLOGLNWHQ�VRQUDNL�]DPDQ��$NÕP�NHVLOPH�DQÕ

oRN�NÕVD�ELU �V�UHGH�JHUoHNOHúWL÷L � LoLQ� �EX�DQÕ�DQDOL]OHPHN�oRN�]RUGXU� �EX�QHGHQOH

\RUXPODUÕPÕ]��DNÕP�NHVLPLQGHQ�|QFHNL�YH�VRQUDNL�ROPDN�VXUHWL\OH��LNL�]DPDQ�GLOLPLQL�LoHULU�

ùHNLO������.DWRW�SRWDQVL\HOL

20070606_20kAm-2_Cathode's Potantial
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$NÕP�NHVLOPH�QRNWDVÕ

$NÕP�NHVLOGLNWHQ�VRQUDNL�NÕVÕP

$NÕP�NHVLOPHGHQ�|QFHNL�NÕVÕP

         06.07.2007
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+�FUHGHQ�JHOHQ�HOHNWULN�VLQ\DOOHULQL�DQDOL]�HWPHN�LoLQ��LNL�|Oo�P�NDUWÕ�YH�ELU�IUHNDQV�D\ÕUÕFÕ

NXOODQGÕN��)UHNDQV�D\ÕUÕFÕ�NXOODQPDPÕ]ÕQ�DPDFÕ��IDUNOÕ�IUHNDQVODUGD�NHVLQ�GDWD�WRSODPDN�YH�EX

úHNLOGH�JHUHNVL]�YHULOHUL�LSWDO�HWPHNWL�

.ÕVDFD�IUHNDQV�D\ÕUÕFÕVÕQÕQ�QDVÕO�oDOÕúWÕ÷ÕQÕ�EHOLUWPHN�LVWHULP��'DKD�|QFH�GH�EDKVHGLOGL÷L�JLEL

GHQH\VHO�oDOÕúPDPGD�VRQXo�DOPDN�LoLQ�X÷UDúWÕ÷ÕPÕ]�LNL�NÕVÕP�YDU��$NÕP�NHVLPLQGH�|QFH

|Oo�P�NDUWÕ���0K]¶GHNL�LON����VLQ\DOL�J|QGHULU�YH�ND\ÕW�HGHU�

$NÕP�NHVLOGL÷LQGH�IUHNDQV�D\ÕUÕFÕVÕ���0K]¶WH���VLQ\DO�J|QGHULU��VRQUD�IUHNDQVÕ�����0+]¶H

E|OHU�YH�JHUL\H�NDODQ����VLQ\DOL�EX�IUHNDQVWD�|Oo�P�NDUWÕQD�J|QGHULU�YH�W�P�VLQ\DOOHU�ND\ÕW

HGLOLU��'DKD�VRQUD�IUHNDQV�D\ÕUÕFÕVÕ�NDODQ����VLQ\DOL������0+]¶WH�J|QGHULU�YH�EXQODUGD

ND\ÕWHGLOLU��%X�V�UHo�D\UÕúWÕUÕOPÕú����E|O�PGH��JHUoHNOHúWLULOLU��(Q�VRQ�NÕVÕPGD�VLQ\DOOHU���

+]¶WH�ND\ÕW�HGLOLU��%|\OHFH�WRSODPGD������VLQ\DO�DQDOL]�HGLOPLú�ROXU�

dDOÕúPDPÕ]GD����¶O�N�1D2+�o|]HOWLVL�HOHNWUROLW�RODUDN�YH�VDI�RNVLMHQ�JD]Õ�NXOODQÕOPÕúWÕU�

IDNDW�*'(¶QLQ�IDUNOÕ�JD]�RUWDPODUÕQGD�QDVÕO�oDOÕúWÕ÷ÕQÕ�J|]OHPOHPHN�LoLQ��EHOLUOL�ELU�\�]GHGH

D]RW�GDKLO�HGLOPHN��]HUH��VXQL�KDYD�YH�VDI�RNVLMHQ�JD]�NDUÕúÕPODUÕQÕQ�ROXúWXUGX÷X�DWPRVIHU

DOWÕQGD�|Oo�POHU�JHUoHNOHúWLULOPLúWLU�
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�������6RQXoODU�YH�7DUWÕúPD

 5.1 'HQH\LQ�'÷HUOHQGLULOPHVL

ùHNLO����¶GH����7HPPX]������WDULKLQGH�\DSÕODQ�GHQH\GH�DNÕP�NHVLOGL÷LQGH��]DPDQD�NDUúÕ

NDWRG�SRWDQVL\HOLQGHNL�GH÷LúLP�J|U�OPHNWHGLU��=DPDQ�GH÷HUOHUL�DúD÷ÕGDNL�JUDILNWH�OLQHHU

|OoHNWH�J|U�OPHNWHGLU��$NÕP�NHVLPLQGHQ�VRQUD�LON�GH÷HU�oRN�KÕ]OÕ�ND\ÕW�HGLOPLúWLU�

ùHNLO��������+D]LUDQ�����¶GH�$�N$�P
2
�GH÷HULQGH�\DSÕODQ�GHQH\LQ�YHULOHULQLQ�JUDIL÷L

+HU�QDVÕOVD�úHNLO����¶GH�J|U�OHELOHFH÷L�JLEL��DNÕP�NHVLPLQLQ�JHUoHNOHúWL÷L�YH�EX�NHVLPLQ

\DSÕOGÕ÷Õ�]DPDQ��úHNLOGH�DoÕNoD�J|U�OHPHPHNWHGLU�

%X�\�]GHQ�D\QÕ�GDWDODU�JHQLúOHWLOPLú�RODUDN�úHNLO����¶GH�J|VWHULOPHNWHGLU��%XUDGD�LON

|Oo�PGHNL�GDWDODUÕQ�oRN�D]Õ�J|VWHULOPHNWHGLU��%�RODUDN�EHOLUWLOHQ�QRNWDGD��DNÕP�NHVLPLQGHQ

VRQUD���VDQL\HGHNL�NDWRG�SRWDQVL\HOLQLQ�LON�GH÷HUL��ND\ÕW�HGLOPLúWLU��%X�QRNWDGDQ�|QFHNL

GH÷HUOHU�DNÕP�NHVLOPHVLQLQ�VÕIÕU�VDQL\HVLQGHQ�|QFHNL�GH÷HUOHUGLU��%XQODU�|QF�O�WHWLNOH\HQ

GDWDODU�GHQLU�YH�NHVLP�QRNWDVÕ�LOH�LON�DOÕQDQ�GH÷HU�DUDVÕQGDNL�GDKD�\�NVHN�IUHNDQVWD�HOGH

HGLOHQ�GH÷HUOHUGLU�

         0
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ùHNLO��������KD]LUDQ������WDULKOL�GHQH\�YHULOHULQLQ�OLQHDU�]DPDQ�VNDODVÕQD�DNWDUÕOPÕú

JUDIL÷L

'HQH\GHQ�HOGH�HGLOHQ�VRQXo�YHULOHULQL�GDKD�QHW�YH�NXOODQÕúOÕ�ELU�úHNLOGH�J|UHELOPHN�LoLQ

GR÷UXVDO�ELU�]DPDQ�|OoH÷L�\HULQH�ORJDULWPLN�RODQ�WHUFLK�HGLOPHOLGLU��ùHNLO����¶WH���7HPPX]

����¶GH�\DSÕODQ�GHQH\LQ�GH÷HUOHUL��ORJDULWPLN�]DPDQ�|OoH÷L�LOH�oL]LOHQ�JUDILNWH�J|U�OPHNWHGLU�

/RJDULWPLN�|OoHNWH�QHW�ELU�úHNLOGH�J|U�O�U�NL��DNÕP�NHVLPLQGHQ�VRQUDNL�LON�|Oo�P�GH÷HUL��H��

VDQL\HVLQGHGLU�YH�|QF�O�WHWLNOH\HQ�GH÷HUOHU�DNÕP�NHVLOPHVLQGHQ�|QFH�ND\ÕW�HGLOPLúWLU�

7�P�GHQH\OHUGHNL�GH÷HUOHQGLUPHOHUGH�ORJDULWPLN�]DPDQ�|OoH÷L�NXOODQÕOPÕúWÕU��%|\OHFH�KHP

DNÕP�NHVLPL�DQÕ��KHP�GH�DNÕP�NHVLPLQGHQ�|QFHNL�DQ�GDKD�L\L�J|]OHQPLú�ROXU��/RJDULWPLN

JUDILNWH�DNÕP�NHVLP�QRNWDVÕ�|QFHVLQGH�DOÕQDQ�QHJDWLI�GH÷HUOHU�QHGHQL\OH�DoÕ÷D�oÕNDQ�VRUXQ��EX

QRNWDGDQ�VRQUDNL�GH÷HUOHUGH�RUWDGDQ�NDONDU�YH�GH÷HUOHU�QHW�ELU�úHNLOGH�J|U�O�U�

B
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ùHNLO��������+D]LUDQ������WDULKLQGH��$�N$�P
2
�GH÷HUL�LOH�\DSÕODQ�GHQH÷LQ�JUDIL÷L

øON�GHQH\OHU�PDJQHWLN�NDUÕúWÕUÕFÕ�NXOODQDUDN�\DSÕOPÕúWÕU�DQFDN�EX�\|QWHPGH�DNÕP�NHVLP

DQÕQGD��|Oo�P�NDUWÕQÕQ�KDWD�VLQ\DOL�YHUGL÷L�IDUN�HGLOGL��%X�KDWDQÕQ�WHVDG�I�P��\RNVD�PDQ\HWLN

NDUÕúWÕUÕFÕ�WHPHOOL�PL�ROGX÷XQX�DQODPDN�LoLQ��GLMLWDO�NDUWÕQ�PDQ\HWLN�NDUÕúWÕUÕFÕ�NDSDOÕ\NHQ

|Oo�P�\DSPDVÕ�VD÷ODQGÕ�YH�DNÕP�NHVLOPHGL÷L�KDOGH��NDUWÕQ�|Oo�P�KDWDVÕ�YHUGL÷L�J|]OHPOHQGL�

+HU�QDVÕOVD�EX�NRQX�DoÕNOÕ÷D�NDYXúWXUXODPDGÕ��DQFDN�PDQ\HWLN�NDUÕúWÕUÕFÕQÕQ�|Oo�POHUH

ROXPVX]�HWNL�YHUGL÷L�VRQXFXQD�YDUÕOGÕ�YH�GHQH\OHUGH�V�UHNOL�NDSDOÕ�WXWXOGX��+�FUHQLQ�oRN

\DNÕQÕQGD�EXOXQDQ�HOHNWULNOL�DOHWOHULQ�QHJDWLI�HWNL�\DUDWDELOHFH÷L�DNÕOGD�WXWXOGX��|Oo�P

]DPDQODUÕ�VÕUDVÕQGD��ÕVÕWPD�VLVWHPOHUL�GH�NDSDOÕ�WXWXOGX�

%|O�P����¶GH�EDKVHGLOGL÷L�JLEL�NDEOR�ED÷ODQWÕOÕ�K�FUHOHU�YH�|Oo�P�HOHPHQOHUL�KXVXVXQGD

VDSWDQGÕ�NL��EX�NDEORODUÕQ�X]XQOX÷X�YH�GXUXPX��G�]�\D�GD�VSLUDO�ROXúX��GHQH\�VRQXoODÕUQÕ

ROXPVX]�ELU�úHNLOGH�HWNLOHGL��gUQH÷LQ��úHNLO����¶WH�GR÷UX�ROPD\DQ�GHQH\�JUDIL÷L�J|U�OPHNWHGLU�

%X�KDWDQÕQ�QHGHQOHULQL�DUDUNHQ��GLMLWDO�NDUWD�ED÷OÕ�RODQ�NDEORODUÕQ�VSLUDO�\DSÕGD�ROGXJX�IDUN

edildi.
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ùHNLO����� ������������WDULKLQGH�\DSÕODQ�KDWD�YHUHQ�|Oo�P�Q�JUDIL÷L

6SLUDO�úHNLOGHNL�NDEORGD�X\JXQ�ROPD\DQ�YXUXú�ROGX÷X�YH�IUHNDQV�GH÷HULQLQ�GLMLWDO�NDUWÕQ

KD]ÕIDVÕQGD�SURJUDPODQDQ�GH÷HUGHQ�GDKD�ID]OD�ROGX÷X�WHVSLW�HGLOGL��$QODWÕODQ�VRUXQXQ�EX

QHGHQOH�RUWD\D�oÕNWÕ÷Õ�G�ú�Q�OG��YH�NDEOR�VSLUDO�G�]�NRQXPD�JHWLULOGL��GHQH\�WHNUDU�\DSÕOGÕ�YH

úHNLO����¶WH�GH�J|U�OG�÷��JLEL��VRUXQ�o|]�OG��
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ùHNLO����� ������������WDULKLQGHNL�WHNUDUODQDQ�GHQH\LQ�JUDIL÷L

$NÕP�NHVLOPHGHQ�|QFHNL�NÕVÕP
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%LU�J�Q�V�UHQ�|Oo�POHUGHQ�VRQUD�ND\ÕW�HGLOHQ�GDWD�úHNLO����¶GD�J|U�OPHNWHGLU��$�YH�%�]DPDQ

DUDOÕNODUÕQGDNL�NDWRG�SRWDQVL\HOL�GH÷HUOHULQLQ�RUWDODPDVÕ�DOÕQDUDN��ORJDULWPLN�DNÕP�\R÷XQOX÷X

GH÷HUOHULQH�NDUúÕ�úHNOL�oL]LOGL��%X�úHNLOGH�%XWOHU�9ROPHU�JUDIL÷L�DoÕ÷D�oÕNDUÕOPÕú�ROGX�
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ùHNLO���������7HPPX]������WDULKLQGH�ND\GHGLOHQ�GHQH\�YHULOHULQLQ�]DPDQD�NDUúÕ�NDWRW

SRWDQV\HOL�JUDIL÷L

%X�DNÕP�NHVPH�GHQH\OHULQGH�E�W�Q�DNÕP�\R÷XQOX÷X�H÷ULOHULQLQ�D\QÕ�QRNWDGD�ELWWL÷L�J|]OHQGL�

%X�GXUXP�EL]L�H÷ULQLQ�ELWWL÷L�QRNWDQÕQ�SRWDQVL\HO�GH÷HULQLQ�GHQJH�SRWDQVL\HOL�ROGX÷XQX

oÕNDUÕPVDPDPÕ]D�QHGHQ�ROGX��%X�GXUXPX�NDQÕWODPDN�LoLQ�DQRG�YH�NDWRW�K�FUHOHULQGH�JD]

GLI�]\RQ�HOHNWURGX�NXOODQÕOGÕ�YH�EX�%XWOHU�9ROPHU�JUDIL÷LQH�WDúÕQGÕ��ùHNLO����¶GH����7HPPX]

����¶GH�\DSÕOPÕú�RODQ�GHQH\LQ�JUDIL÷L�J|U�OPHNWHGLU�

A B

$NÕP�NHVLOPHGHQ�|QFHNL�NÕVÕP
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ùHNLO����� ����7HPPX]������WDULKLQGH�\DSÕODQ�GHQH\LQ�JUDIL÷L

���7HPPX]�����¶GH�\DSÕODQ�GHQH\LQ�VRQXoODUÕQÕQ�%XWOHU�9ROPHU�JUDIL÷L�RODUDN�EHOLUWLOGL÷L

úHNLO����¶H�LVWLQDGHQ��DQRW�YH�NDWRWXQ�ED÷OÕ�ROGX÷X�*'(¶GH�D]DODQ�DNÕP�\R÷XQOX÷X

GH÷HUOHULQLQ�D\QÕ�QRNWD\D�PH\LO�HWWL÷L�J|U�OPHNWHGLU��.DWRW�SRWDQVL\HOL�RODUDN�HOGH�HGLOHQ�EX

DNÕP�\R÷XQOX÷X�GH÷HUL��DQRW�YH�NDWRW�RODUDN�ED÷ODQDQ�*'(�GH÷HUL�LOH�D\QÕGÕU��%X�VRQXoWDQ

KDUHNHWOH�$¶QÕQ�GHQJH�SRWDQVL\HOL�ROGX÷X�V|\OHQHELOLU�
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ùHNLO���������7HPPX]������WDULKLQGH�\DSÕODQ�GHQH\LQ�%XWOHU�9ROPHU�JUDIL÷L

%XWOHU�9ROPHU�JUDIL÷L�\DUGÕPÕ�LOH�*'(¶QLQ�KDQJL�DNÕP�\R÷XQOX÷X�GH÷HULQLQ��KDQJL�WHSNLPH

PHNDQL]PDVÕ�GH÷HUL\OH�LOLQWLOL�ROGX÷X�\RUXPODQDELOLU��gUQH÷LQ�úHNLO��������WHPPX]�����

WDULKLQGH�\DSÕODQ�GHQH\LQ�%XWOHU�9ROPHU�JUDIL÷LQL�J|VWHUPHNWHGLU�$�GR÷UXVX��]HULQGHNL

QRNWDODU�G�ú�N�DNÕP�\R÷XQOX÷X�GH÷HUOHULQGH�ND\GHGLOPLúWLU�

3ORWWDNL���D\UÕ�E|O�P���D\UÕ�UHQNOH�LúDUHWOHQPLúWLU�

0DYL�oL]JL�$¶\Õ�G�ú�N�DNÕP�\R÷XQOXNODUÕQGDNL�NDWRW�GDYUDQÕúÕQÕ�EHOLUWLU��2NVLMHQ�W�NHWLPL

QRUPDO�WHSNLPHVL�EXUDGD�WHUV�WHSNLPH�RODUDN�DoÕ÷D�oÕNDU�

4 OH
-ÅÆ 2 H2O + O2 + 4 e

-

%|\OHFH�SORWXQ�H÷LPL�GH�EXUDGD�KHPHQ�KHPHQ�WHUVWLU�

.ÕUPÕ]Õ�oL]JL�%¶\L�7DIHO�DODQÕQÕ��DúD÷ÕGD�EHOLUWLOHQ�DU]X�HGLOHQ�DQD�WHSNLPHQLQ�V�UG�÷��DODQÕ

simgeler:

2 H2O + O2 + 4 e
-Æ 4 OH

-

%X�SORW�E|OJHVLQLQ�H÷LPL�*'(¶QLQ�IDUNOÕ�HOHNWURNLP\DVDO�|]HOOLNOHUL�KHVDSODQDELOLU�YH�EXQODU

bölüm 5.3’te gösterilecektir.

Potential after interruption in V (Average of 1e-5 to 1e-3 s)
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$NÕP�\R÷XQOX÷XQXQ�7DIHO�E|OJHVLQGHQ�GH�ID]OD�ROGX÷X�E|OJH�&�LOH�J|VWHULOPLú�YH�\HúLO

oL]JL\OH�EHOLUWLOPLúWLU��%XWOHU�9ROPHU�JUDIL÷L�7DIHO�E|OJHVLQGHQ�D\UÕOÕU��'DWDQÕQ�H÷LPL�EXUDGD

oRN�GDKD�GLNWLU��%XQD�QHGHQ�RODUDN�*'(¶QLQ�DNWLI�NÕVÕPODUÕQD�RNVLMHQLQ�N�WOH�WUDQVIHUL

G�ú�Q�OHELOLU�YH�E|\OHFH�KLGURMHQ��UHWLPLQH�QHGHQ�RODQ�\DQ�WHSNLPHGH�DUWÕú�ROXU�

2 H2O + 2 e
-Æ H2 + 2 OH

-

ùHN L O � � �� � � �� �7HPPX] ����� � W D U LK LQGH �\DS Õ O DQ �GHQH\ LQ �%X W O H U �9R OPHU �J UD I L÷ L

�IRUZDUGV�DUWDQ�DNÕP�\R÷XQOX÷X��EDFNZDUGV��D]DODQ�DNÕP�\R÷XQOX÷X�

ùHNLO�����¶GD������7HPPX]�����¶GH��\DSÕODQ�GHQH\OHUGHQ�HOGH�HGLOHQ�YHULOHU�LOH�oL]LOPLú�RODQ

%XWOHU�9ROPHU�JUDIL÷L�J|U�OPHNWHGLU��%X�GHQH\�V�UHVLQFH�HOHNWURWODU���VHIHU�GH÷LúWLULOGL÷L

KDOGH�VRQXoODUÕQ�JUDIL÷H�ELUELUL\OH�X\XP�LoLQGH�\DQVÕGÕ÷Õ�J|U�OPHNWHGLU��)DUNOÕ�GHQH\OHUGHQ

HOGH�HGLOHQ�VRQXoODUÕQ�ELUELULQH�\DNÕQ�ROGX÷X�YH�D\QÕ�DODQGDQ�WRSODQGÕ÷Õ�J|U�OPHNWHGLU��6DI

RNVLMHQH�D]RW�NDUÕúWÕUÕOGÕ÷ÕQGD�GHQH\OHUGH�7DIHO�oL]JLVLQH�SDUDOHO�úHNLOGH�ED]Õ�GH÷LúLNOLNOHU

ROGX÷X�J|]OHQPLúWLU��%X�GXUXP����¶WH�WDUWÕúÕOPÕúWÕU��ùHNLO������µ6DXHUVWRII�+LQZHJ¶�DUWDQ�DNÕP

\R÷XQOX÷X\OD�RNVLMHQ�RUWDPÕQGD�|Oo�P�YH�µ6DXHUVWRII�5�FNZHJ¶�D]DODQ�DNÕP�\R÷XQOX÷X\OD

RNVLMHQ�RUWDPÕQGD�|Oo�P�PDQDVÕQD�JHOPHNWHGLU�

Potential after the interruption in V (average of 1e-5 to 1e-4 s)
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Kathodenpotential nach dem Abschalten in V (Mittelwert)
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Sauerstoff Hinweg

Sauerstoff Rueckweg

Sauerstoff Hinweg 14062007

Sauerstoff Rueckweg 14062007

Sauerstoff Hinweg 20062007

Sauerstoff Rueckweg 20062007

10% Stickstoff Hinweg 20062007

10% Stickstoff rueckweg 20062007

Sauerstoff Hinweg 22062007

Sauerstoff Rueckweg 22062007

10% Stickstoff Hinweg 22062007

10% Stickstoff rueckweg 22062007

Sauerstoff Hinweg 28062007

Sauerstoff Rueckweg 28062007

Sauerstoff Hinweg 2072007

Sauerstoff Rueckweg 2072007

Sauerstoff Hinweg 4072007

Sauerstoff Rueckweg 4072007

ùHNLO������������7HPPX]�����¶GH��\DSÕODQ�GHQH\OHUGHQ�HOGH�HGLOHQ�YHULOHU�LOH�oL]LOPLú

RODQ�%XWOHU�9ROPHU�JUDIL÷L�

(OHNWURWODUGD�DoÕ÷D�oÕNDQ�WDKULEDW�%XWOHU�9ROPHU�JUDIL÷LQL�LQFHOH\HUHN�EHOLUOHQHELOLU��gUQH÷LQ�

������7HPPX]�����¶GH�\DSÕODQ�GHQH\OHUGHNL�YHULOHUOH�oL]LOHQ�%XWOHU�9ROPHU�JUDIL÷L�úHNLO

����¶GHGLU��%X�JUDIL÷LQ�\DUGÕPÕ�LOH�J|U�OHELOLU�NL��D\QÕ�DNÕP�\R÷XQOX÷XQGD�DOÕQDQ���

7HPPX]¶GDNL�NDWRW�SRWDQVL\HOL�GH÷HUL����7HPPX]¶GD�DOÕQDQD�J|UH�GDKD�N|W�G�U�YH�EX�LNL

GHQH\GHQ�DOÕQDQ�GH÷HUOHULQ�7DIHO�oL]JLVL�H÷LPOHUL�GH÷LúPLúWLU�����7HPPX]¶GD�\DSÕODQ�GHQH\GH

*'(¶GHNL�RNVLMHQ�WDúÕQÕPÕ�VRUXQXQXQ��7DIHO�oL]JLVL�H÷LPLQGH�GH÷LúLPH�QHGHQ�ROGX÷X

V|\OHQHELOLU��%X�QHGHQOH�NDWRW�SRWDQVL\HOLQGHNL�GH÷LúLPOHUH�ED÷OÕ�RODUDN��HOHNWURWXQ

GH÷LúWLULOPHVLQH�NDUDU�YHULOPLúWLU�

$NÕP�NHVLOPHVLQGHQ�VRQUDNL�RUWDODPD�NDWRW�SRWHQVL\HOL��9�

$
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ùHNLO��������������7HPPX]�����¶GH�\DSÕODQ�GHQH\OHUGHNL�YHULOHUOH�oL]LOHQ�%XWOHU�9ROPHU

JUDIL÷L

�����3RWDQVL\HO�$NÕP�<R÷XQOX÷X�(÷ULOHUL

$úD÷ÕGDNL�EDVLWOHúWLUPHOHU�*'(¶OHULQ�DNÕP�SRWDQVL\HO�GDYUDQÕúODUÕQÕ�WDQÕPODPDN�LoLQ

\DSÕOPÕúWÕU�

x *|]HQHNOL�VLVWHPGH�GLI�]\RQ�WHN�WDúÕQÕP�PHNDQL]PDVÕGÕU�YH�NRQYHNVL\RQ�HWNLVL�YH�\HU

GH÷LúWLUPH�LKPD�HGLOLU�

x (OHNWURNLP\DVDO�WHSNLPHOHU�VDGHFH�J|]HQHNOL�VLVWHPGH�JJHUoHNOHúLU��SRUODU�GÕLÕQGDNL�JD]

YH�VÕYÕ�ID]ODU�VDELW�RODUDN�NDEXO�HGLOLU�

x 'LI�]\RQ�NDWVD\ÕODUÕ��YL]NR]LWH��VÕFDNOÕN�YH�EDVÕQo�JLEL�IL]LNVHO�GH÷LúNHQOHU�VDELW�GH÷HUOHUH

sahiptir.

x +HU�GXUXPGD�HOHNWURNLP\DVDO�ELU�WHSNLPH�\HU�DOÕU��7HSNLPH�HúLWOL÷L�VWRN\RPHWULN�WHSNLPH

VDELWOHUL�J��O�YH�S��JD]�UHDNWDQÕ�*���22 yada H2), elektrolitteki reaktanlar L (H2O, H3O
+
,

OH
- 
) ve ürün P (H3O

+
, OH

-
, H22��DUDVÕQGD�JHoHUOLGLU�

g G + l L r e- o p P

*HQHO�RODUDN�IRUP�OH�HGLOPLú�WHSNLPH�LoLQ��NRQVDQWUDV\RQGDQ�ED÷ÕPVÕ]�ROPD�%XWOHU�9ROPHU

HúLWOL÷LQGH�DNÕP�SRWDQVL\HOL�GDYUDQÕúÕ�LoLQ�JHoHUOLGLU�

Cathode potential after interruption in V (average)

Oxygen forwards 14062007
Oxygen forwards 20062007
Linear (oxygen forwards) 20062007)
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øQFH�ILOP�PRGHOL�LOHUL�ELU�PRGHO�RODUDN�DúD÷ÕGDNL�YDUVD\ÕPODUOD�X\JXODQÕU�

x 6LOLQGLULN�ELU�J|]HQH÷LQ�Lo�\�]H\LQLQ�E�\�N�NÕVPÕQÕQ�\DUÕoDSÕ�U��ÕVODQGÕ÷Õ�HOHNWUROLWLQ�NL

w’dir.

x 5HDNWDQODUÕQ�J|]HQH÷LQ�Lo�\�]H\LQH�WDúÕQÕPÕ�KÕ]D�ED÷OÕ�RODUDN�EHOLUOHQPH]�

x (OHNWUROLW�ILOPGHNL�JD]�UHDNWDQODUÕQ�VRO�V\RQ�SURVHVOHUL�KÕ]D�ED÷OÕ�RODUDN�EHOLUOHQPH]��2

]DPDQ�WDúÕQÕP�HOHNWURNDWDOLWLN�SDUWLN�O�Q�\�]H\LQGH�GLI�]\RQOD�JHUoHNOHúLU�

6RQ�RODUDN�HOHNWURW�WRSDNODQPD�PRGHOLQL�WDQÕPODU��EXUDGD�WRSDNODQPD�HOHNWURNDWDOL]|U

WDQHFLNOHUL�LOH�oHYUHOH\HQ�HOHNWUROLW�DUDVÕQGDGÕU��.DWDOL]|U�\�]H\GH�PLNUR�J|]HQHNOHU�EXOXQXU�

EX�J|]HQHNOHU�HOHNWUROLWOH�GROXGXU�YH�WHSNLPHOHU�EX�J|]HQHNOHUGH�JHUoHNOHúLU��7RSDNODQPDODU

DUDVÕQGDNL�PDNUR�J|]HQHNOHU�LVH�UHDNVL\RQ�JD]Õ\OD�GRODU>��@�

%X�WHPHO�GH÷HUOHU�ÕúÕ÷ÕQGD�*'(¶GH�|Oo�OHQ�DNÕP�SRWDQVL\HOL�H÷ULOHUL�JHQHO�ELU�NXUDO�RODUDN

EDVLW�%XWOHU�9ROPHU�GDYUDQÕúÕ�J|VWHUPH]��0DGGH�WDúÕQÕPÕ�HVQDVÕQGD�NRQYHNVL\RQ�URO

R\QDPDGÕ÷Õ�LoLQ��H÷ULOHU�WDPSRQ�GHVWHN�HOHNWURWODUÕQGD�ROGX÷X�JLEL�WLSLN�OLPLW�DNÕP�GH÷HUL

YHUPH]OHU��ùHNLO���������¶O�N�1D2+�HOHNWUROLW�LoLQGH�NXOODQGÕ÷ÕP�*'(¶QLQ�WLSLN�DNÕP

SRWDQVL\HO�H÷ULOHULQL�J|VWHUPHNWHGLU��%X�VRQXoODU�WHVW�K�FUHVLQGHQ�WHVW�NRúXOODUÕQGD

WRSODQPÕúWÕU�

0 4 . 0 7 . 2 0 0 7

C u r r e n t  D e n s i t y  i n  k A / m ²

P
o

te
n

ti
a

l 
in

 V

P o t  n a c h  A b s c h  1 e - 5 s

P o t  n a c h  A b s c h  1 e - 5  r u e c k

L o g a r i t h m i s c h  ( P o t  n a c h  A b s c h  1 e - 5 s )

ùHNLO�������$NÕP�\R÷XQOX÷X���SRWDQVL\HO�JUDIL÷L
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'�ú�N�DNÕP�\R÷XQOXNODUÕQGD�JHQHO�RODUDN��SRWDQVL\HOLQ�DNÕP�\R÷XQOX÷XQD��VWHO�RODUDN�ED÷OÕ

ROGX÷X�J|]OHQLU��ùHNLO�����¶GH�NHVLQ�ELU�GH÷HULQ��]HULQGHNL�DNÕP�\R÷XQOXNODUÕ�GH÷HUOHULQGH�

H÷ULOHULQ�QHUHGH\VH�OLQHHU�ELU�\DSÕ�ND]DQGÕ÷Õ�J|U�O�U��%X�DUDOÕNWD�H÷UL�*'(¶GHNL�RKP�GLUHQFL

ile belirlenir.

����7DIHO�'HQNOL÷L

���E|O�P�Q���������DOW�E|O�P�QGH�WDUWÕúÕOGÕ÷Õ�JLEL�DNÕP�\R÷XQOX÷X�YH�\�N�WUDQVIHU�DúÕUÕ

SRWDQVL\HOL�DUDVÕQGD�JUDILN�oL]PHN�LoLQ�7DIHO�GHQNOHPL�NXOODQÕOÕU��%XUDGD�EX�HúLWOLN

GHQH\OHUGHNL�\DUÕ�K�FUHOHUGH�$�$�P
2
 to  Z  kA/m

2  
\H�DNÕP�\R÷XQOXNODUÕQÕ�oL]PHN�LoLQ

NXOODQÕOGÕ�

%D÷ÕQWÕ������D¶\D�J|UH�7DIHO�HúLWOL÷L

log i = log oi ��>���Į���]�)�������57�@��_Ș_

veya

K
b

ii o

1
loglog � (5.1)

�9H�ED÷ÕQWÕ�����¶H�J|UH�7DIHO�H÷LPL�E

���������E �������57������Į��]�)

%D÷ÕQWÕ����¶LQ�Ș� ���µGD�GLNH\�HNVHQ�NHVLP�QRNWDVÕ�DNÕP�\R÷XQOX÷XQGDNML�GH÷LúLPL�YHULULNHQ

QHJDWLI�H÷LP�7DIHO�H÷LPL�E¶\L�YHULU�

<�N�WUDQVIHUL�DúÕUÕ�SRWDQVL\HOL�LOH�ORJDULWPLN�DNÕP�\R÷XQOX÷X�GH÷HUOHUL�DUDVÕQGD�oL]LOHQ�JUDIL÷H

7DIHO�H÷ULVL�GHQLU�YH�EX�H÷ULGHNL�G�]�oL]JL\H�GH�7DIHO�oL]JLVL�GHQLU��E�7DIHO�H÷ULVL¶GLU�YH

WHSNLPHQLQ�PHNDQL]PDVÕ�KDNNÕQGD�ELOJL�VD÷ODU�

7DIHO�H÷LPLQGHNL�E�oL]JLVLQLQ�\�HNVHQLQL�NHVWL÷L�QRNWD��|UQHN�úHNLO�����¶WH�YHULOPLúWLU��GH÷LúHQ

DNÕP�\R÷XQOX÷X�PLNWDUÕQÕ�YHULU�L0.  *UDILN�7DIHO�D÷LPL�RODUDN�ELOLQLU��+HU�LNL�GH÷HU��GH÷LúHQ



68

DNÕP�\R÷XQOX÷X�YH�7DIHO�H÷LPL�KHUKDQJL�ELU�HOHNWURW�LoLQ�VDELW�GH÷LOGLU�DQFDN�HOHNWURW

PDWHU\DOL�YH�ELOHúLPLQH�ED÷OÕGÕU��$NÕP�\R÷XQOX÷X�PLNWDUÕQÕ�GH÷LúLPL�L0 HOHNWURW�GDYUDQÕúÕQÕQ

WHPHO�NDUDNWHULVWL÷LGLU�YH�HOHNWURW�ELU�o|]HOWLGH�GLQDPLN�GHQJH\H�XODúWÕ÷ÕQGD��WHUVLQLU

SRWDQVL\HOGH��KHU�HOHNWURW�ELULP�DODQÕ�LoLQ��\�N�WUDQVIHUL�KÕ]Õ�RODUDN�WDQÕPODQDELOLU��'HPHN

ROX\RU�NL��DQRGLN�\�N�WUDQVIHUL�KÕ]Õ��RNVLGDV\RQ���NDWRGLN�\�N�WUDQVIHUL�KÕ]ÕQÕ��UHG�NV�\RQ�

dengeler.

%�\�N�DNÕP�\R÷XQOX÷X�GH÷LúLPL�KÕ]OÕ�ELU�WHSNLPH\H�LúDUHW�HGHU��\�NVHN�DNÕP�GH÷LúLPLQH

VDKLS�ELU�HOHNWURW�G�ú�N�DNWLYDV\RQ�HQHUMLVLQH�VDKLSWLU�>�@��N�o�N�DNÕP�\R÷XQOX÷X�GH÷LúLPL�LVH

DúÕOPDVÕ�JHUHNHQ�\�NVHN�ELU�DNWLYDV\RQ�HQHUMLVL�QHGHQL\OH��\DYDú�WHSNLPH\H�LúDUHW�HGHU�

Reaction Coordinate

E
ne

rg
y

GA' �
GA' �

G'

Me

�e
�e

i-

i+

Me+

Anodic

Cathodic

ùHNLO��������2NVLGDV\RQ�YH�UHGXNVL\RQ�UHDNVL\RQODUÕQÕQ�VHUEHVW�DNWLYDV\RQ�HQWDOSLVL

ùHNLO������NDWRGLN�YH�DQRGLN�DNWLYDV\RQ�HQHUMLOHUL\OH�HOHNWUROL]�SURVHVLQL�J|VWHULU��2NVLGDV\RQ

�
AG �

AG �D�HúLW�RODQ�NDGDU�GHYDP�HGHU��'HPHN�ROX\RU�NL��NDWRGLN�YH�DQRGLN�WHSNLPH�VHUEHVW

DNWLYDV\RQ�HQWDOSLOHUL�HúLWNHQ��%X�QRNWDGD�DNÕP�KHU�LNL�\|QGH�DNDU�YH�DNÕP�\R÷XQOX÷X�GÕú

EHVOHPH�ROPDGÕ÷ÕQGD�DNÕP�\R÷XQOX÷X�GH÷LúLPL�RODUDN�WDQÕPODQÕU�

Burada,

ǻ*A = Serbest aktivasyon entalpisi
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$NÕP�\R÷XQOX÷X�GH÷LúLPL�E�\�NO�÷���HOHNWURW�ELOHúLPL��HOHNWURW�\�]H\�S�U�]O�O�÷��

o|]�QHELOLU�W�UOHULQ�NRQVDQWUDV\RQX�YH�HOHNWRW�\�]H\LQGHNL�VDIVÕ]OÕN�GH÷LúNHQOHULQH�ED÷OÕ�ELU

fonksiyondur.

ùHNLO���������DNÕP�NHVPH�GHQH\LQLQ�VRQXoODUÕQÕ�J|VWHUPHNWHGLU��%X�GH÷HUOHUGHQ�KDUHNHWOH

JUDILNWHQ�DúÕUÕ�SRWDQVL\HOL�GH÷HUOHUL�KHVDSODQÕU��EX�GH÷HUOHU�GH�EL]H�L0�GH÷HULQL�YHULU�

25.07.2007

Time in s

P
o

te
n

ti
a

l 
in

 V

ùHNLO�������� Katot potansiyeli.

3URMHQLQ�JL]OLOL÷L�DoÕVÕQGDQ�GHQH\GH�HOGH�HGLOHQ�VRQXoODU�EXUDGD�DoÕNODQDPDPDNWDGÕU�

dL]JLQLQ�H÷LPL�7DIHO�H÷LPLGLU�YH�DúD÷ÕGDNL�JLEL�YHULOLU

b = 1 / A

b = -B V

E� �������57������Į��]��)� ���%�9

.DWRGLN�\�N�WUDQVIHU�NDWVD\ÕVÕQÕQ�GH÷HUL�DúD÷ÕGDNL�HúLWOLNWHQ�KHVDSODQDELOLU

���Į�� �����57���E�]�)

���Į�� ������[�������[��������%�[���[������

Į� ��&������&�!������

$NÕP�NHVLOPHGHQ�|QFHNL�NÕVÕP
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Į�!����ROGX÷XQGD��D\QÕ�DúÕUÕ�SRWDQVL\HO�LoLQ�RNVLGDV\RQ�DNÕPÕ�UHG�NVL\RQ�DNÕPÕQGDQ�GDKD

E�\�NW�U��%X�HOHNWURNLP\DVDO�RNVLGDV\RQXQ�UHG�NVL\RQGDQ�GDKD�KÕ]OÕ�ROGX÷X�PDQDVÕQD�JHOLU�

F = Faraday sabiti  (96487) (As/mol)

R = universal gaz sabiti (VAs/Kmol)

T  �VÕFDNOÕN�.HOYLQ��.�

b  �WDIHO�H÷LPL�

Butler-Volmer-Auftragung 

y = -18,593x + 3,0012

R 2  =  0 ,9735

-5,00

-4,50

-4,00

-3,50

-3,00

-2,50

-2,00

-1,50

-1,00

-0,50

0,00

0,50

1,00

1,50

0,10 0,11 0,12 0,13 0,14 0,15 0,16 0,17 0,18 0,19 0,20 0,21 0,22 0,23 0,24 0,25

Potential nach dem Abschalten in V (Mittelwert von 1e-5 bis 1e-3 s)
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 (
m

A
/c

m
2

)

Kathode als Kathode

Kathode als Anode

Tafelwerte Kathode

Gleichgewichtspotential

Tafelgerade Kathode

ùHNLO������ $NÕP�\R÷XQOX÷XQD�NDUúÕ�DúÕUÕ�JHULOLP�GH÷HUOHULQLQ�ORJDULWPLN�JUDIL÷L�

2UWDODPD�KDUHNHW�HGHQ�oL]JLQLQ�;¶L�NHVLP�QRNWDVÕ�YH�EX�NHVLP�QRNWDVÕQGDQ�DNÕP�\R÷XQOX÷X

GH÷LúLPL�DúD÷ÕGDNL�JLEL�KHVDSODQÕU�

log oi  =  X

oi = Y  kA / m
2

oi  �'H÷LúLP�$NÕP�\R÷XQOX÷X��N$�P
2
)

.ORU�DONDOL�HOHNWUROL]LQGH�DQD�E�\�NO�N�DNÕP�\R÷XQOX÷X�GH÷LúLPLGLU��EX�E�\�NO�÷�Q�GHWD\OÕ

ELU�úHNLOGH�DQODúÕOPDVÕ��HOHNWURNLP\DVDO�UHDNVL\RQODUÕQ�JHOHFH÷H�G|Q�N�RSWLPL]DV\RQODUÕ�LoLQ

log i = log i0���P�
�Ș

X
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gereklidir[28]. Bu parametreden hareketle elektrokimyasal tepkimelerin elektrokatalizörlerle

LOLQWLOL�ROGX÷X�ED÷ODQWÕVÕ�NXUXODELOLU�

�����)DUNOÕ�2UDQODUGDNL�*D]�.DUÕúÕPODUÕQÕQ�(WNLOHUL

)DUNOÕ�RUDQODUGD�ELUOHúHQ�GH÷LúLN�JD]�NDUÕúÕPODUÕQGD�*'(¶QLQ�HWNLOHULQL�J|]OHPOHPHN�LoLQ�

GHQH\OHU�VDI�RNVLMHQH�����YH�����D]RW�NDWÕODUDN�JHUoHNOHúWLULOPLúWLU�

1,00E-08 1,00E-07 1,00E-06 1,00E-05 1,00E-04 1,00E-03 1,00E-02 1,00E-01 1,00E+00 1,00E+01 1,00E+02

Zeit (s)

S
p

a
n

n
u

n
g

 (
V

)

A kA/m2

B  kA/m2

C kA/m2

D  kA/m2

E  kA/m2

F  kA/m2

G  kA/m2

H kA/m2

I kA/m2

ùHNLO�������������2NVLMHQ�RUWDPÕQGD�JHUoHNOHUúWLULOHQ�DNÕP�NHVPH�GHQH\LQLQ�JUDIL÷L

ùHNLO�����¶GD�����D]RW�LoHUHQ�JD]�NDUÕúÕPÕ\OD�\DSÕODQ�GHQH\LQ�VRQXoODUÕ��úHNLO�����¶GH�LVH�VDI

RNVLMHQ�JD]ÕQGDQ�ROXúDQ�JD]�LOH�\DSÕODQ�GHQH\LQ�VRQXoODUÕ�J|U�OPHNWHGLU��ùHNLOOHUGHQ

DQODúÕODFD÷Õ��]HUH�D\QÕ�DNÕP�\R÷XQOX÷X�G�ú�Q�OG�÷��]DPDQ������D]RWXQ�NXOODQÕOGÕ÷Õ

GHQH\GHNL�DúÕUÕ�SRWDQVL\HOL�GH÷HUOHUL��VDI�RNVLMHQLQ�NXOODQÕOGÕ÷Õ�GHQH\GHNL�GH÷HUOHUH�J|UH�GDKD

yüksektir.

$NÕP�\R÷XQOX÷X�G�ú�N�ROGX÷XQGD�D]RW�RNVLMHQ�NDUÕúÕPÕ�YH�VDI�RNVLMHQ�VRQXoODUÕQGD

QHUHGH\VH�IDUN�J|U�OPH]��EXUDGDQ�RNVLMHQLQ�WHSNLPH�LoLQ�\HWHUOL�ROGX÷X�VRQXFX�oÕNDUÕOÕU�

$NÕP�\R÷XQOX÷X�\�NVHOGL÷LQGH��HúLW�DNÕP�\R÷XQOXNODUÕ�NHVLPGHQ�VRQUD�oRN�\�NVHN�QHJDWLI

GH÷HUOHUH�QHGHQ�ROGX÷XQGDQ��ELU�IDUN�J|]OHQHELOLU��%X�WDKPLQHQ�RNVLMHQLQ�WDúÕQÕPÕQGDNL

OLPLWWHQ�ND\QDNODQPDNWDGÕU�

$NÕP�NHVLOPHGHQ�|QFHNL�E|O�P
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Kathodenpotential nach dem Abschalten in V (Mittelwert von 1e-5 bis 1e-4 s)
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 (

m
A

/c
m

²)

Sauerstoff Hinweg

Sauerstoff Rueckweg

15% Stickstoff Hinweg

15%Stickstoff Rueckweg

Linear (Sauerstoff Hinweg)

Linear (Sauerstoff Rueckweg)

Linear (15% Stickstoff Hinweg (1))

Linear (15% Stickstoff Hinweg (2))

Linear (15% Stickstoff Rueckweg (1))

Linear (15% Stickstoff Rueckweg (2))

ùHNLO��������������������WDULKLQGH�\DSÕODQ�GHQH\GHQ�HOGH�HGLOHQ�YHULOHUOH�oL]LOHQ

%XWOHU�9ROPHU�JUDIL÷L

ùHNLO�����¶GH����7HPPX]������WDULKOL�GHQH\LPGHNL�%XWOHU�9ROPHU�X\JXODPDVÕQGD��VDI

RNVLMHQ�YH�����D]RW�RNVLMHQ�NDUÕúÕPÕ�NXOODQÕOPÕúWÕU��+DOD�IRQNVL\RQHO�ROVD�GD��*'(�XPXOGX÷X

JLEL�7DIHO�HúLWOL÷LQH�J|UH�GDYUDQPDPÕúWÕU��'�DNÕP�\R÷XQOX÷XQGDQ�J|U�OHELOLU�NL�D]RW�RNVLMHQ

NDUÕúÕPÕQÕQ�HWNLVL�J|U�OHELOLU�

2NVLMHQLQ�OLPLWOHQPHVL��NL�EXUDGD�WDúÕQÕP�QHGHQL\OH�ROPDNWDGÕU��WHRULGH�RODQ�NXYYHWOL�ELU

DUWÕúOD�EHNOHQGL÷L�JLEL�GDYUDQÕU�

D
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6     Sonuç

���J�Q�ER\XQFD�V�UHUOL�RODUDN�NXOODQÕODQ�\DUÕ�K�FUH�YH�*'(�GHQH\OHU�VÕUDVÕQGD�WRSODPGD��

NH]�GH÷LúWLULOGL�

'HQH\OHUGH�NXOODQÕODQ�*'(¶QLQ�HWNLOHUL� �GH÷LúLN�DNÕP�\R÷XQOXNODUÕ�YH�GH÷LúLN�JD]

NDUÕúÕPODUÕQGD�J|]OHQGL��'HQH\OHU�DNÕP�\R÷XQOXMODUÕ�DUWWÕUÕODUDN�JHUoHNOHúWLULOGL�YH�DPDoODQDQ

DNÕP�\R÷XQOX÷XQD�XODúÕOGÕ÷ÕQGD��DNÕP�\R÷XQOX÷X�EDúODQJÕo�DQÕQGDNL�XODúWÕ÷Õ�GH÷HUH�NDGHPH

NDGHPH�G�ú�U�OG���'HYDPÕQGD�NL�KHVDSODPDODUGD��DNÕPÕQ�DUWWÕUÕOGÕ÷Õ�\|QOH��D]DOWÕOGÕ÷Õ�\|Q

|Oo�POHUL�DUDVÕQGD�ELU�IDUN�ROPDGÕ÷Õ�J|]OHQGL��%X�J|]OHPOHU�VRQXFXQGD�*'(¶GH�\�NVHN�DNÕP

\R÷XQOXNODUÕ�LOH�oDOÕúÕOGÕNWDQ�VRQUD�WHUVLQLU�ELU�WDKULEDW�ROXúPDGÕ÷Õ�VRQXFXQD�YDUÕOGÕ��3URMHQLQ

JL]OLOL÷L�QHGHQL\OH��DOÕQDQ�VRQXoODU�YH�HOHNWURWODUGDNL�\DSÕVDO�GH÷LúLNOLNOHUGHQ�EX�\�NVHN�OLVDQV

tezinde bahsedilmeyecektir.

����QXPDUDOÕ �DOW �E|O�P�Q�JUDILNOHULQGH�J|U�OHELOHFH÷L�JLEL� �*'(�LoLQ�G�ú�N�DNÕP

\R÷XQOXNODUÕQGD�%XWOHU�9ROPHU�GHQNOL÷LQH�ED÷OÕ�RODUDN���VWHO�H÷UL�VRQXFX�DOÕQPÕúWÕU��$NÕP

\R÷XQOX÷X�DUWWÕUÕOGÕ÷ÕQGD��oL]JLQLQ�7DIHO�GHQNOL÷LQH�X\GX÷X�J|]OHQLU�

6ÕQÕUOÕ�ELU�GH÷HUH�NDGDU�*'(�SRODUL]H�ROPXV�RNVLMHQ�NDWRW�JLEL�GDYUDQÕU��$NÕP�\R÷XQOX÷X

DUWWÕUÕOGÕ÷ÕQGD��VÕQÕU�GH÷HULQH�XODúÕOGÕNWDQ�VRQUD��DúÕUÕ�SRWDQVL\HOLQ�NHVNLQ�ELU�úHNLOGH

\�NVHOGL÷L�WHVSLW�HGLOGL��%X�GXUXP�KLGURMHQ�ROXúXPXQXQ�EDúJ|VWHUHELOHFH÷L�úHNOLQGH�LIDGH

HGLOHELOLU��%XQXQOD�ELUOLNWH�GHQH\OHU�VÕUDVÕQGD�NHVLQ�ELU�VRQXo�GD�HOGH�HGLOPHPLúWLU��)LNULPFH

JHOHFHN�GHQH\OHUGH�H÷HU�EHNOHQHQ�KLGURMHQ�ROXúXPX�J|]OHQLUVH��EX�*'(�RSWLPL]DV\RQX�YH

JHOLúLPL�LoLQ�oRN�HOYHULúOL�ROXU�
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Potential nach dem Abschalten in V (Mittelwert von 1e-5 bis 1e-4 s)
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Kathode als Kathode Hinweg (Konstanter)

Kathode als Kathode Hinweg (Stromgeber)
Kathode als Anode Hinweg (Stromgeber)

Kathode als Anode Rueckweg (Stromgeber)

Kathode als Kathode Rueckweg (Stromgeber)

Kathode als Kathode Rueckweg (Konstanter)

Gleichgewichtspotential

ùHNLO�������������������WDULKLQGHNL�GHQH\LQ�%XWOHU�9ROPHU�JUDIL÷L

ùHNLO�����%XWOHU�9ROPHU�JUDIL÷LQL�J|VWHUPHNWHGLU��*'(�NDWRG�ROGX÷X�JLEL�DQRG�RODUDN�GD

NXOODQÕOPÕúWÕU��(÷HU�NHVLPGHQ�VRQUDNL�SRWDQVL\HO�%XWOHU�IRUP�O�\OH�VXQXOXUVD��SDVDMGDNL

GHQJH�SRWDQVL\HOLQLQ�NDWRWWDQ�DQRGD�LúOHGL÷L�oÕNDUÕPVDQÕU�

7�P�WHVSLW�HGLOHQ�GHQJH�SRWDQVL\HOOHUL�D\QÕ�DODQD�ED÷OÕGÕU�YH�WHRULN�GH÷HUOHUOH�X\XPOXOXN

içindedir.

$¶QÕQ�N$�P
2
�oRN�\�NVHN�DNÕP�\R÷XQOXNODUÕQD�NDGDU��*'(�DoÕN�ELU�úHNLOGH�ELOLQGLN�úHNLOGH

SRODUL]H�RNVLMHQ�NDWRGX��2'&��JLEL�GDYUDQPÕúWÕU��%X�VXUHWOH�HOHNWURW�SRWDQVL\HOL�KLGURMHQ

JHOLúLPLQLQ�RODELOHFH÷L�WHKOLNHOL�DODQD�XODúPDGÕ��$\UÕFD�úHNLO�;¶WH�NHVLPGH�HOHNWURG

SRWDQVL\HOLQLQ�|Oo�OPHVLQGHQ�VRQUD�GLI�]\RQ�QHW�ELU�úHNLOGH�DoÕ÷D�oÕNDU����¶OX�DNÕP

\R÷XQOX÷X�GH÷LúLPOHULQGH�WRSODP�RODUDN�\DNODúÕN�4�P9�DUWÕúÕ�J|]OHQLU��(OHNWURNLP\DGD�VÕNoD

NXOODQÕODQ�ORJDULWPLN�ED÷ODQWÕ�GD�YDUGÕU��%X�GDYUDQÕúÕQ�\RUXPXQD�ED÷OÕ�RODUDN�2'&¶QLQ

LúOH\LúLQH�ED÷OÕ �RODUDN��ED]Õ�|QHPOL�oÕNDUÕPODU�EHNOHQHELOLU� �DQFDN�ELULQFLO �RODUDN

JHOLúWLULOPHOLGLU�o�QN��J|]OHQHQ�DUWÕP�|QHPOL�ELU�úHNLOGH�GDKD�ID]ODGÕU��EX�EHNOHQHELOLU�

PHVHOD�RUWDODPD�SRWDQVL\HOH�\|QHOLN�RODUDN��'DKD�GD�\�NVHN�DNÕP�\R÷XQOXNODUÕ�GXUXPXQGD

�%�QRNWDVÕQGDQ���DúÕUÕ�SRWDQVL\HO�WHUV�ELU�úHNLOGH�KLGURMHQ�ROXúDFDN�SRWDQVL\HO�DODQD�NDGDU

LúOHU��DQFDN�2'&¶QLQ�WHUVLQLU�ER]XQPDVÕ�J|]OHQPH]��EX�GXUXPD�\|QHOLN�RODUDN��|Oo�POHUGHQ

DOÕQDQ�VRQXoODU�ÕúÕ÷ÕQGD�|QFH�DUWDQ�EHOOL�ELU�PDNVLPXP�GH÷HUGHQ�VRQUD�GD�D]DODQ�DNÕP

\R÷XQOXNODUÕ�NDUúÕODúWÕUÕODELOLU�
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Stromdichte in kA/m²

P
ot

en
tia

l o
de

r S
pa

nn
un

g 
in

 V

Kathoden Potential nach Abschalten steigend 

Kathoden Potential nach Abschalten fallend  

�ùHNLO�������$NÕP�\R÷XQOX÷X���*'(�SRWDQVL\HOLQLQ�ORJDULWPLN�JUDIL÷L�

*D]�GLI�]\RQ�HOHNWURW�VLVWHPL��]HULQGH�VÕFDNOÕ÷ÕQ�HWNLVL�GHULQ�ELU�úHNLOGH�LQFHOHQHELOLU�

'HQH\OHUGH�NXOODQÕODQ�EHOLUWLOHQ�VWDQGDUW�\DUÕ�K�FUH\L�\RN�HWPHPHN�LoLQ��VÕFDNOÕ÷Õ��]HULQGH

NRQWURO��RODQ�GH÷LúLNOLNOHU�GDKD�HWNLQ�ELU�úHNLOGH�\DSÕODPD]��6RQXo�RODUDN�HOGH�HGLOHQ

VRQXoODUGD�VÕFDNOÕ÷ÕQ�HWNLVLQH�NHVLQ�RODUDN�NDUDU�YHULOHPH]�

*HOHFHN�RODQ�DUDúWÕUPDODUGD�LQDQÕ\RUXP�NL�*'(�VÕFDNOÕN�GH÷LúLPLQLQ�ELU�IRQNVL\RQX�RODUDN

DoÕNODQDELOL\RU�RODFDN�YH�GH�EX�VRQ�GHUHFH�NXOODQÕúOÕ�RODFDN�

(N�RODUDN��LQDQÕ\RUXP�NL�IDUNOÕ�o|]HOWLOHUOH�JHUoHNOHúWLULOHQ�GHQH\OHU�*'(�VLVWHP�LONHOHULQL

GH÷LúWLUPHN�LoLQ�NXOODQÕúOÕ�RODELOLU�

A

B
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6RQXo�RODUDN��DUWDQ�HQHUML�PDOL\HWL�G�ú�Q�OG�÷�QGH��NORU�YH�VRG\XP��UHWLPL�LoLQ�NXOODQÕODQ

*'(¶QLQ�|QHPL��HQG�VWULQLQ�ND\QDNODUÕ��|QHPOL�PLNWDUGD�HQHUML�WDVDUUXIX�VD÷ODQ\RU�ROGX÷X

JHUoH÷L�GDKD�L\L�DQODúÕOÕU�
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