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Chapter 19

Electrochemistry
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19.1 Describing Electrochemical Cells
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K?<:FGG<I <C<iKIF;< K?<:8K?F;< JK?<I<8:K@FE GIF>I<JJ<] K?< Q@E: JKI@C
:@JJFCM<J 8E; K?< :FE:<EKISK@ FFIFEIED E K?<HEELK@FE @E:1<8J<J
J@DLCKSE<FLICP K?< :FGG<I| JKI@G >8@EJ D8JJ 8E; K?< :FE:<ERFKIGIFE F= |
K?< L JFCLK@FE ;<:1<8J<J GSIK "&b [?< -<8:K@FE F=)<K8CC@: 4@E:
N@K? HL<FLJ FGG<I| %% %FEJ @E 8 #8CVBE@®I< 28NI< :8ll@<; FLK K?<

J8D< I<8:K@FE 8J N<:@; LI@QE> 8 J@QE>C< 9<8B<I| 9LK K?@J K@D< K?< FO@:;8k
I<;L:K@M< ?8C= I<8:K@FEJ 8I< G?PJ@:8CCP J<G8I8K<; =IFD <8:? FK?<I| /?< <C<:
K?8K 8l< I<C<8J<; 8K K?< 8EF;< =CFN K?IFL>? K?< N@I< GIF;L:@E> 8E <C<:KI@:
#8CMBE@: :<CCJ K?<I<=FI< KIBEJ=FID :?<D@:8C <E<I>P @EKF <C<:K|@:8C <E<I:
K?<E 9< LJ<; KF ;:F NFIB

97EB5  *85 (513D9?> ?6 #5D1<<93 .9>3 G9D8 AE5?EC ?@@5B  7?>C 9>1 1<F1>93 5<<

1 71<F1>93 35<< 31> 25 3?>CDBE3D54 2| 9>C5BD9>7 1 3?@@5B CDB9@ 9>D? 1 251;5B D81D 3?>D1
C?<ED9?> ?@®E-C 1>4 1 J9>3 CDBI9@ 9>D? 1 49665B5>D 251;5B D81D 3?>D19>C 1> 19ES2EB5 # C?<El

0J?8G<; KL9< @EJ<IK<; @EKIHhG2 =5D1< CDBI9@C 1B5 3?>>53D54 21 1 GIB5 D81D 1<<?GC 5<53DB939DI D? 6<?G 1>4 D85 251:5BC
9FK? JFCLK@FEJ F= 8 >8CMBE@9543C g5 D85 CGID38 9C 3<?C54 D? 3?=@<5D5 D85 39B3EID D85 J9>3 5<53DB?45 D85 15745 9C

K?8K :FEK8@EJ 8 :FE:<EKI8KK<;
C@HL@; FI ><CCx<; <C<:KIFC "’5’2§§D

9?>C 9> D85 <56D 3?=@1BD=5>D?68%Hb E9=E<D1>5?EC<I B54E354 D? 3?@@5B =5D1< 1D D85
B?45 D85 31D8?45 2 C D85 B513D9?> @B?7B5CC5C D85 .> 1>?45 <?C5C =112CI%-@D 49CC?

‘FDGC<K<J K?< @I:L@K 9<KN<sgy<5 D85 E 31087245 719>C =1AE WP 1B5 B54E354 D? 32@@5B =5D1< DS1D 9C 45@?C9D54 7> D:
K?< 8EF:< 8E: K?< :8K?F:<

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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[?< <C<:KIFCPK< @E K?< J8CK 91@;>< J<IM<J KNF GLIGFJ<J @K :FDGC<K<J K?<
BIIP@E> <C<:KI@:8C :?8I>< 8E; DB@EK8@EJ <C<:KI@:8C E<LKIBC@KP @E 9FK-
8CCFN@E> @FEJ KF D@>18K< 9<KN<<E K?<D /?< @;<EK@KP F=K?< J8CK @E ¢
LE@DGFIKS8EK 8J CFE> 8J K?< :FDGFE<EK @FEJ ;F EFK I<8:K FI LE:<I>F 8 I<;FO
I<8:K@FE LE;<I K?< FG<I8K@E> :FE;@K@FEJ F= K?< :<CC 2@K?FLK JL:? 8 :FEE
KFK8C GFI@K@M< :?8I>< QERRK@HE NFLC; @E:I<8J< 8] K?< Q@E: D<K8C ;@J
8E; K?< KFK8C GFJ@K@M< :?8I>< @EHKAIFE NFLC; ;<:1<8J< /?< J8CK 91@;><
8CCFNJ :?8I><J KF 9< E<LKI8BC@Q<; 9P 8 =CFN F= 8E @ FEIF@EK® R28EE3

=CFN F= :8K@FEJ @QEKF B ERLK@FE %E K?< 89J<E:< F=8 J8CK 91@;>< FI JFD< F
J@D@CS8I :FEE<:K@FE K?<I1<8:K@FE NFLC; I8G@;CP :<8J< 9<:8LJ< <C<:Kl@:8C
:FLC; EFK 9< DS@EKS8@E<;

A galvanic cell*89C 71<F1>93 35<< 9<<ECDB1D5C D85 EC5 ?6 1 C1<D 2B9475 D? 3?>>53D DG? C?<ED!

F?<D=5D8B 9< LJ<; KF D<8JLI< K?< ;@==<I<E:< @E <C<:KI@:8C GFK<EK@8C 9+
KNF :FDG8IKD<EKJ +G<E@E> K?< IN@K:? K?8K :FEE<:KJ K?< N@I<J KF K?< 8EI
K?< :8K?F;< GI<KM<EKJ 8 :LII<EK =IFD =CFN@E> JF EF :?<D@:8C I<8:K@FE F::LIJ
-<C8K<; KF K?< <E<I>P E<<;<} K?<JIN@K:? :CFJ<; ?FN<M<I| K?< <OK<IE8SC :@!.L@K @J :CFJ<; 8E; 8E <C<:KI@:
KF DFM< 8 :?781><; G8IK@:C< [@EBE =CFN =IFD K?< 8EF;< KF K?< :8K?F;pafeqtial ( Ecell) F= K?<:<CC D<8JLI<;
8E <C<KI@: =@<C; @K @J K?<
-@==<I<E:< @E <C<KI@:8C | @E MFCKJ @J K?<;@==<I<E:< @E <C<:KI@:8C GFK<EK@8C 9<KN<<E K?< KNF
GFK<EK@8C 9<N<<E KNF ?8C=@J I<C8K<; KF K?< <E<I>P E<<;<; KF DFM< 8 :?8I><; G8IK@:C< @E 8E <C<:KI@: =
I<8:K@FEJ :<CC N< ?8M< ;<J:Il@9<; K?< MFCKD<K<| @E;@:8K<J 8 GFK<EK@8C F= 1 G8Ik

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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"@>Ll<  [/?<-<8:K@FE F=)<K8CC@: 4@E: N@K? HL<FLJ FGG<I %% %FEJ @E
#8CMBE@: <C€8LJ< <C<:KIFEJ =IFD K?< FO@;8K@FE ?8C= I<8:K@FE 8I< I<C<8J
K?< 8EF;< K?< 8EF;< @E 8 > 8CMB8E@: :<CC @J E<>BK@M<CP :?8I><; [?<:8K?F;<
8KKI8:KJ <C<:KIFEJ @J GFI@K@M<CP :?8I><;

*FK 8CC <C<KIF;<J LE;<I>F 8 :?<D@:8C KIBEJ=FIDSBK@FE ;LIQE> 8 I<;FO I<8:K@F
<C<KIF;< :8E 9< D8;< =IFD 8E @E<IK ?@>?CP :FE;L:K@E> D<K8C JL:? 8J GC8K@
GI<M<EK @K =IFD I<8:K@E> ;LI@E> 8 I<;FO GIF:<JJ N?<I< @K ;F<J EFK 8GG<8I
FM<I8CC <C<:KIF:?<D@:8C I<8:K@QFE /?@J G?<EFD<EFE @J @CCLJKI8K<; @E !

Note the Pattern

>8CMBE@: MFCK8@: :<CC :FEM<IKJ K?< <E<|>P I<C<8J<; 9P 8 JGFEK8E<FLJ
?2<D@:8C I<8:K@FE KF <C<:KI@:8C <E<I>P E <C<:KIFCPK@: :<CC :FEJLD<J <(
<E<I>P =IFD 8E <OK<IE8C JFLI:< KF ;|@M< 8 EFEJGFEKS8E<FLJ :?<D@:8C 1<8:K(

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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EXAMPLE 1

?<D@JK ?8J :FEJKIL:K<; 8 >8CMBE@: :<CC :FEJ@JK@E> F= KNF 9<8B<IJ +E
9<8B<I| :FEK8@EJ 8 JKI@G F= K@E @DD<IlJ<; @E 8HL<FLJ JLC=LI@: 8:@; 8E;
FK?<| :FEK8S8@EJ 8 GC8K@ELD <C<:KIF;< @DD<IlJ<; @E 8HL<FLJ E@QKI@: 8:@;
KNF JFCLK@FEJ 8I< :FEE<:K<; 9P 8 J8CK 91@;>< 8E; K?< <C<:KIF;<J 8I<
:FEE<:K<; 9P 8 N@I< LII<KEK 9<>@EJ KF =CFN 8E; 91.99C<J F= 8 >8J 8GG<S8I 8|
K?< GCBK@ELD <C<:KIF;< /?< JGFEK8E<FLJ I<;FO I<8:K@FE K?8K F::LIJ @J
<J:l@9<; 9P K?< =FCCFN@E> 98C8E:<; :?<D@:8C <HL8K@FE

EJ *+ "84 $ 8 E 8H *+> $ +C

"FIK?@J >8CM8E@: :<CC

8 NI@K< K?< ?8C= [<8:K@FE K?8K F::LIJ 8K <8:? <C<:KIF;<

9 @E;@:8K< N?@:? <C<:KIF;< @J K?< :8K?F;< 8E; N?@:? @J K?< BEF;<

. @E;@:8K<N?@:? <C<:KIF;< @J K?< GFJ@K@M< <C<:KIF;< 8E; N?@:? @J |
E<>8K@M< <C<:KIF;<

Given: >8CMBE@: :<CC 8E; I<;FO I<8:K@FE

Asked for: ?8C= I<8:K@FEJ @;<EK@KP F= 8EF;< 8E; :8K?F;< 8E; <C<:KIF;<
8JJ@>ED<EK 8J GFIJ@K@M< Fl E<>8K@M<

Strategy:

A %;<EK@=P K?< FO@;8K@FE ?8C= I<8:K@FE 8E; K?< I<;L:K@FE ?8C= I<8:K(@
@;<EK@=P K?< 8EF;< 8E; :8K?F;< =IFD K?< ?8C= I<8:K@FE K?8K F::LIJ 8K <8:?
<C<KIF;<

B"IFD K?< ;:@I<:K@FE F= <C<:KIFE =CFN 8JJ@>E <8:? <C<:KIF;< 8] <@K?<l
GFIJ@K@M< Fl E<>8K@M<

Solution:

8 A%E K?<I<;L:K@FE ?8C= I<8:K@QFE E@KI8K< @J I<;L:<; KF E@KI@:
FO@:;< /?<E@KI@: FO@;< NFLC; K?<E I1<8:K N@K? FOP><E @E K?< 8¢
KF =FID *+ N@K? @KJ :?818:K<I@JK@: I<; 9IFNE :FCFl %E K?<
FO@;8K@FE ?8C= I<8:K@FE D<K8CC@: K@E @J FO@;@Q<; /?< ?8C=

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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[<8:K@FEJ :FlI<JGFE;@E> KF K?< 8:KL8C I<8:K@FEJ K?8K F::LI @E K?<
JPJK<D 8I< 8] =FCCFNJ

AN

I<LK@FE **8H $ 8H < *> $ +C

N

FO@;8K@FE .EJ .BBH <

[?L) E@KIBK< @J I<;L:<; KF *+ N?@C< K?< K@QE <C<KIF;< @J FO@;@Q
KF .E

9 <8LI<K?<I<L:K@FE I<8:K@FE F::LIJ 8K K?< K <C<iKIF;< @K @J K?<
:8K?F;< FEM<I|J<CP K?<FO@;8K@FE I<8:K@FE F::LIJ 8K K?< K@E <C<:KI
JF @K @J K?< 8EF;<
B IC<:KIFEJ =CFN =IFD K?< K@E <C<:KIF;< K?IFL>? K?< N@I< KF K?< GC8K
<C<:KIF;< N?<I< K?<P KI8EJ=<I| KF E@KI8K< /?< <C<KI@: :@l:L@K @J
:FDGC<K<; 9P K?< J8CK 9I@;>< N?@:? G<ID@KJ K?< ;@==LIJ@FE F=:8K@
KFN8I; K?< :8K?F;< 8E; BE@FEJ KFN8I; K?< 8EF;< <:8LJ< <C<:KIFEJ
=CFHEB?K?< K@QE <C<:KIF;< @K DLJK 9< <C<:KI@:8CCP E<>8K@M< %E :I
<C<:KIFEJ =FNG1B%< K <C<:KIF;< JF K?8K <C<:KIF;< DLJK 9<
<C<:KI@:8CCP GFI@K@M<

10<:@J<

FEJ@;<I 8 J@DGC< >8CM8E@: :<CC :FEJ@JK@E> F= KNF 9<8B<I|J :FEE<:K<; !
91@;>< +E< 9<8B<I| :FEK8@EJ 8 JFCLK@FA@E= YBE€LK< JLC=LI@: 8:@; 8E;

?8J 8 ,K <C<:KIF;< /[?< FK?<I| 9<8B<I| :FEKS8@EJ 8 JFCLK@FE f@CEK<

JLC=LI@: 8:@; 8CJF N@K? 8 ,K <C<:KIF;< 2?<E K?< KNF <C<:KIF;<J 8I<
:FEE<:K<; 9P 8 N@I< :LII<EK =CFNJ 8E; 8 JGFEK8E<FLJ I<8:K@FE F::L1J K?8K |
<J:l@9<; 9P K?< =FCCFN@E> 98C8E:<; :?<D@:8C <HL8K@FE

AN

)JE+ 84 E 8H $ 8H )E 8H [E 8H $ +C
"FIK?@J >8CM8E@: :<CC
8 NI@K< K?< ?8C= [<8:K@FE K?8K F::LIJ 8K <8:? <C<:KIF;<
9 @E;@:8K< N?@:? <C<:KIF;< @J K?< :8K?F;< 8E; N?@:? @J K?< BEF;<
@E;@:8K< N?@:? <C<:KIF;< @J GFI@K@M< 8E; N?@:? @J E<>8K@M<

Answer:

8 E+ '8H $ 8H <" )E 84 $ +C .E 84 .E 8H
<

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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9 /?< ,K<C<KIF;< @E K?< G<ID8E>8E8K< JFCLK@FE @J K?< :8K?F;< K?<FI
K?< K@E JFCLK@FE @J K?< 8EF;<
1?< :8K?F;< <C<:KIF;< @E 9<8B<I K?8K :FEK8@EJ K?< G<IDSE>8E8K<
JFCLK@FE @J GFJ@K@M< 8E; K?< 8EF;< <C<:KIF;< @E 9<8B<I| K?8K :FE
K?< K@E JFCLK@QFE @J E<>8K@M<

Constructing a Cell Diagram

<:8LJ< @K @J JFD<N?8K :LD9<IJFD< KF ;<J:I@9< 8EP >@M<E >8CM8E@: :<CC (
DFI< :FEM<E@<EK EFK8K@FE ?8J 9<<E ;<M<CFG<; %E K?@J CQB5EFK8K@FE
4917B1K?< @;<EK@KP F= K?< <C<:KIF;<J 8E; K?< :?<D@:8C :FEK<EKJ F= K?<
:FDGB8IKD<EKJ 8I< @E; @:8K<; 9P K?<@| :?<D@:8C =FIDLC8J N@K? K?< 8EF;< NI
K?< =8I C<=K 8E; K?< :8K?F;< FE K?< =81 |@>?K ,?8J< 9FLE;8I@<J 8I< J?FNE 9P J
M<IK@:8C C@E<J 8E; K?<J8CK91@;>< N?@:? ?8J KNF G?8J< 9FLE;81@<J 9P 8
M<IK@:8C C@E< /?LJ K?<:<CC ;@8>I8D =FI K?< 4E L :<CC J?FNHABEI&8IK 8 @

[?< -<8:K@FE F=)<K8CC@: 4@E: N@K? HL<FLJ FGG<I| %% %FEJ @QE 8 #8CN
@J NI@KK<E 8J =FCCFNJ

97EB5

'<CC ;@8>I18D @E:CL;<J JFCLK@FE :FE:<EKIBK@FEJ N?<E K?<P 8I< GIFM@;<;

#8CMBE@: :<CCJ :8E ?8M< 8IIBE><D<EKJ FK?<| K?8E K?< <O8DGC<J N< ?8M< J<
"FI <O8DGC< K?< MFCK8>< GIF;L:<; 9P 8 I<;FO I1<8:K@FE :8E 9< D<8JLI<; DFI<
8::LIBK<CP LI@E> KNF <C<:KIF;<J @DD<IlJ<; @E 8 J@QE>C< 9<8B<I :FEKB@E@E>
<C<:KIFCPK< K?8K :FDGC<K<J K?< :@l:.L@K /?@J 8II8E><D<EK I<;L:<J <IIFI1J :8LJ
I<I@JK8E:< KF K?< =CFN F=:?78I>< 8K 8 9FLE;8IP :#tGRIR2<@?D5H91<
<08DGC< F= K?@J KPG< F=>8CM8E@: :<CC @J 8J =FCCFNJ

AE1D97?>

KI$ >$C8H >CJ >

[?7@J :<CC ;:@8>I8D ;F<J EFK @E:CL;< 8 ;FL9C< M<IK@:8C C@E< I<GI<I<EK@E> ¢
9<:8LI< K?<I< @J EF JBCK 91@;>< GIFM@; @E> 8 ALE:K@FE 9<KN<<E KNF ;@JJ@

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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JFCLK@FEJ )FI<FM<| JFCLK@FE :FE:<EKIBK@FEJ ?8M< EFK 9<<E JG<:@=@*<;
EFK @E:CL;<; @E K?< :<CC ;:@8>I8D /?< ?8C= I<8:K@FEJ 8E; K?< FM<I8CC I<8:K(
:<CC 8I< 8J =FCCFNJ

AE1D97?>

-8K?F:< I<8:K@FE >CJ"<>J C "8H
AE1D9?>

BOPEBDUJPOHi ) BR E

AE1D9?7>
PEFBMMS$SM T—) Hi "HTS$MBR ) BR

J@E>C< :FDG8IKD<EK >8CM8E@: :<CC N@CC @QE@K@8CCP <O?@9@K K?< J¢
>8CMBE@: :<CC :FEJKIL:K<; LI@E> J<G8I8K< :FDG8IKD<EKJ 9LK @K N@CC ;@J
9<:8LI< F= K?< ;@I<:K I<8:K@FE F= K?< [<8:K8EK 8K K?< 8EF;< N@K? K?< FO@;(
D<D9<I F= K?< :8K?F;@: I<;FO :FLGC< FEJ<HL<EKCP :<CCJ F=K?@J KPG< 8I< [
G8IK@:LC8ICP LJ<=LC =FI GIF;L:@E> <C<:KI@:@KP

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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EXAMPLE 2

I8N 8 :<CC ;@8>18D =FI K?< >8CM8E@: :<CC ;<J:I@9<; @E !08DGC< /?<
98C8E:<; :?<D@:8C I<8:K@FE @J 8] =FCCFNJ

EJ *+ "84 $ 8H E 8H *+> $ +C
Given: >8CM8E@: :<CC 8E; I<;FO I<8:K@FE
Asked for: :<CC ;@8>18D
Strategy:

0J@E> K?< JPD9FCJ ;<J:I@9<; NI@K< K?< :<CC ;@8>I8D 9<>@EE@E> N@K?
FO@;BK@FE ?8C= I<8:K@FE FE K?< C<=K

Solution:

[?< 8EF:< @J K?< K@E JKI@G 8E; K?< :8K?F;< @J K?< K <C<:KIF;<x <>@EE@
K?< C<=K N@K? K?< 8EF;< N< @E;@:8K< K?< G?8J< 9FLE;8IP 9<KN<<E K?<
<C<:KIF;< 8E; K?< K@QE JFCLK@FE 9P 8 M<IK@:8C 98I /?< 8EF;< :FDG8IKD<EK
K?LJ.EJ .E 8H 2<:FLC; @E:CL;<$ 8H N@K? K?<:FEK<EKJ F=K?<

8EF;< :FDGS8IKD<EK 9LK K?< JLC=8K< @FEA &I EFK GBIK@: @G8K< @E

K?< FM<I8CC I<8:K@FE JF @K ;F<J EFK E<<; KF 9< JG<:@=@:8CCP @E;@:8K
:8K?F;< :FDGS8IKD<EK :FEK8@EJ 8HL<FLJ E@KI@: 8:@; N?@:? ;F<J G8IK@:@'
@E K?< FM<I8BCC I<8:K@FE KF><K?<|I N@K? K?< GIF;L:K F= K?< I<8:K@FE *+
K?< K <C<iKIF;< /?<J< 8I< NI@KK<E 8B$t++> KJ N@K? J@E>C<
M<IK@:8C 98| @E; @:8K@E> K?< G?8J< 9FLE;81@<J FDI9@E@E> K?< KNF
:FDGB8IKD<EKJ 8E; LI@E> 8 ;FL9C< M<IK@:8C 98| KF @E;@:8K< K?< J8CK 91@

.EJ .E B8H $+ B8H *+> KJ

[?< JFCLK@FE :FE:<EKIBK@FEJ N<I< EFK JG<:@=@<; JF K?<P 8I< EFK @E:CL
K?@J :<CC ;@8>I8D

I0<l:@J<

I8N 8 :<CC ;@8>18D =FI K?< =FCCFN@E> I<8:K@FE 8JILD@E> K?< :FE:<EKI8
F= > 8E;)> 8I<<8:? )

<J1@9@E> IC<:KIF:?<D@:8C <CCJ
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»>J > 8H )>» 8H >

Answer: )>J )> 8H ) > 8H ) >1J

Summary

Electrochemistry @J K?< JKL;P F= K?< I<CBK@FEJ?@G 9<KN<<E <C<:KI@:@KP
?2<D@:8C I<8:K@FEJ /?< FO@;8K@FEXI<;L:K@FE I<8:K@FE K?8K F::LIJ ;LI@E:
<C<:KIF:?<D@:8C GIF:<JJ :FEJ@JKh&Eiehigtions FE< I<GI<IKEK@E> K?<
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CONCEPTUAL PROBLEMS
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NUMERICAL PROBLEMS
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ANSWERS
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19.2 Standard Potentials

LEARNING OBJECTIVES
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Measuring Standard Electrode Potentials
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%E 8:@:@: JFCLK@FE K?< I<;FO I<8:K@FE F=:@:?IFDSKSEQRE: @:<

% :8E 9< DFE@KFI<; M@JL8BCCP /?< P<CCFN ;@:?IFD8K< JFCLK@FE [1<8:KJ N
K?<:FCFIC<JJ @F;@;< JFCLK@FE KF GIF;L:< 8 JFCLK@FE K?8K @J ;<<G 8D9:
K?< GI<J<E:< F= 8 >I<<E 8H :FDGC<O 8E; 9IFNE&d @FEI@>LI<

[?< -<8:K@FE F= @:?IFD8K< N@K? %F;@;<

+ "84 %W8H | 8H %8H
8C8E:< K?@J <HL8K@FE LIJ@E> ?8C= I<8:K@FEJ

Given: I<;FO I<8:K@FE 8R8GK<|l GG<E;:@0O! .K8E:8I; -<;L:K@FE
[FK<EK@8CJ8K T

Asked for: 98C8E:<; :?<D@:8C <HL8K@FE LI@E> ?8C= I<8:K@FEJ
Strategy:

"FCCFN K?< JK<GJ KF 98C8E:< K?< I<;FO I<8:K@FE LI@E> K?< ?8C= |<8:K@F]
D<K?F;

Solution:

"IFD K?< JK8E;8I; <C<:KIF;< GFK<EK@8CJ C28CK<| @EG<E:@0 !
.K8E:8I; -<;L:K@FE ,FK<EK@8CJ 8KN¥ =@E; K?< ?8C= I<8:K@FEJ
FII<JGFE; @E> KF K?< FM<I8SCC I<8:K@FE

I<LK@QFE I+ "84 $ 8H <" | 8H $ +C

FO@:8K@FBHb % 8H <

FO@:8K@QFBH6 % 8H <

N

8C8E:@E> K?< ELD9<I F= <C<:KIFEJ 9P DLCK@QGCP@E> K?< FO@;8K@FE I<¢

AN

@E> K?< KNF ?8C= I<8:K@FEJ 8E; :8E:<C@E> <C<:KIFEJ

+ "84 $ 8H %S8H | 8H $ +C %8H


averill_1.0-ch96appE#averill_1.0-ch96appE
averill_1.0-ch96appE#averill_1.0-ch96appE
averill_1.0-ch96appE#averill_1.0-ch96appE
averill_1.0-ch96appE#averill_1.0-ch96appE

?78GK<| IC<:KIF:?<D@JKIP

.K8E:8I; ,FK<EK@8CJ

2< DLJK EFN :?<:B KF D8B< JLI< K?< :?8I><J 8E; 8KFDJ FE <8:? J@;< F= K?<
<HL8K@FE 98C8E:<

1 1

$S 0 ) * $s 0 ) *
[?< :?8I><J 8E; 8KFDJ 98C8E:< JF FLI <HL8K@FE @J 98C8E:<;

2<:8E 8CJF LJ< K?< 8CK<IEBK@M< GIF:<;LI< N?@:? ;F<J EFK I<HL@I< K?< ?8(
I<8:K@FEJ C@JKBGEBEI GG<E;@0! .K8E:8I; -<;L:K@FE ,FK<EK@8CJ 8K
T

Step 1: ?IFD@LD @J I<;L:<;=IFD | @E I+ "KF 1 8E; %@FEJ 8I<
FO@;@Q<; KM@ ;@E> K?< I<8:K@FE @EKF KNF ?8C= I<8:K@FEJ

I<:LLK@FE I+ "84 | 8H

FO@:8K@HFH% % 8H
Step 2: 8C8E:@E> K?< 8KFDJ FK?<I K?8E FOP><E 8E; ?P;IF><E

I<:LLK@FE I+ "~ 8H | 8H

FO@:8K@FBH% % 8H
2< EFN 98C8E:< K?< + 8KFDJ 9P 8: @E¥®E K?@J :8J< KF K?< 1@>?K J@:< F=
K?< I<:L:K@FE ?8C= I<8:K@FE <:8LJ< K?< FO@:8K@FE ?8C= I<8:K@FE :F<J [
-FEK8@E FOP><E @K :8E 9< @>EFI<: @E K?@J JK<G

I<:LLK@FE I+ "~ 8H | 8H $ +C

*<OK N< 98C8E:< K?< $ 8KFDJ 9P 8;; @ ¥?< C<=K J@;< F= K?< I<;L.K@FE
?8C=I<8:K@FE >8@E N<:8E @>EFI<K?<FO@;8K@FE ?8C= I<8:K@FE

I<LLK@FE I+ "8H $ 8H | 8H $ +C
Step 3:2< DLIK EFN 8;; <C<:KIFEJ KF 98C8E:< K?<:?8I><J /?< I<;,L:K@FE

?8C=I1<8:K@FE KF | ?78J8 :?8I><FEK?<C<=K8E;8 :?8I><FE
K?< 1@>?K JF J@O <C<:KIFEJ 8I< E<<;<; KF 98C8E:< K?< :?8I>< /?< FO@;8K@


averill_1.0-ch96appE#averill_1.0-ch96appE
averill_1.0-ch96appE#averill_1.0-ch96appE

?8GK«<lI

IC<KIF:?<D@JKIP

28C= I<8:K@FEKB%?8J] 8 A :?8I>< FE K?< C<=K J@;< 8E; 8 :?8I>< FE K?<
l@>?K JF @K E<<;J KNF <C<:KIFEJ KF 98C8E:< K?< :?8I><

AN

I<LK@QFE I+ "84 $ 8H <" | 8H $ +C

FO@:8K@FBH6 % 8H <"

Step 4:/F ?8M< K?< J8D< ELD9<I F= <C<:KIFEJ @E 9FK? ?8C= I<8:K@FEJ N<
DLIK DLCK@GCP K?< FO@;8K@FE ?8C= I<8:K@FE 9P

AN

FO@:8K@FBHb % J <

Step 5: ;;@E> K?< KNF ?8C= I<8:K@FEJ 8E; :8E:<C@E> JL9JK8E:<J K?8K 8GG<
@E 9FK? I<8:K@FEJ

| + "84 $ 8H 9%8H | 8H $ +C %8H

Step 6:/?7@J @J K?< J8D< <HL8K@FE N< FOKB@E<; LI@E> K?< =@IJK D<K?F;
K?< :?81><J 8E; 8KFDJ FE <8:? J@ ;< F= K?< <HLBK@FE 98C8E:<

I0<l:@J<
FGG<| @J :FDDFECP =FLE; 8] K?< D@E<I8C :FM<CC@K< L. /?<=@I1JK JK<GC
<OKI8:K@E> K?< :FGG<| @J KF ;@JJFCM< K?< D@E<ISC @QEN@KRD: 8:@; $*
FO@;@Q<J JLC=@;< KF JLC=8K< 8E; I<;L:<J E@KI@: 8:@; KF *+

L.J $+ 8H *+> L.+ 8H

8C8E:< K?@J <HL8K@FE LI@E> K?< ?8C= I<8:K@FE D<K?F;

Answer: L.J $*+ 8H *+> L.+ 8H $ +C

Calculating Standard Cell Potentials

[?< JK8E;8I; :<CC GFK<EK@8C =FI 8 I<;FO I<BIc@PBES D<8JLI< F= K?< K<E;<E:P
F=1<8:K8EKJ @E K?<@I JK8E;8I; JK8K<J KF =FID GIF;L:KJ @E K?<@! JK8E;8I; JK8
‘FEJ<HL<EKCP @K @J 8 D<8JLI< F= K?< . I@M@E> =Fl:< =FI K?< I<8:K@FE N?@
:8CC<F?<D17% :8E LJ< K?< KNF JK8E:8I; <C<:KIF;< GFK<EK@8CJ N< =FLE; <8IC@
:8C:LC8K< K?< JKBE;8Il; GFK<EK@8C =F| K?< 4E L :<CC I<GI<J<EK<; 9P K?< =FCC
:@8>18D

.K8E:8I; ,FK<EK@8CJ



?78GK<| IC<:KIF:?<D@JKIP

.K8E:8I; ,FK<EK@8CJ

AE1D97?>

JEJA4E 8H )L 8H ) LJ

2< BEFN K?< M8CL<JBEF:<=FI K?< I<;L:K@FE F=8E; Tgk?F:<=FI K?<
I<;L:K@FE F= L JF N< :8E :8C:LC8Kkcc

AE1D97?>

DBREBY BR Fi $V T&gper 7
AE1D97?>

BOPEG T ;0 BR. F &operl 7
AE1D9?7>

PFBMR T $V BR yO BR $V T
&BFMI\/&I%BIUEF]' &§OPEF 7

17@J @J K?< J8D< M8CL< K?8K @J F9J<IM<; <OG<I@D<EK8COR®IK?< M8CL<
GRFI@OK@M< K?< I<8:K@FE N@CC F::LI JGFEK8E<FLJCP 8J NI@ Rkcl %= K?< M
E<>BK@M< K?<E K?< I<8:K@FE @J EFK JGFEKBE<FLJ 8E; @K N@CC EFK F::LI ¢
LE;<I JK8E;8I; :FE;@K@FEJ @K N@CC ?FN<M<I GIF:<<; JIGFEKBE<FLJCP @E K-
@< K@BBEN< J?8CC J<<.QKQFE IC<:KIFCPJ@&3@J ;F<J EFK D<8E K?8K K?<
I1<8:K@FE :8EEFK 9< D8;< KF F::LI 8K 8CC LE;<I| JK8E;8I; :FE;@K@FEJ 2@K? 8 JL-
@EGLK F=<C<KI@:8C <E<I>P M@IKL8CCP 8EP I<8:K@FE :8E S38EFEE<KF F::LI
8E; @KJ :FlI<JGFE;@E> <O<l:@J< @CCLJKI8K< ?FN N< :8E LJ< D<8JLI<; :<CC GF
:8C:LC8K< JK8E;8l; GFK<EK@8CJ =FI I<;FO :FLGC<J

Note the Pattern

GFIQK@Me®<B8EJ K?8K K?< I<8:K@FE N@CC F::LI JGFEK8E<FLJCP 8J NI@K
E<>8K@NM<c®<8EJ K?8K K?< I<8:K@FE N@CC GIF:<<; JGFEK8E<FLICP @E K?
FGGFI@K< :@I<:K@FE



?78GK<| IC<:KIF:?<D@JKIP

.K8E:8I; ,FK<EK@8CJ

EXAMPLE 4

>8CMB8E@: :<CC N@K? 8 D<8JLI<; JK8E;8I; :<CC GFK<EK@8C F= 1 @J
'FEJKIL:K<; LI@E> KNF 9<8B<IJ :FEE<:K<; 9P 8 J8CK 91@;>< +E< 9<8B<I
‘FEK8@EJ 8 JKI@G F=>8CC@LD D<K8C @DD<IJ<; @E 8 ) JIREELK@FE F=#8 C
K?< FK?<| :FEK8@EJ 8 G@<:< F= E@:B<C @DD<lJ<; @E 8 ) JFCRK@FE F=*@
?8C= I<8:K@FEJ K?8K F::LI N?<E K?< :FDG8IKD<EKJ 8I< :FEE<:K<; 8I< 8J
=FCCFNJ

8K?F:< *@ 8H <" *@ J

AN

8EF,< #8J #8 8H <

%= K?< GFK<EK@8C =FI| K?< FO@;8K@H& JF= #B IKE; #8JK8E 8],
'FE;@K@FEJ N?78K @J K?< GFK<EK@8C =FI K?< FO@;8K@FE F=*@ KF *@

Given: >8CMB8E@: :<CC ?8C= I<8:K@FEJ JK8E;8I; :<CC GFK<EK@8C 8E; GFKx<
K?< FO@;8K@FE ?8C= I<8:K@FE LE;<I JK8E;8I; :FE;@K@FEJ

Asked for: JK8E;8I; <C<:KIF;< GFK<EK@8C F= I<8:K@FE F::LII@E> 8K K?< :8K?f
Strategy:

A21@K< K?< <HLBK@FE =FI K?< ?8C= I<8:K@FE K?8K F::LIJ 8K K?< 8EF;< 8CFI
N@K? K?< M8CL< F= K?< JK8E;8I; <C<:KIF;< GFK<EK@8C =FI K?< ?8C= I<8:K@

B 0J<!HLBK@FE KF :8C:LC8K< K?< JK8E;8I; <C<:KIF;< GFK<EK@8C =FI K?<
?8C= I<8:K@FE K?8K F::L1J 8K K?< :8K?F;< /?<E I<M<IJ< K?< J@>E KF FOK8@E
GFK<EK@8C =FI K?< :FIlI<JGFE;@E> FO@;8K@FE ?8C= I<8:K@FE LE;<I JK8E;¢
‘FE;@K@FEJ

Solution:

A 2< ?8M< 9<<E >@M<E K?< GFK<EK@8C =FI K?< FO@;8K@FH F= #8 KF #8
JK8E;8I; :FE;@K@FEJ 9LK KF I<GFIK K?< JK8E;8I; <C<:KIF;< GFK<KEK@8C N< |
I<M<1J< K?< J@>E "FI K?< I<;L:K@FE |<8:K@HE #8 #8) T8EF:<

n gl

B OJ@E> K?< M8CL< >@M<ic8E| K?< :8C:LC8K<; M8CL¥BEE< N< :8E
:8C:LC8K< K?< JK8E;8I; GFK<EK@8C =FI K?< I<;L:KkFPaF= F@
IHLSK@FE



?78GK<| IC<:KIF:?<D@JKI

P

&[7)FMM &I?)BIEJEF]- &lgOPEF
7 &lgBIEJEFl 1 7
&[7)EBFPJEF 1 7

12@J @J K?< JK8E:8I: <C<:KIF:< GFK<EK@8C =FI K?< 8t8:K@FE *@

*@J <:8LJ< N< 8I< 8JB<; =FI K?< GFK<EK@8CHHIIE*@ KF *@

LE;<I JK8E;8I; :FE;@K@FEJ N< DLJK I<M<IJ< K?< Jigide-E#?L) T

NS | 1=FIK?< FO@;8K@FE 2@K? K?I<< <C<:KIFEJ :FEJLD<; @E K?<
I<;L:K@FE 8E; KNF GIF,L:<; @E K?< FO@;8K@FE K?< FM<I8CC I<8:K@FE @J |
98C8E:<; -<:8CC ?FN<M<I| K?8K JK8E;8l; GFK<EKR&S@Bt45=D
JKF@:?@FD<KIP

I0<l:@J<

>8CMBE@: :<CC @J :FEJKIL:K<; N@K? FE< :FDG8IKD<EK K?8K :FEK8@EJ 8
D<I:LIP <C<:KIF;< @DD<IJ<; @E 8 ) 8HL<FLJ JFCLK@FE F= D<I:.LI@: 8:<K8K<
5%$> $ + 6 8E; FE<:FDGS8IKD<EK K?8K :FEK8@EJ 8 JKI@G F= D8>E<J@LD
@DD<J<; @E 8 ) 8HL<FLJ JFCLK@FE F2¥<EK?< :FDG8IKD<EKJ 8I<

‘FEE<:K<; 8 GFK<EK@8C F= 1 @J D<8JLI<; 8E; K?<=FCCFN@E> ?8C=1<8:K
F::LI

8K?F:< $> 8H <" $>C

AN

8EF;< )>J )> 8H <

%= K?< GFK<EK@8C =FI K?< FO@;8K@ FEar= )>KEExI| JK8E;8l;
FE;@K@FEJ N?8K @J K?< JK8E;8I; <C<:KIF;< GFK<EK@8C =FI K?< I<8:K@FE
F::LI1J 8K K?< 8EF;<

Answer: 1

Reference Electrodes and Measuring Concentrations

2?7<E LI@E> 8 >8CM8E@: :<CC KF D<8JLI< K?< :FE:<EKIBK@FE F=8 JL9JK8E:< N

/2< <C<:KIF:< F= 8 >8CMSE@ :<XE<I8CCP @EK<I<JIK<; @E K?< GFK<EK@8C F= FECP FE< F= K?< <C<:KIF;<J F=
N?FJ< GFK<EK@8C @J I<C8K<;&EC<indicator electrode  N?FJ< GFK<EK@8C @J I<C8K<; KF K?< :FE:<EKISK@FTF

K?< :FE:<EKIBK@FE F= K?<
JL9JK8E:< 9<@E> D<8JLI<;

JLOJKBE:< 9<@E> D<8JLI<; /F <EJLI< K?8K 8EP :?8E>< @E K?< D<8JLI<; GFK<EK
K?< :<CC @J ;L< KF FECP K?< JL9JK8E:< 9<@E> 8E8CPQ<; K?< GFK<EK@8C F=

E <C<KIF;< @E 8E >8CM8E@: <C&:KIF;< K7eference electrode DLJK 9<:FEJK8EK 3FL 8I< 8CI<8;P =8D@C @8I

N?FJ< GFK<EK@8C @J LE8=
9P K?< GIFG<IK@<J F= K?<
JFCLK@FE

.K8E:8I; ,FK<EK@8CJ

"M@K? FE< <O8DGC< F= 8 I<=<I<E:< <C<:KIF;< K?<.$! /< GFK<EK@8C F= 8 I<=<|
<C<KIF;< DLJK 9< LE8==<:K<; 9P K?< GIFG<IK@<J F= K?< JFCLK@FE 8E; @= GF




?8GK«<lI

l<=<I<E:< <C<:KIF;< K?8K

'FEJ@JKJI F=8 J@CM<IN@Iq: I'—J

N@K? 8 M<IP K?@E C8P<I| F5
8E; ;@GG<; @EKF 8 :?CFI@:;4
JFCLK@FE N@K? 8 =@O0x;
:FE:<EKIBK@FE

I<=<I<E:< <C<:KIF;< K?8K
‘FEJ@JKJ F=8 GCBK@ELD N
@EJ<IK<; @EKF 8 DF@JK G8
C@HL@; D<I:LIP :8CFD<C
)H $ MBE;'Cc @E 8E
@EK<I@FI :<CC N?@:? @J
JLIIFLE;<; 9P 8E 8HL<FLJ'C
JFCLK@FE

.K8E:8I; ,FK<EK@8CJ

IC<KIF:?<D@JKIP

J?FLC; 9< G?PJ@:8CCP @JFC8K<; =IFD K?< JFCLK@FE F= @EK<I<JK /F D<8JLI<
F=8 JFCLK@FE N< J<C<:K 8 I<=<I<E:< <C<:KIF;< 8E; 8E 8GGIFGI@8K< @E;@:8KI
<C<KIF;< 2?7<K?<l I<;L:K@FE FI FO@;8K@FE F= K?< JL9JKBE:< 9<@E> 8E8CPQ<
:<G<E;J FE K?< GFK<EK@8C F= K?< ?8C= I<8:K@FE =FI K?< JL9JK8E:< F= @EK«I
JBDGC< 8E; K?< GFK<EK@8C F= K?< I<=<I<E:< <C<:KIF;<

Note the Pattern

1?< GFK<EK@8C F= 8EP I<=<I<E:< <C<:KIF;< J?FLC; EFK 9< 8==<:K<; 9P K?<
GIFG<IK@<J F= K?< JFCLK@FE KF 9< 8E8CPQ<; 8E; @K J?FLC; 8CJF 9< G?PJ(
@JFC8K<;

[?<1< 8l< D8EP GFJI@9C< ?F@:<J F= I<=<I<E:< <C<:KIF;< FK?<| K?8E K?< .$! /?<
I<HL@I<J 8 :FEJKBEK =CFN F=?@>?CP =C8DD89C< ?P;IF><E >8J N?@:? D8B<J (
@E:FEM<E@<EK KF LJ< FEJ<HL<EKCP KNF FK?<I| <C<:KIF;<J 8I< :FDDFECP :?F
I<=<I<E:< <C<:KIF:<J +E< @3ikeDsilver chloride electrode N?@:? :FEJ@JKJ
F=8 J@CM<I N@I< :F8K<; N@K? 8 M<IP K?@E C8P<| F= > C K?8K @J ;@GG<; @F
@FE JFCLK@FE N@K? 8 =@O0c<; :FE:<EKIBK@FE /?< :<CC ;@8>I8D 8E; I<;L:K@FE
I<8:K@FE 8I< 8] =FCCFNJ

AE1D9?>

SMBR"HSM?H T
"H$M B i "HT $SMBR

%= 8 J8KLIBK<; JFCLK@FE F='C @J LJ<; 8] K?< :?CFI@;< JFCLK@FE K?< GFK<E
J@CM<IXJ@CM<I :?2CFI@;< <C<KIF;< @) 1 M<ILIK?<.$! /28K @]  1DLIK
Jl:9KIBIK<; =IFD K?< D<JLI<; MBCL< KF FOKB@E K?< JKBE;8l; <C<:KIFi< GFK<EK
"N<8ILIS; 8>8@EJIK K?< .$!

@FE

J<:FE; :FDDFE I<=<I<E:< <C<:KIF;< @J B&wrated calomel electrode (SCE)

N?@:? ?8J K?< J8D< ><E<I8C =FID 8J K?< J@QCM<IXJ@CM<I :?CFI@;< <C<:KIF;< |
@iEEJ@JKJ F=8 GCB8K@ELD N@I< @EJ<IK<; @EKF 8 DF@JK G8IJK< FEC@HL@; D
IK8EC<B1<?=5E K?< FC; :?<D@:8C C@K<I8KLI< 8E;'C /?@J @EK<I@FI :<CC @J

JLIIFLE;<; 9P 8E 8HL<FLJ ' C JFCLK@FE N?@:? 8:KJ 8J 8 J8CK 9@ ;>< 9<KN<<E K

@EK<I@FI :<CC 8E; K?< <OK<I@F| JFCLK@KE>E8IK §2®E FDDFE /PG<J

F=IC<KIF;<J CK?FL>? @K JFLE;J 8E; CFFBJ :FDGC<O K?@J :<CC @J 8:KL8CCF




?78GK<| IC<:KIF:?<D@JKIP

GI<G8I< 8E; DS@EKS8@E 8E; @KJ GFK<EK@8C @J ?@>7?CP I<GIF;L:@9C< /?<.!
8E; :FII<JGFE;@E> ?8C= I<8:K@FE 8I< 8] =FCCFNJ

AE1D97?>

,KJ $> C J'C8H J8K

AE1D97?>

$>CcJ <" $Cc cC "sH

97EB5 *8B55 ?==7>*@5C ?6 <53DB?45C

1 *85) 9C 1 B565B5>35 5<53DB?45 D81D 3?>C9CDC 76 1 @<1D9>E= G9B5 9>C5BD54 9>D? 1 =?9CD
31<?=5< K 1>4!< *859>D5B9?B 35<< 9C CEBB?E>454 2| 1> 1AE5?EC | < C?<ED97?> G8938 13DC 1!

25DG55> D85 9>D5B97B 35<< 1>4 D85 5HD5B9?B C?<ED9?> 2 >1 7<1CC 5<53DB?45 1> 9>D5B>1<
9==5BC54 9>1 # < C?<ED9?>D81D 9C C5@1B1D54 6B?= D85 C1=@<5 C?<ED9?> 2| 1 F5BI D89> 7<1
@?D5>D91< 76 D85 5<53DB?45 45@3>AK2233>8B1D9?> 7?6 D85 C1l=@<5 3 *85 @?D5>D91< ?6 1> 97>
5<53DB?45 45@5>4C ?> D85 37>35>DB1D9?> 76 ?><| 1 C9>7<5 9?>93 C@5395C 9> C?<ED9?>

K T K?<GFK<EK@8CF=K?<.!@J 1 M<IJLI K?< .$! N?@:? D<8EJ K?78K
1 DLJIK 9< JL9KI8:K<; =IFD K?< GFK<EK@8C M<IJLJ 8E . ! KF FOKB@E K?< JK8|
<C<KIF;< GFK<EK@8C

+E< F= K?< DFJK :FDDFE LJ<J F= <C<:KIF:?<D@JKIP @J KF D<&EE K?< $
‘FE:<EKIBK@FE F= 8 JFCLKg@sEelectrode @J ><E<I8CCP LJ<; =FI K?@J GLIGFJ<
E <C<:KIF:< LJ<; KF D<8JLI< @E N')@') 8E @EK<|E8C > > C <C<iKIF< @J @DD<|J<; @E 8 ) $C JFCLK@FE
K?<) @FE :FE:<EKISBK@FE F=kG8I8K<; =IFD K?< JFCLK@FE 9P 8 M<IP K?@E >C8JJ D<D9ISEQE8K 9 @E
J@';gtﬁggg §E>'C::E<JC@<JIEIF@E> F=/8k< FDDFE /PG<J F=IC<:KIF;<J /?<>C8JJ D<D9I8E< 89JFI9J GIFKFEJ N?@:?
@DD<I)<; @E 8 ) § C.JFC,LK 5 ==<:KJ K?< D<8JLI<; GFK<EK@8C /?< <OK<EK F=K?< 8;JFIGK@FE FE K?< @EE
K28K @) J<GBIBK<. =IFD K7<| =@O<; 9<:8LI<6®] =@0<; @EJ@;< K?< <C<KIF;< 9LK K?< 8,JFIGK@FE F= GIFk
JFCLK@FE 9P 8 M<IP K?@E »CBLK<I| JLI=8:< ;<G<E;J FE K?< G$ F= K?< JFCLK@FE /?< GFK<EK@8C F= K?<>C8
D<D9I8E< :<G<E;J FE 5% 8J =FCCFNJ [<:8CC K?8K G$ 68'CF>5%

.K8E:8I; ,FK<EK@8CJ
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E <C<:KIF;< N?FJ< GFK<EK@8
:<G<E;J FE FECP K?<

AE1D97?>

>C8JJ 1 _CF>5% n 1 _G$

[?< MFCK8><@J 8 :FEJK8EK K?8K ;<G<E;J FE K?< <08:K :FEJKIL:K@FE F= K?< <C
CK?FL>? @K :8E 9< D<8JLI<; @E GI8:K@:< 8 >C8JJ XI<WBHI@BK @J @K @J
@EJ<IK<; @EKF 8 JFCLK@FE F=BEFNE G$ 8E; K?<;@JGC8P FE K?< G$ D<K<I (
K?<BEFNE M8CL< +E:< K?< <C<:KIF;< @J GIFG<ICP :8C@918K<; @K :8E 9< GC8
JFCLK@FE 8E; LJ<; KF ;<K<ID@E< 8E LEBEFNE G$

lon-selective electrodes 8I< LJ<; KF D<8JLI< K?< :FE:<EKIBK@FE F=8 G8IK@:LCS8I
JG<:@<J @E JFCLK@FE K?<P 8I< ;<J@>E<; JF K?8K K?<@| GFK<EK@8C ;<G<E:;
‘FE:<EKIBK@FE F= K?< ;<J@I<; JG<:@<J GAKLI<@E /?I<< FDDFE /PG<J
F=1C<:KIF;<J /?<J< <C<:KIF;<J LILBCCP :FEK8@E 8E @EK<IESC I<=<I<E:< <C<:KI
K?8K @J :FEE<:K<; 9P 8 JFCLK@FE F= 8E <C<:KIFCPK< KF 8 :IPJKSCC@E< @EFI
FI 8 D<D9IBE< N?@:? 8:KJ 8J K?< J<EJFI "FI <O8DGC< FE< KPG< F= @FE J<C<:K
<C<KIF;< LI<J 8 J@E>C< :IPJK8C F=IL ;F@J;K8< @EFI>8E@: D8K<I@8C 2?<E
=CLFI@:;< @FEJ @QE JFCLK@FE ;@==LJ< KF K?< JLI=8:< F= K?< JFC@; K?< GFK<
<C<iKIF;<:?8E><J I<JLCK@E> @E 8 B<BIBY45 5<53[EBRECS| <C<:KIF;<J 8I<

LJ<; KF D<8JLI< K?< :FE:<EKISBK@FEJ F= FK?<| JG<:@<J @E JFCLK@FE .FD< F=
N?FJ< :FE:<EKIBK@FEJ :8E 9< ;<K<ID@E<; @E 8HL<FLJ JFCLK@FE LI@E> @FE
<C<KIF;<J 8E; J@D@CS8I ;<M@:<J 8I< BETK<; @AD< .G<.@<J 2?FJ<

HL<FLJ FE:<EKISK@FEJ 8E <)<8JLI<; 0J@E> IC<:KIF:?<D@:8C )<K?F;J

/89C< .FD< .G<:@<J 2?FJ< HL<FLJ FE:<EKISBK@FEJ 8E < )<8JLI<; 0J@E>
IC<:KIF:?<D@:8C )<K?F;J

$ C89FI8KFIP JBDGC<J 9CFF; JF@C 8E; >IFLE; 8E; JLI=8§:< N8K<I

$ *$ N8JK<N8K<I 8E; ILEF== N8K<I

9CFF; N@E< 8E; JF@C

+ $+ 9CFF; 8E; >IFLE;N8K<I

>|FLE;N8K<I| ;@EB@E> N8K<I| 8E; JF@C

I >I8@EJ 8E; GC8EK <OKI8:KJ

% D@CB 8E; G?8ID8:<LK@:8CJ
s >IFLE;N8K<I ;I@EB@E> N8K<| JF@C 8E; =<IK@C@Qd

FE:<EKIBK@FE F= 8 G8IK@:L.C8I

JG<:@<J @E JFCLK@FE

.K8E:8I; ,FK<EK@8CJ
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Summary

[?< =CFN F= <C<:KIFEJ @E 8E <C<:KIF:?<D@:8C :<CC ;<G<E;J FE K?< @;<EK@!
<8:K@E> JL9JKS8E:<J K?< :@==<I<E:< @E K?< GFK<EK@8C <E<I>P F= K?<@I |
<C<KIFEJ 8E; K?<@I :FE:<EKISBK@FEJ /?< GFK<EK@8C F= K?< :<CC LE;<I JK8
‘FE;@K@FEJ )=FIJFCLK@FEJ 8KD =FI>8J<J GLI<JFC@;J FIC@HL@;J =FI
JLOJKBE:<J 8E; 8K 8 =@0<; K<DG<I8KLI< T @J :8&anddta<ell
potential ( jcell) +ECP K20665B593BN<<E K?< GFK<EK@8CJ F= KNF <C<:KIF;<.
:8E 9< D<8ILI<; P :FEM<EK@FE 8CC K89LC8K<; MBT+&1B2-5<53DB?45
@?D5>DRIC@JIK<; 8] JK8E;8I; I<;L:K@FE GFK<EK@8CJ /?< FM<I8CC :<CC GF
@J K?< I<;L:K@FE GFK<EK@8C F= K?< I<;L:K@M< ?8C= I<8:K@FE D@ELJ K?<
GFK<EK@8C F= K?< FO@;8K@M< ?8Ced<TH@FE" Tger< /7<
GFK<EK@8C Istak@ard hydrogen electrode (SHE) @J ;<=@E<;8J 1 LE;<I
JK8E;8I; :FE;@K@FEJ /?< GFK<EK@8C F=8 ?8C= I<8:K@FE D<8JLI<; 8>8@EJK
LE;<I JK8E;8I; :FE;@K@FEJ @J :8CGtandatdlelectrode potential /?<
JK8E;8I; :<CC GFK<EK@8C @J 8 D<8JLI< F= K?< ;I@M@E> =Fl:< =FI 8 >@M<E I+
I<8:K@FE CICM8CL<J 8I< @E;<G<E;<EK F= K?< JKF@:?@FD<KI@: :F<==@: @<}
?8C= I<8:K@FE -<;FO I<8:K@FEJ :8E 9< 98C8E:<; LI@E> K?< ?8C= I<8:K@FE D:
@E N?@:? K?< FM<I8CC I<;FO I<8:K@FE @J ;@M@;<; @EKF 8E FO@ ;8K@FE ?:
8E; 8 I<;L:K@FE ?8C= [<8:K@FE <8:? 98C8E:<; =FI D8JJ 8E; :?8I>< /?< ?8C=
[<8:K@FEJ J<C<:K<; =IFD K89LC8K<; C@JKJ DLJK <O8:KCP I<=C<:K I<8:K@FE :
%E 8E 8CK<IEBK@M< D<K?F; K?<8KFDJ @E <8:? ?8C= I<8:K@FE 8I< 98C8E:<;
K?<E K?<:?8I><J 8I< 98C8E:<; 2?<E<M<I 8 ?8C= I<8:K@FE @J I<M<lJ<; K?<J@
T :FlI<IJGFE;@E> KF K?8K I<8:K@FE DLJK 8CJF 9< M@ CFH@K@M< K?<
I<8:K@FE N@CC F::LI JGFEK8E<FLJCP LE;<I JK8E;8I; :FE,RK@BEJ %=
E<>8K@M< K?<E K?< I<8:K@FE @J EFK JGFEK8E<FLJ LE;<I JK8E;8I; :FE; @K@
8CK?FL>? @K N@CC GIF:<<; JGFEK8E<FLJICP @E K?< FGGFJ@K< ;@I<:K@FE
F= 8Endicator electrode @J I<C8K<; KF K?< :FE:<EKIBK@FE F= K?< JL9JK8E:< 9<
D<8JLI<; N?<I<8J K?< GFK<EK@8G¢ferkfee electrode @J ?<C; :FEJK8EK
27<K?<| I<;L:K@FE FI FO@;:8K@FE F::L1J ;<G<E;J FE K?< GFK<EK@8C F= K?< J
M<IJLJI K?< GFK<EK@8C F= K?< I<=<I<E:< <C<:KIF;< %E 8;:@K@FE KF K?< .$!
I<=<I<E:< <C<:KIF;<J 8I< KHwerbsilver chloride electrode K?<saturated
calomel electrode (SCE) K?<glass electrode N?@:? @J :FDDFECP LJ<; KF
D<8JLI< G$ 8E:on-selective electrodes N?@:? ;<G<E; FE K?< :FE:<EKIBK@FE
F=8 J@E>C< @QFE@: JG<:@<J @E JFCLK@FE @==<I<E:<J @E GFK<EK@8C ¢
8E; FK?<| I<=<|<E:< <C<:KIF;<J DLJK 9< @E:CL;<; N?<E :8C:LCBK@E>M8CL<J =



?78GK<| IC<:KIF:?<D@JKIP

KEY TAKEAWAYS

U -<;FO I<8:K@FEJ :8E 9< 98C8E:<; LI@E> K?< ?8C= I<8:K@FE D<K?F;
U /?< JK8E;8I; :<CC GFK<EK@8C @J 8 D<8JLI< F= K?< ;I@M@E> =Fl:< =F| K?«

I<8:K@FE

KEY EQUATION

Standard cell potential

IHLBK@FE T<cc Tsk?r<* T8EF:<

.K8E:8I; ,FK<EK@8CJ
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CONCEPTUAL PROBLEMS

%J 8 ?P;IF><E <C<:KIF;< :?<D@:8CCP @E<IK 2?8K @J K?< D8SAFI ;@J8;M8EK
LI@E> 8 ?P;IF><E <C<KIF;<

(@JIK KNF =8:KFIJ K?8K 8==<:K K?< D<8JLI<; GFK<EK@8C F= 8E <C<:KIF:?<D
8E; <OGC8@E K?<@| @DG8:K FE K?< D<8JLI<D<EKJ

2?8K @J K?< I<CBK@FEJ?@G 9<KN<<E <C<:KIFE =CFN 8E; K?< GFK<EK@8C(
M8C<E:< <C<:KIFEJ %= K?< M8C<E:< <C<:KIFEJ F=JL9JK8E:< ?8M< 8 ?@>7?
GFK<EK@8C <E<I>P K?8E K?FJ< F=JL9JK8E:< N?8K @J K?<;@I<:K@FE F=
=CFN 9<KN<<E K?<D @QE 8 >8CM8E@: :<CC

%= K?< :FDGFE<EKJ F= 8 >8CM8E@: :<CC @E:CL;< 8CLD@ELD 8E; 9IFD@E<
K?< GI<;@:K<; ;@I<:K@FE F= <C<:KIFE =CFN 2?P

2|@K< 8 :<CC ;@8>18D I<GI<J<EK@E> 8 :<CC K?8K :FEK8 @H.GCXxE@® &<
:FDGS8IKD<EK 8E; K?< .$! @E K?< FK?<| :FDGS8IKD<EK 278K 8I< K?< M8CL<JF
T8K?F;< T8EF;< 8E; T<CC

IOGC8@E NTRMISCL<J 8I< @E;<G<E;<EK F= K?< JKF@:?@FD<KI@: :F<==@:©
FlI<IGFE;@E> ?8C= I<8:K@FE

%;<EK@=P K?< FO@;8EKJ 8E; K?< I<;L:K8EKJ @E <8:? I<;FO I<8:K@FE

8 1J *@ 84 | B8H *@J
9 c> E 8 C "84 .E 8H

$ J+ 84 $ 8H 4EJ J$ > $ +C 4E 8H
. %+ > +% '8H *+ '8H *+ '8H $ +C

%;<EK@=P K?< FO@;8EKJ 8E; K?< I<;L:K8EKJ @E <8:? I<;FO I<8:K@FE

8 I C %8H | "8H %J

9O L 84 >J LI > 8H X
$ 84 )E+ B8H $ .+ 8H )E 8H $ +C $+ B8H

. %+ 8H %8H $ 8H % J $ +C

CC I<=<I<E:< <C<KIF;<J DLJK :FE=FID KF :<IKB@E I<HL@I<D<EKJ (@JK K?<
I<HL@I<D<EKJ 8E; <OGC8@E K?<@| J@>E@=@:8E:<

"FI <8:? 8GGC@:8K@FE ;<J:1@9< K?< I<=<I<E:< <C<:KIF;< PFL NFLC; LJ< 8E;
<OGC8@E N?P %E <8:? :8J< ?FN NFLC; K?< D<8JLI<; GFK<EK@8C :FDG8I<'
K?< :FlI<JGFE,@EP

8 D<8ILI@E> K?< GFK<EK@80F=BLGC<
9 D<BILI@E> K?< G$ F= 8 JFCLK@FE
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D<8JLI@E> K?< GFK<EK@8C F9B )E+FLGC<

ANSWERS

*@J*@8H$ 8H )$ > 8KD ,KJ
& oper/d BR Fi /JT1 7
& pwer ) BR F i ) H 7
& ewum ) BR/J Ti ) H /J BR 7

8 FO@;8EK *@H I<;L:K8EK 1J

9 FO@;8EK £ I<;L:K8EK .E 8H
FO@;8EK 3+ 8H I<;L:K8EK 4EJ
FO@;8EK *+ I<;L:KBEK *+ >

.K8E:8I; ,FK<EK@8CJ
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NUMERICAL PROBLEMS

I8N K?< :<CC ;@8>I8D =FI 8 > 8CM8E@: :<CC N@K? 8E .$! 8E; 8 :FGG<I| <C<:K
K?8K :8ll@<J FLK K?@J FM<I8CC I<&K@FE 84 $ 8H LJ

I8N K?< :<CC ;@8>I8D =FI 8 >8CM8E@: :<CC N@K? 8E .$! 8E; 8 Q@E: <C<KIF
Bll@<J FLK K?@J FM<I8CC I<8:K@FE 88J4E 8H $ >

8C8E:< <8:? I<8:K@FE 8E; :8C:LC8K< K?< JK8E;8Il; <C<:KIF;< GFK<EK@8C =F
< JLI< KF @E:CL;< K?< G?PJ@:8C JK8K< F=<8:? GIF;L:K 8E; I<8:K8EK

8 C> % > C "84 $ 8H
9 | 84 "< 8H | "8H "< 8H
"« 8H :J "< 8H : 8H

8CB8E:< <8:? I<8:K@FE 8E; :8C:LC8K< K?< JK8E;8I; I<;L:K@FE GFK<EK@8C =I
< JLI< KF @E:CL;< K?< G?PJ@:8C JK8K< F=<8:? GIF;L:K 8E; I<8:K8EK

8 L 8H > 84 L B8H >J
9 EJ "< 8H .E_ 8H "< 8H
>3 | C | "8H )> 8H

2|@K< 8 98C8E:<; :?<D@:8C <HLBK@FE =FI <8:? I<;FO I<8:K@FE

8 $ + '8H .9+ '8H $+  8H .9J @E 98)J@: JFCLK@FE
9 $+ 8H %8H *+> % J @E8:@:@: JFCLK@FE
* +> C+ 84 C 8H *+ 8H @E98J@: JFCLK@FE
.1 c 1 "8H 1+ "8H @E981@: JFCLK@FE
< C$ +$8H ' | + 8H C$ + $8H | 8H @E8@:@:
JFCLK@FE

2|@K< 8 98C8E.<; :?<D@:8C <HL8K@FE =FI <8:? I<;FO I<8:K@FE

8 O}SSH $C+ 8H %+ A8H C > @E8:@;@: JFCLK@FE

9 | 8H + > | 8H $ +C @QE8:@;@: JFCLK@FE

. 1+ "84 C¥8H I+ " 8H C 8H @E98)@: JFCLK@FE

c.) $%+ 8H $ + 8H * +> @E8:@;@:JFCLK@FE

< "$ +$8H4 ' | + 8H "$ + $8H | 8H @ES8:@;@:
JFCLK@FE

/?< JK8E;8I; :<CC GFK<EK@8C =FI K?< FO@;8K@FE\KaK2 KP<9
‘FE:FD@KS8EK I<;L:K@FE FSFLL @J 1 3FL BEFN K?8K=FI K?<,9 ,9
FLGC< @J " 1 278K @FFIK?< LL :FLGC<
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.K8E:8I; ,FK<EK@8CJ

3FL ?8M< 9L@CK 8 >8CMB8E@: :<CC J@D @ C&KEIK?< FEK<WWKDE@E> 8
.K8E;8I; IC<:KIF;< ,FK<EK@8C 0J@E> 8 .K8E;8I; $P;IF><E !|C<IKIgE&> 8E

@IFE E8@C 8 JFCLK@FBE; 8EGH! 2?7<E K?<:<CC @J :FEE<:K<; PFL
EFK@:< K?8K K?< @IFE ES@C 9<>@EJ KF :FlIF;< 2?8K <CJ< ;F PFL F9J<IM<
JK8E;8I; :FE;@K@FEJ N?78k @)

8I9FE @J LJ<; KF I<;L:< @IFE FI< KF D<K8CC@: @IFE /?< FM<I8CC I<8:K@Ft
=FCCFNJ
"< + H +J J '"<C + > H +>

2|@K< K?< KNF ?8C= I1<8:K@FEJ =FI K?@J FM<I8CC I<8:K@FE
2@CC <8:? I<8:K@FE F::LI JGFEKBE<FLJCP LE;<I JK8E;8I; :FE;@K@FEJ

8 LJ $ 8H L 8H $ >
9 4E 84 9J 4EJ 9 8H

18:? I<8:K@FE K8B<J GC8:< @E 8:@;@: JFCLK@FE 8C8E:<<8:? I<8:K@FE 8E
<K<ID@E< N?<K?<| @K F::LIJ JGFEKBE<FLJCP 8J NI@KK<E LE;<| JK8E;8I;
FE;@K@FEJ

8 <J I C $ <+ 8H | 8H
9 *+ "84 .J $+ 8H $ .+ 8H
"« 84 | 8H "< 8H | + "8H

8C.LC8KI<CBE; T =FIK?<I<;FO I<8:K@FE I<GI<J<EK<; 9P K?< :<CC ;@8>
,KJ C > 8KD 4EC 8H ) 4EJ 2@CCK?@J I<8:K@FE F::LI
JGFEK8E<FLJCP

%= PFL GC8:< 4E :F8K<; >8CMBE@Q<; K8:BJ @E 8 >C8JJ 8E; 8;; 8E 8HL<FLJ
JFCLK@FE F= @F;@E< K?<9IFNE :FCFI F= K?< @F,@E< JFCLK@FE =8;<J K
278K ?8J ?8GG<E<; 21@K< K?< KNF ?8C= I<8:K@FEJ 8E; K?< FM<I8CC 98C8E
?<D@:8C <HLBK@FE =FI K?@J I<8:K@FEZ8K @J

3FLI C89 G8IKE<I N8EKJ KF I<:FM<I JFC@; J@CM<I =IFD J@CM<I :?CFI@;< 9
) JFCLK@FE F=$ C 8E; 8KDUWIE;<I JK8E;8I; :FE;@K@FEJ 2@CC K?@J GC8|
NFIB
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ANSWERS

KIJ$ > 8KD R$8H ) L 8H LJ

8 C> % > C "84 $ 8H T 1
9 1 C "< 84 | "84 "< 8H T 1
"< 8H :J '< 8H SH T 1

.K8E:8I; ,FK<EK@8CJ
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19.3 Comparing Strengths of Oxidants and Reductants

LEARNING OBJECTIVE

/F BEFN ?FN KF GlI<;@:K K?< I<C8K@M< JKI<E>K?J F= M8I@FLJ FO@;8EK.
I<;L:K8EKJ

2<:8E LI< K?< GIF:<;LI< <J: l@9<; @EK@FE .K8E:8I; ,FK<EK@8KH

D<8JLI< K?< JK8E;8l; GFK<EK@8CJ =FI 8 N@;< M8I@<KP F=:?<D@:8C JL9JKS8E:<
N?@:? 8I< C@QJIK{SIBE  .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@QFE $8C=

<8 K@FEJB8K T ?8GK<l GG<E:@O'! .K8E:8I;-<\L.K@FE ,FK<EK@8CJ8K T

:FEKB@EJ 8 DFI< <OK<EJ@M< C@QJIK@E> /?<J<:8K8 8CCFN LJ KF :FDG8I< K?< |
I<;L:K@M< JKI<KE>K?J F= 8 M8I@<KP F=JL9JKBE:<J /?< ?8C= I<8:K@FE =FI K?<J
?P;IF><E <C<KIF;< .$! C@<J DFI< K?8E ?8C=N8P ;FNE K78¥RJK @E

.K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C= -<8:K@FETLBK<TKBEKJ

K?8K CIRFK?< .$! @E K?< K89C< 8I< JKIFE><| FO@;8EK8K?BEGK?FJ< K?8K
C@< 9<CFN K?< .$! 8I< N<8B<I /?< JKIFE><JK FO@;8EK @E KR<KEDE< @J "
JK8E;8I; <C<KIF;< GFK<EK@8C F= 1 /?7@J ?@>? M8CL< @J :FEJ@JK<EK N@K
<C<KIFE<>8K@M@KP F= =CLFI@E< 8E; K<CCJ LJ K?8K =CLFI@E< ?8J 8 JKIFE>:
8::<GK <C<KIFEJ @K @J 8 JKIFE><I FO@;8EK K?8E 8EP FK?<| <C<D<EK

/89C< .K8E;8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C=-<8.K@FEJ8K T

N

"> < "8H

AN

$+ 84 $ 8H

<

$

< 84 < < 8H

9+ J $+ "8H $ 8H <" 9+ J $ +C
c> <" c "8H

| +"8H $ 8H <" | 8H $ +C
+> $ 8H <" $ +cC

E+ J $ 8H < )E 8H $ +C

| 8H <" 1 "8H

+ "8H $ 8H <" $+ 8H $+C
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?78GK<| IC<:KIF:?<D@JKIP

> 8H < >J

"« 84 < "< 8H

$<+8 $ <" <J $ +C

+> $ 84 <"$ + 8H

E+ "8H $ +C < H)E+ I +$ "sH

E+ "8H $ +C < H)E+ J +$ "8H

%) <" % "8H

$+ 8 $ 8 <".J $ +cC

AN

+> $ +Cc < +$ “sH

AN

L 84 < LJ

>CcJ <" >3 Cc "sH

L 84 < L 8H

AN

.E 8H < E 8H

$ 8H <" >

E 8H <" EJ A
+ "8H $84 <" . +"8H $ +C A
*@ 8H < *@J A
9+ J <" 93 + "8H A

8H <" ;J A
| 84 < | 8H A
"< 8H <" "< J N
> .1 <" >3 . " 8H N
4E 8H <" 4EJ A
c 8H <" cJ A
< 8H <" <3 A
(@8H < (@1 A

.@D@CS8ICP 8CC JG8%0<] @EKS8E;8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C=
-<8:K@FEJ 8K TK?8K CZ&<?@& 8I< JKIFE><I I<;L:K8EKJ K?8E 8E; K?FJ< K?8K

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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C@< 89FM8I% N<8B<I /?< JKIFE><JK I<;L:KBEK @E K?< K89C< @J K?LJ D<KB8CC(
C@K?@LD N@K? 8 JKBE;8I; <C<:KIF;< GFK<EK@8C F=" 1 [?7@J=8:KD@>?K 9
9<:8LJ< :<J@LD EFK C@K?@LD @J K?< C<8JK <C<:KIFE<>8K@M< <C<D<EK /?«
8EFD8CP :8E 9< <OGC8@E<; 9P K?< =8:K K?8K <C<:KIF;< GFK<EK@8CJ 8I< D<8J
8HL<FLJ JFCLK@FE N?<I< @EK<IDFC<:LC8| @EK<I8:K@FEJ 8l< @DGFIK8EK N~
@FE@Q8K@FE GFK<EK@8CJ 8E; <C<:KIFE 8==@E@K@<J 8I< D<8JLI<; @E K?<
@KJ JD8CC J@Q<@PE @ JK89@C@Q<; @E 8HL<FLJ JFCLK@FE 9P JKIFE> <C<
@EK<I8:K@FEJ N@K? K?< E<>8K@M< ;:@GFC< <E; F= N8K<| DFC<:LC<J /?<J< @
I<JLCK @QE 8 J@>E@=@:8EKCh1$x@ifteF| (@QFDG8I<; N@K? J(@K?@LD D<K8C
@J K?<I<=FI< K?< JKIFE><JK I<;L:K8EK DFJIK <8J@CP FO@;@Q<; F=K?<8CBS8C
8HL<FLJ JFCLK@FE

Note the Pattern

.G<:@<J @EC< .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<:L:K@FE $8C=
-<8:K@FEJ 8K TK?8K C@< 9<CBNPBKIFE><I I<;L:K8EKJ DFI< <8J@CP

FO@:;@Q<; K?8EG<:@<J K?8K C@< 89BMIIIFE><| FO@;8EKJ

<:8LJ< K?< ?8C= |<8:K@FEJ J?FBE@E .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<;
-<!L:K@FE $8C= -<8:K@FEJ 8K8I¥ 8II8E><; @E FI;<| F= K?<@W8CL<J N< :8E

LJ< K?< K89C< KF HL@:BCP GI<;@:K K?< I<CBK@M< JKI<E>K?J F= M8I@FLJ FOC(C
I<;L:K8EKJ EP JG<:@<J FE K?< C<=K J@;< F=8 ?8C=I<8:K@FE N@CC JGFEKS8E
8EP JG<:@<J FE K?< 1@>?K J@;< F= 8EFK?<| ?8C= |<8:Rfa FEHK’@GEED<KBIC<
FEM<IJ<CP 8EP JG<:@<J FE K?< 1@>?K J@;< F= 8 ?8C= I<8:K@FE N@CC JGFEFk
I<;L:< 8EP JG<:@<J FE K?< C<=K J@;< F= 8EFK?<I ?8C= |<8: KZPFEM EBEXD<J
K89C< 2<:8E LI< K?<J< ><E<I8C@QB8K@FEJ KF GI<;@:K K?< JGFEKBE<@KP F=
F=I<;FO I<8:K@FEkcc 8J @CCLJIKIBK<; @E !08DGC<

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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EXAMPLE 5

/?<9C8:B K8IE@J? K?8K =FIDJ FE J@CM<I F9A<:KJ @J G?QPHI@QCP >
I<8:K@FE =FI I<M<IJ@E> K?< KSIE@J?@E> GIF:<JJ @J 8] =FCCFNJ

"H4 T Fi "HT4! BR&h 1 7

8 -<=<II@E> K@OC< .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C=
-<8:K@FEJ 8K TGI<;@:KN?@:? JG<:@<JY&H 4E J S8H
.E 8HY:8EI<L:i< > .KF >LE;<IJK8E:8I; :FE.:@K@FEJ

9 +=K?<J<JIG<:@<HNBH 4EJ %8H .E 8H @ <EK@=P N?@:? @J K?<
JKIFE><JK I<;L:@E> 8><EK @E 8HL<FLJ JFCLK@FE 8E; K?LJ K?< 9<JK
:8E;@;8K< =FI| 8 :FDD<I:@8C GIF;L:K
"IFD K?< ;8K8 @89C< .K8E;8I; ,FK<EK@8CJ =FI| .<C<:K<; -<;L:K@FE
$8C= -<8:K@FEJ 8K TL>><JK 8E 8CK<IESK@M< I<;L:@E> 8><EK K?8K @J
<8;@CP 8M8@C89C< @E<OG<EJ@M< 8E; GFJIJ@9CP DFI< <==<:K@M< §
KSIE@J?

Given: I<;L:K@FE ?8C= I<8:K@FE JKS8E;8I; <C<:KIF;< GFK<EK@8C 8E; C@JK F
GFJJ@9C< I<;L:K8EKJ

Asked for: I<;L:K8EKJ =FI >. JKIFE><JK I<;L:K8EK 8E; GFK<EK@8C I<;L:@E>
8><EK =FI| I<DFM@E> KSIE@J?

Strategy:
A"IFD K?<@| GFJ@K@BE3I@E .K8E;8I; ,FK<EK@8CJ =FI| .<C<:K<;

<:L:K@FE $8C= -<8:K@FEJ 8K :<I@:< N?@:? JG<:@<J :8E I<;L:< >
<K<ID@E< N?@:? JG<:@<J @J K?< JKIFE><JK I<;L:K8EK

B 0J</89C< .K8E:8I; ,FK<EK@8CJ =FI| .<C<:K<; -<:L:K@FE $8C= -<8:K@FEJ
8K T KF @;<EK@=P 8 I<;L:K8EK #P8K @J 8 :FDDFE ?FLJ<?FC;
GIF;L:K

Solution:

2< :8E JFCM< K?< GIF9C<D @E FE< F= KNF N8PJ :FDGS8I< K?< |[<C8K@M<
GFI@K@FEJ F= K?< =FLI GFJJ@9C< I<;L:K8EKJ N@K? K FaIGE<KRE >
/89C<  .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C= -<8:K@FEJ 8K
T FI :FDGS8I< T =FI<8:?JG<:@<J NP K?< > > :FLGC<

w L

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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8 A/?<IG<@<JBE< .K8E;8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE

9

$8C= -<8:K@FEJ 8K dI< 8II8E><; =IFD KFG KF 9FKKFD @E FI;<I F=
@E:I<8I@E> I<;L:@E> JKIKE>K? += K?< =FL| JG<:@<J >@M<E @E K?< GIF
%8H .E 8H 8E:;$ + 8H C@< 89FM< SE; FE< 54E J 6 C@<J 9<CFN

@K 2<:8E K?<I<=FI< :FE:CL;< K?8K 4E J :8E I<;L:<J X E;<lI

JK8E;8I; .:FE;@K@FEJ N?<[<8%E 8H 8E;$ + 8H :8EEFK

.E 8H 8E;$ + 8H 8GG<8I KN@:< @E K?< K89C< FE K?< C<=K J@:<
FO@;8EK @E FE< ?8C=I<8:K@FE 8E; FE K?< 1|@>?K J@;< I<;L:KBEK @E
8EFK?<I

[?< JKIFE><JK I<;L:KBEK @J 4E J K?< JG<:@<J FE K?< 1@>?K J@;< F= K?<
I<8:K@FE K?8K C@<J :CFJ<I| KF K?</888KFD H8E:8I; ,FK<EK@8CJ

=F| .<C<:K<; -<;L:K@FE $8C= -<8:K@FEJ 8K?8E K?< ?8C= I<8:K@FEJ
@EMFCM@E>% 8H 8E;$ + 8H FDD<I:@8C GIF:L:KJK?8K LJ<8
G@<:< F= Q@E: 8I< F=K<E D8IB<K<; 8J 8 ZD@18:C< GIF;L:K[ =FI I<DFM@E>
KSIE@J? =IFD J@CM<| CC K?8K @J I<HL@I<; @J KF 8;; N8ID N8K<I 8E; J8
<C<:KI@:8C :FE;L.K@M@KP

B += K?< I<;L:K8EKJ K?8K C@< 9<CFN8I& @EKSE:8I;

FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C= -<8:K@ F8H ;8K <T<=FI<

8l< JKIFE><I I<;L:K8EKJ FECP FE< @J :FDDFECP 8M8@C89C< @E ?FLJ<?I
GIF,L:KJ CJ N?@:? @J JFC; 8 BCLD@ELD =F@C =FI NISGG@E> =FF;J

I0<l:@J<

-<=<| KF89C< .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C=
<8:K@FEJ 8K TKF Gl<;@:K

8 N?@:? JG<:@<JY.BH ¢8H > 8H | 8H 8E:FI$ + 8HY:8E
FO@;@Q< )B+KF )*+ ALE;<I JK8E:8I; :FE;@K@FEJ

9 N?@:?JG<:@<JY.BH ¢8H > 8H | 8H S8E:FI$ + SBHY@J
K?< JKIFE><JK FO@;@Q@E> 8><EK @E 8HL<FLJ JFCLK@FE

Answer:

8 > 84 $+ 8H

9 $+ 8H

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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EXAMPLE 6

0J< K?< ;:8K8 @8HC< .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<:L:K@FE $8C=
<8:K@FEJ 8K TKF :<K<ID@E< N?<K?<I| <8:? I<8:K@FE @J C@B<CP KF F::LI
JGFEK8E<FLJCP LE;<| JK8E;8I; :FE;@K@FEJ

8 EJ < 8H E 8H <J
9 JE+ J $+84 $ 8H + > )E 8H $ +C

Given: I<;FO I1<8:K@FE 8E; C@JK F= JK8E;8I; <C<:KIF;< GBEK@8CJ
.K8E:8I; ,FK<KEK@8CJ =FI .<C<:K<; -<;L:K@FE $8C= -<8:K@QFEJ 8K T

Asked for: 1<8:K@FE JGFEKSE<@KP
Strategy:
A% <EK@=P K?< ?8C= I<8:K@FEJ @E <8:? <HIBX@RFE K&BEBt:

[FK<EK@8CJ =FI| .<C<:K<; -<;L:K@FE $8C= -<8:K@QFEK8KD@E< K?<
JK8E;8I; GFK<EK@8CJ =FI K?< ?8C= I<8:K@FEJ @E K?< 8GGIFGI@8K< ;@I<:K

B 0J<!HLBK@FE KF :8C:LC8K< K?< JK8E;8I; :<CC GFK<EK@8C =FI K?< FM<I¢
I<8:K@FE "IFD K?@J M8CL< ;<K<ID@E< N?<K?<| K?< FM<I8CC I<8:K@FE @J
JGFEKS8E<FLJ

Solution:

8 A)<KBCC@: K@QE @J FO@;@8pK;8&E .E 8H @J I<;L:<; KF
<C<D<EKS8C 9<IPCC@LD 2< :8E =@E; K?< JK8E;8I; <C<:KIF;<
GFK<EK@8CJ =FI| K?< C8KK<I| I<;L:K@FE ?8C=I<8:K@FE ~ 1 8E;
=FI K?< =FID<| FO@;8K@FE ?8C=I<8.K@QFE * 1 ;@I<:KCP =IFD
[89C< .K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<:L:K@FE $8C=
<8 K@FEJB8K T

B ;;@E> K?< KNF 78C= I<8:K@FEJ >@M<J K?< FM<I8CC I<8:K@QFE

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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DBREF.O0 T ) BR Fi .O BR ) 0 M&
BOPEF) 0 BR 0 H ) BR F &
PFBMMOO T ) 0 BR ) BR &

O(§ .0 BR )0 M

/?< JK8E;8I; :<CC GFK<EK@8C @J HL@K< E<>8K@M< JF K?< I<8:K@FE
>?0F::L1 JGFEK8E<FLJCP 8J NI@KK<E /?8K @J D<K8CC@: K@E :8EEFK
9< LJ<; KF Is;Li< < KF 9<IPCC@LD D<K8C LE;<I JK8E;8I;

'FE;@QK@FEJ %EJK<8; K?<I<M<IJ< GIF:<JJ K?<I<;L:K@FE F=
JK8EEFLJ @FEJ .BP D<K8CC@: 9<IPCC@LD N?@:? ?8J 8 GFI@K@M<
M8CL< FE<cAN@CC F::LI JGFEK8E<FLJCP

9 AE+ @JIJK?<FO@;8EK @ I<;L:<; KF)E N?@C<$ @J
K?< I<;L:K8EK i @J FO@;@Q<; Rr 8E FOIK8@E K?< JK8E;8I;
<C<:KIF;< GFK<EK@8CJ =FI K?< I<;L:K@FE 8E; FO@;8K@FE ?8C=
I<8:K@FEJ ;@I<:KCP/8HIx .K8E:8I: ,FK<EK@S8CJ =FI
<C<iK<; -<;L:K@FE $8C= -<8.:K@FEJ8K T

B /?< KNF ?8C= I<8:K@FEJ 8E; K?<@!I :FlII<IGFE;@E> GFK<EK@8CJ 8I<
8J =FCCFNJ

DBREF.O0 T ) BR Ei .O BR ) 0 M&
BOPEF) 0 BR 0 H ) BR F &
PFBMMOO T ) 0 BR ) BR &

O(y .0 BR ) 0O M

/?< JK8E;8l; GFK<EK@8C =FI| K?< I<8:K@QFE @J GFJ@K@M< @E;@:8K(
K?8K LE;<I JK8E;8I; :FE;@K@FEJ @K N@CC F::LI JGFEK8E<FLJCP 8J
NI@KK<E $P;IF><E G<IFO@;< N@CC I<;L3E)EOP><E >8]

N@CC <MFCM< =IFD K?< JFCLK@FE

I0<l:@J<

0J< K?< ;8K8 @HC< .K8E:8I: ,FK<EK@8CJ =FI .<C<:K<: -<:L:K@FE $8C=
-<8:K@FEJ 8K TKF ;<K<ID@E< N?<K?<| <8:? I<8:K@FE @J C@B<CP KF F::LI
JGFEKS8E<FLJCP LE;<| JK8E;8I; :FE;@K@FEJ

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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8 < 84 C'sSH < 8H C>
9 )E+ J + > +$ '8H )E+ "8H $ +

Answer:

8 JGFEK8E<FLI<«cc 1
9 EFEJGFEK8E<FLU<cc” 1

CK?FL>? K?< J@>HEsK<CCJ LI N?<K?<I| 8 G8IK@:LCS8I I<;FO I<8:K@FE N@CC F
JGFEK8E<FLJCP LE;<I JK8E;8I; :FE;@K@FEJ @K ;F<J EFK K§EBD3XKF N?8K
I<8:K@FE GIF:<<;J 8E; @K ;F<J EFK K<CC LJ N?8K N@CC ?8GG<E LE;<|I EFEJKSE
‘FE;@K@FEJ /F 8EIN<I K?<J< HL<JK@FEJ I<HL@I<J 8 DFI< HLBEK@K8K@M< LE
F= K?< I<KCBK@FEJ?@G 9<KN<<E <C<:KIF:?<D@:8C :<CC GFK<EK@8C 8E; :?<D(
K?<IDF;PESD@:J 8J ;<J:|@9<. <AL FE IC<KIF:?<D@:8C <CCJ 8E;
[?<IDF;PESD@:J

Summary

[?< FO@;8K@M< 8E; I<;L:K@M< JKI<KE>K?J F= 8 M8I@<KP F=JL9JK8E:<J :8E 9<
:FDGS8I<; LI@QE> JK8E;8I; <C<:KIF;< GFK<EK@8CJ GGS8I<EK S8EFD8C@<J :8E 9<
<OGC8@EZ<; 9P K?< =8:K K?8K <C<:KIF;< GFK<EK@8CJ 8I< D<8JLI<; @E 8HL<FI
JFCLK@FE N?@:? 8CCFNJ =F| JKIFE> @EK<IDFC<:LC8I <C<:KIFJK8K@: @EK<
EFK @E K?< >8J G?8J<

KEY TAKEAWAY

U /?< I<KC8K@M< JKI<E>K?J F= M8I@FLJ FO@;8EKJ 8E; I<;L:K8EKJ :8E 9<
Glk;@:K<; LI@B>M8CL<J

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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CONCEPTUAL PROBLEMS

1?< FI;<I F= <C<KIF;< GFK<EK@8CJ :8EEFK 8CN8PJ 9< GI<;@:K<; 9P @FE@C
GFK<EK@8CJ 8E; <C<:KIFE 8==@E@K@<J 2?P F PFL <OG<:K JF;@LD D<K:
?@>7?<| FI 8 CFN<I| <C<:KIF;< GFK<EK@8C K?8E GI<;@:K<; =IFD @KJ @FE@C
GFK<EK@8C 278K @J @KJ 8GGIFO@D8K< <C<:KIF;< GFK<EK@8C

2@K?FLK I<=<||@E> KF K89LC8K<; :8KB /I\:=8I 8 + +% " 8E; C C
N?@:? NFLC; PFL <OG<:K KF ?8M5IKE>8K@M< <C<:KIF;< GFK<EK@8C 8E;
N?@:? K2=?CIE<>8K@M< 2?P

<:8LJ< F= K?< JLC=LI| :FEKS@E@E> 8D@EF 8:@;J GI<J<EK @E <>> N?@K<J
N@K? 8 J@CM<I =FIB N@CC K8IE@J? K?<=FIB J 8 :?<D@JK PFL ?8M< 8CC
@EK<I<IK@E> :C<8E@E> GIF;L:KJ @E PFLI :89@E<K @E:CL;@E>8 ) JFCL
FOSC@: 8:@; $ 2FLC; PFL :?FFI<K?@J JFCLK@FE KF :C<8E K?< =FIB K?¢
?8M< KBIE@J?<; =IFD <8K@E> J:I8D9C<; <>>]

/?< <C<:KIF;< GFK<EK@8C =FI| K?< |<8:K&FE < LI @J 1LExI
JK8E;8I; :FE;@K@FEJ %J K?< GFK<EK@8C =FI K?< FO@;8K@FE F= DFCF
A1 IOGCB8@E PFLI 8EIN<I

ANSWER

*F T A 1=Fl> .J < >3 . "8H N?2@:? @J KFF E<>8K@M< =FI
> . KF 9< JGFEKSE<FLICP I<:L:<: 9P FO8C@F 8:@15FI + >
$ 8H < $ + 8H6

FDGSI@E> .KI<E>K?J F= +O@;8EKJ 8E; -<;L:K8EKJ
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19.4 Electrochemical Cells and Thermodynamics

LEARNING OBJECTIVES

/F LE;<IJK8E; K?< I<CBK@FEJ?@G 9<KN<<E :<CC GFK<EK@8C 8E; K?<
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The Relationship between Cell Potential and Free Energy
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Potentials for the Sums of Half-Reactions
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The Relationship between Cell Potential and the Equilibrium
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The Effect of Concentration on Cell Potential: The Nernst
Equation
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EXAMPLE 9

%E K?< <O<l:@J< @E !08DGC< PFL ;<K<ID@E<; K?8K K?< =FCCFN@E> I<8:l
GIF:<<;J JGFEK8E<FLJCP LE;<I JK8E;8I; :FE;@K@FEJ <&t IJN?@:?
PFL EFN BEFN D<8EJ K?78K
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8C:LC8K<=FI K?@J I<8:K@FE LE:<I K?< =FCCFN@E> EFEJK8E:8I: :FE:@K@FE
1 <K<ID@E< N?<K?<| @K N@CC F::LI JGFEK8E<G-LICP H< 6
) 5C"6 ) lgm B8KD SE; * T

Given: 98C8E:<; I<;FO I<8:K@FE JKS8E;8I; :<CC GFK<EK@8C 8E; EFEJK8E:8I;
:FE;@K@FEJ

Asked for: :<CC GFK<EK@8C
Strategy:

<K<ID@E< K?< ELD9<I F= <C<:KIFEJ KISEJ=<II<; ;LI@E> K?< I<;FO GIF:<JJ
[?<E LJI< K?< *<|EJK <HLB8K@FE KF =@E; K?< :<CC GFK<EK@8C LE;<I K?<
EFEJKS8E;8I; :FE;@K@FEJ

Solution:

2< :8E LI< K?< @E=FID8K@FE >@M<E 8E; K?< *<|EJK <HL8K@FEdJ¢F :8C:LC8K
)FI<KFM<I 9<:8LJ< K?< K<DG<I8KLI< @J T " N<:8E LIHLBK@FE

_ @EJK<S8; F= [?< FM<I8CC I<8:K@FE @EMFCM<J K?< E<K KI8EJ=<I F=
<C<:KIFEJ
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EXAMPLE 10

8C:LC8K< K?< MFCK8>< @E 8 >8CM8E@: :<CC K?8K :FEK8@EJ 8 DSE>8E<J< :
@DD<lJ<; @E 8 ) JFCLK@FE F= 33 K?< :8K?F;< 8E; 8 DBE>8E<J<
<C<KIF;< @DD<lJ<; @E 8 " ) JFCLK@FE F=)E.8J K?< 8EF;<

T

Given: >8CMBE@: :<CC @;<EK@K@<J F= K?< <C<:KIF;<J 8E; JFCLK@FE :FE:<
Asked for: MFCK8><

Strategy:

A2l@K< K?< FM<I8CC I<8:K@FE K?8K F::LIJ @E K?< :<CC

B <K<ID@E< K?< ELD9<I F= <C<:KIFEJ KI8EJ=<II<; .L9IK@KLK< K?@J M8CL<
K?< *<IEJK <HLBK@FE KF :8C:LC8K< K?< MFCK8><

Solution:

A?7@J @J 8 :FE:<EKIBK@FE :<CC @E N?@:? K?< <C<:KIF;< :FDG8IKD<EKJ :Fl
K?<J8D< I<;FO 8:K@M< JL9JK8E:< 9LK 8K ;@==<I<EK :FE:<EKI8K@FEJ /?< 8E

C'8E; + " ;FEFK G8IK@:@G8K< @E K?< I<8:K@FE JF K?<@| @;<EK@KP (
@DGFIK8EK /?< FM<I8CC I<8:K@FE @J 8J =FCCFNJ
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8H ) )E 8H )
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<C<:KIF;<J @E KNF 9<8B<IJ K?8K 8I< :FEE<:K<; 9P 8 J8CK 9I@;>< +E< 9<8B<I
:FEKB@EJ )$C 8E;K?<FK?<I8 )JFCLK@FE F=*83K G$
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|<C<M8EK <C<:KIF:?<D@:8C 1<8:K@FE @E 9FK? :FDG8IKD<EKJ @J K?< =FLI <
I<:L:K@FE F= FOP><E KF N8Kx<I $ 8H <" $ +C N?8KN@CC 9<

K?< GFK<EK@8C N?<E K?<:@Il:L@K @J :CFJ<;

Answer: 1

Using Cell Potentials to Measure Solubility Products

<:8LJ< MFCK8><J 8I< I<C8K@M<CP <8JP KF D<8JLI< 8::LISK<CP LIJ@E> 8 MFCKL
<C<KIF:?<D@:8C D<K?F;J GIFM@;< 8 :FEM<E@<EK N8P KF ;<K<ID@E< K?<
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<HL8C KF" IHL@QC@9I@LD :FEJK8EKJ F= K?@J D8>E@KL;< 8l< M@IKL8CCP @
D<8JLI< 8::LIBK<CP 9P ;@I<:K D<K?F;J JF N< DLJK LJ< 8CK<IE8K@M< D<K?F;J K"
DFI< J<EJ@K@M< JL:? 8] <C<:KIF:?<D@:8C D<K?F;J

JF LE:<IJK8E: ?FN 8E <C<:KIF:?<D@:8C :<CC @J LJ<: KF D<8JLI< 8 JFCLO@C@KP
‘FEJ@:<I K?< :<CC J?FNEEIH< #8CMSE@: <CC =FI)<8JLI@E> K?< .FCL9@C
JFELKF= >C N?@:? @J :<J@>E<; KF D<8JLI< K?< JFCLO@C@KP GIF;L:K F= J@
2CFI@:< J 5> 65 (6 %E FE< :FDG8IKD<EK K?< :<CC :FEK8@EJ 8 J@CM<I N@!
@EJ<IK<; @EKF 8 ) JFCLK@FEP= BK?<| :FDGSIKD<EK :FEKS@EJ 8 J@CM<I N¢
@EJ<IK<; @EKF 8 )JECLK@FE JSKLISK<; N@K? >C %E K?@J JP@®RE K?< >
‘FE:<EKISK@FE @E K?< =@IJK :FDG8IKDKRKXHBECIk< K?@J 9P :@M@; @E> 9FK
J@:<J F= K?< <HL8K@FESHF5 (5 8E; JLOIK@KLK@EB> 5555 C6 ! G

| G /?< FM<I8CC :<CC I<8:K@FE @J 8] =FCCFNJ

> 8H :FE:<EKI8K<; > 8H ;@CLK<

/?LJ K?< MFCK8>< F= K?< :FE:<EKI8K@FE :<CC ;L< KF K?< ; @ -S4k <@ K3<>
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P :CFJ@E> K?< :@I:L@K N< :8E D<8JLI< K?< GFK<EK@8C :8LJ<; 9P K?< :@==<I<
5> 6 @E K?< KNF :<CCJ %E K?@J :8J< K?< <OG<I@D<EK8CCP D<8JLI<; MFCKS
'FE:<EKISK@FE :<CC8K T @J 1 .FGM@KB®FE =FIl jo

IC<:KIF:?<D@:8C <CCJ 8E; /?<IDF;PESD@:J



?78GK<| IC<:KIF:?<D@JKIP

AE1D97?>

1&rum 1 /

A

1

M P,Hq

y TQ m

/?LJ 8 J@E>C< GFK<EK@8C D<8JLI<D<EK :8E GIFM@;< K?< @E=FIDS8K@FE N< E
;<K<ID@E< K?< M8CL< F= K?< JFCL9@C@KP GIF;L:K F= 8 JG8I@E>CP JFCLIC<.
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EXAMPLE 11

[F D<8JLI< K?< JFCL9@C@KP GIF;L:K F= C<8; %% JL&<8K<PBl+

‘FEJKIL:K 8 >8CM8E@: :<CC C@B< K?< FE@3IPRNE @B3CM8E@: <CC
=FI1)<8JLI@E> K?< .FCL9@C@KP IF.L.K 2@ C :FEKB@EJ 8 )

JFCLK@FE F= 8 M<IP JFCLI8RKBHC<8; %% 8:<K8K< KI@7?P;I18K<6 @E FE<
:FDG8IKD<EK K?8K @J :FEE<:K<; 9P 8 J8CK 91@;><KF 8 ) JFCLK@FE F=*8
J8KLIBK<; N@K? ,9.@®@E K?< FK?<| 3FL K?<E @EJ<IK 8 ,9 <C<:KIF;< @EKF <8:?
:FDGS8IKD<EK 8E; :CFI< K?< :@l:L@K 3FLI MFCKD<K<I J?FNJ 8 MFCK8>< F=
D1 278K @Ujc=Fl ,9.+ -<GFIK PFLI8EJN<IKF KNF J@>E@=@:8EK =@>LI<J

Given: >8CMBE@: :<CC JFCLK@FE :FE:<EKIBK@FEJ <C<:KIF;<J 8E; MFCK8><
Asked for: ! 3
Strategy:

A"IFD K?< @E=FIDSK@FE >@M<E NI@K< K?< ki BX@EE ¥P@J
<HL8K@FE @E K<IDJ F= K?< :FE:<EKIBK@FE F=,9

B <K<ID@E< K?< ELD9<I| F= <C<:KIFEJ KI8EJ=<lI<; @E K?< <C<:KIF:?<D@:8C
I<8:K@FE .L9IK@KLK< K?< 8GGIFGI@8KIMBRI@FEEBE; JFCM< =FI
lic

Solution:

A 3FL ?8M< :FEJKIL:K<; 8 :FE:<EKISBK@FE :<CC N@K? FE< :FDGS8IKD<EK
'FEKS@E@E>8 )JFCLK@FESE 0?< FK?<| :FEKS@E@E> 8 ;@CLK< JFCLK@
F=,9 @E )*8 .+ J=FI8EP :FE:<EKIBK@FE :<CC K?< MFCK8>< 9<KN<<E
K?< KNF :FDGS8IKD<EKJ :8E 9< :8C:LC8K<; LI@E> K?< *<|EJK <HLBK@FE /?< =
JK<G @J KF I<C8K< K?< :FE:<EKIBK@FE K25s9@CLK< JFCIK@&FE KF

4C >0 > | 1q

' TQ 'y TQ
14 C > T . ., TQ

B/?< I<;L:K@FE F= ,9KF ,9 @J 8 KNF <C<:KIFE GIF:<JJ 8E; GIF:<<;J
8::Fl;@E> KF K?< =FCCFN@E> I<8:K@FE
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,9 8H :FE:<EKI8K<; ,9 8H ;@CLK<

JF

& FMM &BFPJ,N( —o) M PH

v 71 —7 MIZ’H 1C 2 mvur 1

( ) <1 C 3pomres
1 MP Hgq

1
m y TQ
10<l:@J<

:FE:<EKIBK@FE :<CC J@D@CS8I KF K?< FE< ;<J:I@9<; @E '08DGC< :FEK8@
) JFCLK@FE F= C8EK?8ELD E@KI8K< 6(@%E-FE< :FDG8IKD<EK 8E; 8
) JFCLK@FE F=JF;@LD =CLFI@;< JBKLI8K<; M@K?<FK?<l D<KB8CC@: (8
JKI@G @J @EJ<IK<; @EKF <8:? :FDG8IKD<EK 8E; K?<:@l:L@K @J :CFJ<; /?<
D<8ILI<; GFK<EK@8C @J 1 2?78KI@dHFP{8" -<GFIK PFLI 8EJN<I
KF KNF J@>E@=@:8EK =@>LI<J

Answer:

Using Cell Potentials to Measure Concentrations

EFK?<I LI< =FI K?< *<IEJK <HLBK@FE @J KF :8C:LC8K< K?< :FE:<EKIBK@FE F= ¢
>@M<E 8 D<8JLI<; GFK<EK@8C 8E; K?< :FE:<EKISK@FEJ F= 8CC K?< FK?<| JG<:
8E <O8DGC< F=K?@J @E !08DGC< @E N?@:? K?< <OG<I@D<EK8C :FE;@QK@
<=@E<; @E JL:? 8 N8P K?8K K?< :FE:<EKISBK@FE F= K?< D<K8C @k& N8J <HL8C
,JFK<EK@8C D<8JLI<D<EKJ :8E 9< LJ<; KF FOK8@E K?< :FE:<EKI8K@FEJ F=;@JJ!
JG<:@<J LE;<| FK?<| :FE;@K@FEJ 8] N<CC N?@:? <OGCB8@EJ K?<N@;<JGI<8; L
<C<KIF:?<D@:8C :<CCJ @E D8EP 8ES8CPK@:8C ;<M@:<J ,<I?8GJ K?< DFJK :FDD
8GGC@:8K@FE @J @E K?< ;<K<ID ®EIQEFBREHEI<K<I 8J @CCLJIKI8K<; @E
108DGC<
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EXAMPLE 12

.LGGFJ< 8 >BCMB8E@: :<CC @J :FEJKIL:K<; N@K? 8 JK8ERIGIK 48BE FE<
:FDGB8IKD<EK 8E; 8 DF;@=@<; ?P;IF><E <C<:KIF;< @E K?< J<:FE;
:FDGS8IKD<EK'@>LI< <K<ID@E@E> 8 .K8E;8I; !C<:KIF:< ,FK<EK@8C
0J@E> 8 .K8E:8I; $P;IF><E !C<:KIF;</?< GI<JJLI< F= ?P;IF><E >8J @J

8KD 9LK 58 @E K?< J<:FE; :FDG8IKD<EK @J LEBEFNE /?<:<CC ;@8>18D @J ¢
=FCCFNJ

AEJAE 8H ) $ 8H )$ > B8KD KJ

278K @J K?< G$ F= K?< JFCLK@FE @E K?< J<:FE; :FDG8IKD<EK @= K?< D<8J
GFK<EK@8C @EK?<:<CC@J 18K T

Given: >BCM8E@: :<CC :<CC ;@8>18D 8E; :<CC GFK<EK@8C
Asked for: G$ F= K?< JFCLK@FE

Strategy:

A2l@K< K?< FM<I8CC :<CC I<8:K@FE

B .L9IK@KLK< 8GGIFGI@8K< M8CL<J @EKF K?< *<IEJK <HL8K@FE 8E; JFCM-=
ACF>5% KF FOK8@E K?< G$

Solution:
A OE;<I JK8E:8I; :FE;@K@FEJ K?< FM<I8CC I<8:K@FE K?8K F::LIJ @J K?<

I<;L:K@FE F= GIFKFEJ 9P Q@E: KFEBMK 38K 4E C@<J 9<@HBE<
.K8E;8I; ,FK<EK@8CJ =FI| .<C<:K<; -<:L:K@FE $8C=-<8. K@QFEJ 8K T

'O T ) BR ;0 BR) H &h 7

B P JLOIK@KLK@E> K?< >@M<E M8CL<J @EKF K?< J@DGC@=@<; *<IEJK <}
IHLBK@FE N< :8E :8C:LC8K< BLE;<I EFEJK8E;8I; :FE;@K@FEJ
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& rum &by ———) MPH
FMM F |v( 0O ) ( § > )
7 71, — ' MPH——
( ) (9 > )
MPH— M RH > 1 MRH>
(9 >)
1MRH>
Q)

1?LJ K?< GFK<EK@8C F= 8 >8CM8E@: :<CC :8E 9< LJ<; KF D<8JLI< K?< G$ F=¢
JFCLK@FE

I0<l:@J<

.LGGFJ< PFL NFIB =FI 8E <EM@IFED<EK8C C89FI8KFIP 8E; PFL NS8EK KF LJ< &
<C<KIF:?<D@:8C D<K?F; KF D<8JLI< K?< :FE:<EKI8K@@&HEF= ,9

>|FLE;N8K<I 3FL :FEJKIL:K 8 >8CM8E@: :<CC LJ@E> 8 JK8E;8I; FOP><E
<C<KIF;< @E FE< :FDG8IKD<EK~>F:< 1 /?<FK?<|:FDGS8IKD<EK

:FEKB@EJ 8 JKI@G F= C<8; @E 8 JBDGC< F=>IFLE;N8K<I KF N?@:? PFL ?8M<
JL==@:@<EK 8:<K@: 8:@; 8 N<8B FI>8E@: 8:@; KF <EJLI< <C<:KI@:8C :FE;L:}
[?<:<CC ;@8>18D @J 8] =FCCFNJ[

9J 9 84 )$ 8H )+ > B8KD KJ

2?7<E K?<:@I:.L@K @J :CFJ<; K?<:<CC ?8J 8 D<8JLI<; GFK<EK@8C F= 1 0J
/89C< FDG8I@JFE F= #8CM8E@: 8E; IC<:KIFCPK:®; 28GK<I

GG<E;@O'! .K8E:8I; -<;L:K@FE ,FK<EK@8CJ 8kF KK<ID@E< K?<
'FE:<EKIBK@FE F= @E K?< >IFLE;N8K<I

AN

Answer: )
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Summary

coulomb (C)I<C8K<J <C<:KI@:8C GFK<EK@8C <0GI<JJ<; @E MFCKJ 8E; <E<
<0OGI<JI<; @E AFLC<J /?<:LIIKEK ><E<I8K<; =IFD 8 I<;FO I1<8:K@FE @J D<8JLI<
@Bmperes (A) N?<I<  @J ;<=@E<; 8JK?<=CFNF= JG8JK 8 >@M<E GF@EK
faraday ( ) @J MF>8;IF\J ELD9<| DLCK@GC@<; 9P K?< :?8I>< FE 8E <C<:KIFE 8
‘FlI<IGFE;J KF K?< :?8I>< FE DFC F=<C<:KIFEJ /?< GIF,L:K F= K?< :<CC
GFK<EK@8C 8E; K?< KFK8C :?8I>< @J K?< DS8O@DLD 8DFLEK F= <E<I>P 8M8(@
NFIB N?@:? @J I<KC8K<; KF K?< :?8E>< @E =I<< <E<|>P K?8K F::LIJ ;LI@E> K?<
?2<D@:8C GIF:<J] ;;@E> KF><K?<| KR8CL<J =F| K?< ?8C= I<8:K@FEJ >@M<J
=F| K?< FM<I8CC I<8:K@FE N?@:? @J GIFQRPBEPRESEKKEK@BC<
ELD9<I F= <C<:KIFEJKI8BEJ=<II<; .GFEK8E<FLJ I<;FO I<8:K@FEJ ?8M< 8
E<>8K@M<BE; K?<I<=FI< 8 GFJ@K@i8LI< K?< <HL@C@91@LD :FE@BEK
I<C8K<; KF T<c8E;! 8I<8CJF I<C8K<; (8I><<HL@C@9I@LD :FEJKBEKJ
:FII<IJGFE; KF C8I>< GFJ@K@M< MBCP<BIEnst equation BCCFNJ LJ KF
<K<ID@E< K?< JGFEK8E<FLJ ;@I<:K@FE F= 8EP I<;FO I<8:K@FE LE;<I| 8EP 1<8
‘FE:@K@FEJ =IFD M8CL<J F= K?< I<C<M8EK JK8E:8I;: <C<:KIF;< GFK<EK@8CJ
Concentration cells :FEJ@JK F= 8EF;< 8E; :8K?F;< :FDG8IKD<EKJ K?8K 8I<
@;<EK@:8C <0:<GK =FI| K?< :FE:<EKI8K@FEJ F= K?< |<8:K8ERK<:8LJ<
<HL@C@91@LD K?< D<8JLI<; GFK<EK@8C F= 8 :FE:<EKISK@FE :<CC @J Q<IF
<HL@C@91@LD K?< :FE:<EKISK@FEJ 8I< <HL8C >8CMS8E@: :<CC :8E 8CJF 9
D<8JLI< K?< JFCL9@C@KP GIF;L:K F= 8 JG8I@E>CP JFCL9C< JL9JK8E:< 8E; :8!
K?< :FE:<EKIBK@FE F= 8 JG<:@<J >@M<E 8 D<8JLI<; GFK<EK@8C 8E; K?<
:FE:<EKIBK@FEJ F= 8CC K?< FK?<1 JG<:@<J

KEY TAKEAWAY

U /?<*<|EJK <HLBK@FE :8E 9< LJ<; KF ;<K<ID@E< K?< ;@I<:K@FE F=
JGFEKS8E<FLJ I<8:K@FE =FI 8EP I<;FO I<8:K@FE @E 8HL<FLJ JFCLK@FE

IC<:KIF:?<D@:8C <CCJ 8E; /?<IDF;PESD@:J
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KEY EQUATIONS

Charge on a mole of electrons (faraday)

IHLBK@FE W & 1]DFC

Maximum work from an electrochemical cell
IHLBK@FE  Gpgo > :<cc
Relationship between i and i

IHLBK@FE T > T<cc

Relationship between i and ! for a redox reaction

IHLBK@FE T X* CE

Relationship between i and ! for a redox reaction at 25;C
HLBK@FE &b r () MO

HLBK@FE &) ¢ i —07) MPH

Relationship between jand'
IHLBK@FE T (* CE

Relationship between e and' at 25;C

HLBK@FE &5 ¢ a5 F i —o—) M P2H
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CONCEPTUAL PROBLEMS

.K8K< N?<K?<| PFL 8>I<< FI ;@J8>I<< N@K? K?@J I<8JFE@E> 8E; <OGC8@E
8EJIN<I .K8E;8Il; <C<:KIF;< GFK<EK@8CJ 8l@J< =IFD K?< ELD9<I F= <C<:KIFE
KIBEJ=<II<; /?< >I<8K<I K?< ELD9<I F= <C<:KIFEJ KI8EJ=<II<; K?< >|<8K<| K?-
D<8JLI<; GFK<EK@8C ;@==<I<E:< %= DFCF=8 JL9JAK8E:< GIF,L:<d 1 N?<
DFC F=<C<:KIFEJ 8I< KI8EJ=<II<;Y8] @E 4E J 8#E < YK?<E DFCF=

K?< JL9JKBE:< N@CC GIF;L:< 1 9<:8LJ< FECP DFC F=<C<KIFEJ @J
KIBEJ=<II<;

278K @J K?< I<CBK@FEJ?@G 9<KBIGERS2<35<< @ 7BEHIBDBLD1< 381B75
K?8K G8JJ<J K?IFL>? 8 :<CC 2?@:? F= K?<J< @J ;<G<E;<EK FE :FE:<EKI8K@
2?7@:? @J ;<G<E;<EK FE K?< @;<EK@KP F= K?< FO@;8EK FI K?< I<;L:K8EK
;<G<E;<EK FE K?< ELD9<I F= <C<:KIFEJ KI8EJ=<II<;

%E K?< <HLSKEEBB "> T<CcA?@:? HLSEK@K@<J 8I< <OK<EJ@M< GIFG<lIk
8E; N?@:? 8l< @EK<EJ@M< GIFG<IK@<J

"FI SEP JGFEKS8E<FLJ I<;FO I<8:KA@BFEGFI@K@M< 0J< K?<IDF;PESD@:
8I>LD<EKJ KF <OGC8@E N?P K?@J @J KIL<

.K8K< N?<K?<| PFL 8>I<< FI ;@J8>I<< N@K? K?@J JK8K<D<EK 8E; <OGC8@E
8EJN<I| IC<KIF:?<D@:8C D<K?F;J 8I< <JG<:@8CCP LJ<=LC @E ;<K<ID@E@E
I<KM<IJ@9@C@KP Fl @II<M<IJ@9@C@KP F=I<8:K@FEJ K?8K K8B< GC8:< @

CK?FL>? K?< JLD F= KNF ?8C= I<8:K@FEJ >@M<J 8EFK?<I| ?8C= I<8:K@FE |
K?< GFK<EK@8CJ F= K?< KNF ?8C= I<8:K@FEJ :8EEFK 9< LJ<; KF FOKS@E K
F= K?< E<K ?8C= I<8:K@FE 2?P 27<E ;F<J K?< JLD F= KNF ?8C= I<8:K@FEJ
‘FII<JGFE; KF K?< FM<I8CC I<8:K@FE 2?P

+::8J@FE8CCP PFL N@CC =@E; ?@>? HL8C@KP <C<:KIFE@: <HL@GD<EK
<C<KIFE@: :FDGFE<EKJ GC8K<; @E >FC; 278K @J K?< 8;M8EK8>< F= K?@.

CFF; 8E8CPQ<IJ N?@:? D<8JLI<La% 8E; 1p 8I<=I<HL<EKCP LJ<; @E
:C@E@:8C <D<I><E:@<J "FI <O8DGUg®Q®B;D<8ILI<; N@K? 8 G$

<C<KIF;< :FM<I<; N@K? 8 GC8IK@: D<D9I8E< K?8K @J G<IDBBCEEKF +
PFLI BEFNC<;>< F= ?FN <C<KIF;<J =LE:K@FE <OGC8@E ?FN JL:? 8E <C<:K
D@>?K NFIB $@EK>+$ +C $+ 8H $ 8H

FE:<EKISBK@FE :<CCJ :FEK8@E K?< J8D< JG<:@<J @E JFCLK@FE @E KNF ;
‘FDG8IKD<EKJ !'0GC8@E N?8K GIF;L:<J 8 MFCK8>< @E 8 :FE:<EKIBK@FE :<
F<J1 @EJL:?8:<CC

<J:I@9< ?FN 8E <C<KIF:?<D@:8C :<CC :8E 9< LJ<; KF D<8JLI< K?< JFCL9@C
JG8I@E>CP JFCL9C< J8CK

IC<:KIF:?<D@:8C <CCJ 8E; /?<IDF;PESD@:J
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ANSWERS

<OK<EJ@Bh8OSE; > @EK<EJ@MEC

#FC; @J ?@>?CP I<I@JK8EK KF :FIIFJ@FE 9<:8LJ< F= @KJ M<IP GFJ@K@M
GFK<EK@8C
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NUMERICAL PROBLEMS

[?<:?2<D@:8C <HLBK@FE =F| K?< :FDILJK@FE F=9LK8E< @J 8J =FCCFNJ
$) H —0 Hi $0 H ) 0 H

[?7@J I1<8:K@FE ?8T ~ B&DFC 8C:LC8KI:<CE8E; K?<E ;<K<ID@E<T
%J K?@J 8 JGFEK8E<FLJ GIF:<JJ 2?8K @J K?< :?8E>< @E <EKIFGP K?8K 8::
K?@J GIF:<JJ8K '

$FN DBEP <C<:KIFEJ 8I< KIBEJ=<II<; ;LI@QE> K?< I<8:K@FE ,9Q J$>
9C 8H $>C 278K @JK?<JKB8E;8I; :<CC GFK<EK@8C %J K?< FO@;8K@!|
9P $> C JGFEKS8E<FLJ 8C:LC8Kk=FI K?@J I<8:K@FE

"FIK?<:<CCI<GI<J<EK<;8) CJ &1 .E 8H .E 8H ,KJ ?FN DSEP
<C<:KIFEJ 8I< KI8EJ=<II<; @E K?< I<;FO I1<8:K@FE 278K @J K?< JK8E;8I; :<C(
GFK<EK@8C %J K?@J 8 JGFEK8E<FLJ GIF:<J0 2?8K @J

IOGC8@E N?P K?< JALD F= K?< GFK<EK@8CJ =FI K?< ?8C8H'|<8:KA@FEJ .E

.EJ 8E;.E 8H = E 8H ;F<J EFK <HLBC K?< GFK<EK@8C =FI K?<
I<B.K@FE .E8H < .EJ 278K @JK?<E<K :<CC GFK<EK@8C FDG8I< K?<
M8CL<J F=T =FI K?< JLD F= K?< GFK<EK@8CJ 8E; K?< 8:KL8C E<K :<CC GFK

8J<; FE [89C< K8E:8I; ,FK<EK@8CJ =FI .<C<:K<; -<;L:K@FE $8C= -<8:K@F
8K T 8E; ?8GK<l GG<E;@0O! .K8E:8I; -<;L:K@FE ,FK<EK@8CJ8K T

;F PFL 8>I<< N@K? K?< GIFGFJ<; GFK<EK@8CJ =FI K?< =FCCFN@E> ?8C-= I<
2?P FIN?P EFK

8L8H<:LJ T 1
9 < 8H < <J T~ 1

"FI <8:? I<8:K@FE :8C:LC8K<CBE; K?<E ;<K<ID@E<T %E;@:8K< N?<K?<I
<8:? I<8:K@FE @J JGFEK8E<FLJ

8 *8J $ +C *8+$8H $ >
9 ' .+ 8H %J '%8H ' .+ 8H
.EJ L+ 8H LJ .E+ 8H

278K @J K?< JK8E;8I; :?8E>< @E =I<< <E<I|>P =FI K?< |<8:K@FE 98KN<<E 8
*8J KF>@M< 8J 8E; *8F K?<J@>E 8E; D8>E@KL;< F8>I<< N@K? N?8K
PFL NFLC; <OG<:K 98J<; FE K?< GFJ@K@FEJ F= K?<J< <C<D<EKJ @E K?< C
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%= PFL ?8M< 8 98KK<IP N@K? 8E <C<:KIFCPK< K?8K ?8J 8 ;<EJ@EKP F= >
'FEKB@EJ JLC=LI@: 8:@; 9P D8JJ @J K?< GFK<EK@8C >I<8K<I| K?8E FI C
K?8K F= K?< JK8E;8I; :<CC
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19.6 Corrosion

>8CM8E@: GIF:<JJ 9P N?@:
D<K8CJ ;<K<I@FI8K< K?IFL>"

LEARNING OBJECTIVE

IF LE;<IJK8E; K?< GIF:<JJ F=:FIIFJ@QFE

Corrosion @J 8 >8CM8E@: GIF:<JJ 9P N?@:? D<K8CJ ;<K<I@FI8K< K?IFL>?
FO@;8K@FEYLJL8BCCP 9LK EFK 8CN8PJ KF K?<@| FO@;<J "FI <O8DGC< N?<E <
@IFE ILIJKJ J@CM<I KSIE@J?<J 8E; :FGG<I 8E; 9I18JJ 8:HL@I< 8 9CL@J? >I<<E JL
:8CC<; @1D9xE K?< MBI@FLJ D<K8CJ JL9A<:K KF :FIIFJ@FE @IFE @J 9P =8| K?«
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+E< F= K?< DFJK :FDDFE K<:?E@HL<J LJ<; KF GI<M<EK K?< :FIIFJ@FE F= @IFE (
8GGCP@E> 8 GIFK<:K@M< :F8K@E> F= 8EFK?<I D<K8C K?8K @J DFI< ;@==@:L(
"8L:<KJ 8E; JFD< <OK<IE8C G8IKJ F= 8LKFDF9@C<J =FI <O8DGC< 8I< F=K<E :F&
8 K?@E C8P<I F=:?IFD@LD LI@E> 8E <C<:KIFCPK@: GIF:<JJ K?8K N@CC 9< ;@.
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EXAMPLE 13

.LGGFJ< 8E FC; NFF;<E JB@C9F8K ?<C; KF><K?<I N@K? @IFE J:I<NJ ?8J 8
9IFEQ< GIFG<CCx«I 1<:8CC K?8K 9IFEQ< @J 8E 8CCFP F=:FGG<I| :FEKS@E@E
X K@E

8 %=K?<9F8K @J @DD<IJ<; @E J<8N8K<I N?8K :FIIFI@FE I<8:K@FE N@C(
278K @Jr<cc
9 $FN :FLC; PFL GI<KM<EK K?@J :FIIFI@FE =IFD F::.LII@E>

Given: @;<EK@KP F= D<K8CJ
Asked for: :FIIFJ@FE I1<8:K@HFAEcHBE; GI<M<EK@M< D<8JLI<J
Strategy:

A21@K< K?< [<8:K@FEJ K?8K F::LI 8K K?< 8EF;< 8E; K?< :8K?F;< "IFD K?<J<
NI@K< K?< FM<I8CC :<CC I<8:K@FE 8E .86 C8K<

B 8J<; FE K?< IKC8K@M< I<;FO 8:K@M@KP F= MB8I@FLJ JL9JIK8E:<J JL>><JK
GI<M<EK@M< D<8JLI<J
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T K?8E @IFE /?LJ @= K@E FIl :FGG<I| @J 9IFL>?K @EKF <C<:KI@:8C

:FEK8:K 9P J<8N8K<I N@K? @IFE @E K?< GI<J<E:< F= FOP><E
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AF@EKJ N@CC C<8; KF IsG@; :FIIFI@FE

9 EP<O@JK@E>,9"< AF@EKJ J?FLC; 9< <O8D@EZ<; :8I<=LCCP =FI :FIIFJ@!
K?< @IFE G@G<J ;L< KF K?< ,9X"< ALE:K@FE K?< C<JJ 8:K@M< ,9 N@CC
J<IM<; 8J K?< :8K?F;< =FI K?< I<;L:K@FE GHBDFK@E> FO@;8K@FE F=
K?< DFI< 8:K@M< "< E<8I9P

FIIFJ@FE
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Summary

1?< <K<I@FISK@FE F= D<K8CJ K?IFL>? FO@:;:8K@FE @J 8 >8CMSE@: GIF:<JJ :
corrosion ,IFK<:K@M< :F8K@E>J :FEJ@JK F= 8 J<:FE; D<K8C K?8K @J DFI< ;@:
FO@;@Q< K?8E K?< D<K8C 9<@E> GIFK<:K<; CK<IEBK@M<CP 8 DFI< <8J@C
D<K8C :8E 9< 8GGC@<; KF 8 D<K8C JLI=8:< K?LJ GIFM@;@E> :8K?F;@: GIFK<:
K?<JLI=8:< K?@E C8P<I| F= Q@E: GIFK<:KJ >8CM8a@fiziallK<<C

electrodes :8E 8CJF 9< 8KK8:?<; KF 8E F9A<:K KF GIFK<:K @K

KEY TAKEAWAY

U FIIFJ@FE @J 8 >8CMBE@: GIF:<JJ K?8K :8E 9< GI<M<EK<; LI@E> :8K?F;@
GIFK<:K@FE

CONCEPTUAL PROBLEMS

F PFL <OG<:K 8 9<EK E8@C KF :FlIF;< DFI< FI C<JJ I8G@;CP K?8E 8 JKI8@>'
27P

278K ;F<J @K D<8E N?<E 8 D<K8C @J ;<J:I@9<; 8J 9<@E> :F8K<; N@K? 8 J8:
C8P<l %J K?@J ;@==<I<EK =IFD >8CM8E@: GIFK<:K@FE

2?P @J @K @DGFIK8EK =FI 8LKFDF9@C< DBEL=8:KLI<IJ KF 8GGCP G8@EK
JLI=8:< F=8:8l 2?P @J K?@J GIF:<JJ G8IK@:LC8ICP @DGFIK8EK =FI M<?@:
EFIK?<IE :C@D8K<J N?<I< J8CK @J LJ<; FE @:P IF8;J

ANSWER

,8@EK B<<GJ FOP><E 8E; N8K<I =IFD :FD@E> @EKF ;@I<:K :FEK8:K N@K? K
N?@:? GI<M<EKJ :FIIFI@FE ,8@EK @J DFI< E<:<JJ8IP 9<:8LJ< J8CK @J 8E
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19.7 Electrolysis

LEARNING OBJECTIVE

/F LE;<IJK8E; <C<:KIFCPJ@J 8E; ;<J:I@9< @K HL8BEK@KB8K@M<CP

%E K?@J :?8GK<I N< ?8M< ;<J:1@9<; M8I@FLJ >8CM8E@: :<CCJ @E N?@:? 8 JGI
?2<D@:8C I<8:K@FE @J LJ<; KF ><E<I8K< <C<:KI@:8C <E<I>P %E 8E <C<:KIFCP¥
?FN<M<| K?< FGGFJ@K< GIF:<JXkl8d®tysis F::LIJ 8E <OK<IE8C MFCK8>< @J
8GGC@<; KF ;|@M< 8 EFEJGFEKS8E<FLI@8ILh@ FEC<:KIF:?<D@:8C <CQ4E
K?@J J<:K@FE N< CFFB 8K ?FN <C<:KIFCPK@: :<CCJ 8I< :FEJKIL:K<; 8E; <OGCF
K?<@| D8EP :FDD<I|.:@8C 8GGC@:8K@FEJ

Note the Pattern

%E 8E <C<:KIFCPK@: :<CC 8E <OK<I|E8C MFCK8>< @J 8GGC@<; KF ;@M< 8 E
I<8:K@FE

Electrolytic Cells

%= N< :FEJKIL:K 8E <C<:KIF:?<D@:8C :<CC @E N?@:? FE< <C<:KIF;< @J :FGG<I [
@DD<lJ<; @E 8 ) L JFCLK@FE 8E; K?< FK?<I <C<:KIF;< @J :8;D@LD D<K8C
@DD<IJ<; @E 8 ) ; JFCLK@FE 8E; K?<E :CFJ< K?<:@I:L@K K?< GFK<EK@8C ;
9<KN<<E K?< KNF :FDGS8IKD<EKJ N@CC 9< 1 /?<:8;D@LD <C<:KIF;< N@CC 9<
‘@JIFCM< ; @JFO@:@Q<;8F @J K?< 8EF;< N?@C< D<K8CC@: :FGG<I N@CC
<GFJ@K<; FE K?< :FGG<I <C<KIF;@lI<;L:<; KF L N?@:? @J K?< :8K?F;<

G8IK 8 @@>LI< E GGC@<; 1FCK8>< 8E -<M<IJ< K?<"CFN F=IC<:KIFEJ @E
#8CMBE@: ; L <CC/?< FM<I8CC I<8:K@FE @J 8] =FCCFNJ
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AE1D97?>

DBREBE BR F i $E T&gper 1 7

AE1D97?>

BOPEW T $V BR F &oper 7

AE1D9?>
PEFBMME BR $V T $E T $V BR&ruml 7

<:8LJ< T<cc K?<FM<ISCC I<8:K@FEYK?< I<;L:K@FBF=LY:C<8ICP :8EEFK

F::LI JGFEK8E<FLJCP 8E; GIF:<<;J FECP N?<E JL==@:@<EK <C<:KI@:8C <E<I>P |

[?<;@==<I<E:<J 9<KN<<E >8CMBE@: 8E; <C<:KIFCPK@: :<CCJ 8I4820D8I@Q<;
FDG8I@JFE F= #8CM8E@: 8E; IC<:KIFCPK@: <CCJ

/89C< FDG8I@JFE F=#8CM8E@: 8E; IC<:KIFCPK@: <CCJ

<CC

Electrode Process

8EF;< FO@:8K@RE FO@:8K@FHE

:8K?F;< I<;L:K@FE I<;L:K@FE

Sign of Electrode

8EF;< N

:8K?F;< n

Electrolytic Reactions

KJIL==@:@<EKCP ?@>? K<DG<I8KLI<J @FE@: JFC@;J D<CK KF =FID C@QHL@:.
<C<KI@:@KP <OKI<D<CP N<CC ;L< KF K?< ?@>? :FE:<EKIBK@FEJ F= @QFEJ %=
<C<KIF;<J 8I< @EJ<IK<; @EKF DFCK<E *8 C =FI <O8DGC< 8E; 8E <C<:KI@:8C G
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*8CC *8C C >

1?7@J @J K?< I<M<IJ< F= K?< =FIDSBK@FE F=*8 C =IFD @KJ <C<D<EKJ /?< GIF;L:k
I<;L:K@FE I<8:K@HOGEENE; @LD 9<:8LJ< K?< D<CK@E> GF@EK F= JF;@LD D<K8(

T N<CC9<CFNK?8KF=*8C T GGIFO@D8K<CP KFEJ F= JF,@LD D<K&
8I< GIF;L:<; :FDD<I:@8CCP @E K?< OE@K<; .K8K<J <8:? P<8I 9P K?< <C<:KIFCPJ(
DFCK<E *8 C @E®>C 35<@>LI< FNEJ <CC =FI K?< IC<:KIFCPJ@J F=
JFCK<E *8 C %E K?@J JG<:@8C@Q¥<; :BECKIE> GF@EK T @J=@IJK 8;;<; K
K?<*8 C KF CFN<I K?< D<CK@E> GF@EK F=K?< D@OKLI< KF 89FLK T K?<I<9
FG<IBK@E> :FJIKJ

97EB5 ?G>C 5<<6?7B D85 <53DB?<IC9C ?6 #?<D5> $1 <
NaCl(s)
; Cly(9)
_’ )
CaCly(s) in it
Na(l) < __— molten
out NacCl/
CadCl,
_— molten
Na
_— iron
screen
\ )

cathode (—):
steel cylinder

anode (+):
graphite

cathode: Na* +e~ —Na(l) anode: ClI~ — 2.Cly(g) + e~

*85 5<53DB?<IC9C ?6 1 =?<D5> =9HDEB5 ?@BECELBC 9xD85 67B=1D9?> ?6 5<5=5>D1< C?49E= 1>4 3¢
71C 531EC5 C?49E=9C 1 <9AE94 E>45B D85C5 3?7>49D9?>C 1>4 <9AE94 C?49E= 9C <5CC 45>C5 D8]
D85 C?49E=6<?1DC D? D85 D?@ ?6 D85 =5<D 1>4 9C 3?7<<53D54 9> 3?>35>DB93 31@ @54 9B?> 3I<9>
1C5?EC 38<?B9>5 3?<<53DC 9> D85 9>F5BD54 37>5 ?F5B D85 1>?745 > 9B?> C3B55> C5@1B1D9>7 D
3?=@1BD=5>DC 5>CEB5C D81D D85 =?<D5> C?49E= 1>4 71C5?EC 38<?B9>5 4? >?D 3?=5 9>D? 37>D]
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IC<KIFCPJ@J

.@D@CS8ICP @EKYSB?E<D @B2I5KIEGIF;L:< 8CLD@ELD :FDD<I:@8CCP 8
DFCK<E D@OKLI< F=89FLK 8CLD@ELD FO@<CK@E>GF@EK T 8E;

IPFC@K< *8C" D<CK@E>GF@EK T @J<C<KIFCPQ<;8K89FLK T
GIF;L:@E> DFCK<E 8CLD@ELD 8K K?< :8K?F;<>8H;8K K?< :8I9FE 8EF;< /?<
FM<I8CC I<8:K@FE @J 8J =FCCFNJ

AE1D97?>

c+C J CC + >

+0@;< @FEJ I<8:K N@K? FO@;@Q<; :8I19FE 8K K?< 8EF;< GIF,L:@E> +

/?<I< 8l< KNF @DGFIK8EK GF@EKJ KF D8B< 89FLK K?<J< KNF :FDD<I|:@8C GIF:<
89FLK K?< <C<:KIFCPJ@J F= DFCK<E J8CKJ @E ><E<I8C

/?< <C<:KIF;< GFK<EK@8CJ =FI DFCK<E J8CKJ 8l< C@B<CP KF 9< M<
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GG<E:@O! .K8E:8l; -<;L.K@FE ,FK<EK@8CJ 8KNA@:? 8I<
FDG@C<; =FI K?< I<;L:K@FE F= K?< ?P;I8K<; @FEJ @E 8HL<FLJ JFCL
LE;<I JK8E;8I; :FE;@K@FEJ
0J@E> 8 D@O<; J8CK JPJK<D D<8EJ K?<I< @J 8 GFJJ@9@C@KP F=
9<KN<<E ;@==<I<EK <C<:KIFCPK@: I<8:K@FEJ 2?<E 8 D@OKLI< F=*
8C @J<C<KIFCPQ@JIFO@;@Q<; 9<:8LI< @K @J K?< FECP 8E@F
GI<J<EK 9LK <@K?<FF®B :8E 9<I<;L:i<; FEM<IJ<CP @E K?<
$8CCX$<IFLCK GIF:<JJ FECP FE< :8K@FE @J GI<J<EK K?8K :8E 9< I<
C  9LK K?<I< 8I< K?I<< JG<:@<J K?8K :8E 9< FO@ @8 +

%E K?< $8CCX$<IFLCK GIF:<JJ @J FO@;@Q<;A @IEj\IQ@IE;ﬂFOPxE 8E;
=CLFI@E< 8I< DFI< <C<:KIFE<>8K@M< K?8E :8I9FE N?@:? D<8EJ K?8K @J 8 N<
FO@;8EK K?8E <@KPKI +.@D@CS8ICP @E K?< FNEJ :<CC N< D@>?K <OG<:K
<C<:KIFCPJ@J F= 8 *8 C B@OKLI< KF GIF;L:< :8C:@LD I8K?<I K?8E JF;@LD 9<:8L.
*8 @J JC@>?KCP C<JJ <C<:KIFE<>8K@M< K?8E 8 M<IJLJ I<IG<:K@M<C
D8B@E> *8 <8J@<I| KF FO@;@Q< 8E; :FEMBBRC@®=8@:LCK KF I<;L:< %E =8:K
K?< I<;L:K@FE F= - *8 @J K?< FOJ<IM<; I<8:K@FE %E :8J<J N?<I< K?<
<C<:KIFE<>8K@M@K@<J F= KNF JG<:@<J 8I< J@D@C8I FK?<|=8:KFIJ JL:? 8J K
:FDGC<O @FEJ 9<:FD< @DGFIK8EK 8E; D8P ;<K<ID@E< K?< FLK:FD<
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IC<KIFCPJ@J

EXAMPLE 14

%= 8 DFCK<E D@OKLI< F8F>'C@J <C<:KIFCPQ<; N?8K GIF;L:KJN@CC
=FID 8K K?< :8K?F;< 8E; K?< 8EF;< I<JG<:K@M<CP

Given: @;<EK@KP F=J8CKJ

Asked for: <C<:KIFCPJ@J GIF;L:KJ

Strategy:

A (@JK 8CC K?< GFJJ@9C< I<;L:K@FE 8E; FO@;8K@FE GIF;L:KJ 8J<; FE K?<
<C<KIFE<>8K@M@KP MBCL<IQZENE @E=@E@K@FEJ F= K?< KFD@:

-8:@LJ <K<ID@E< N?@:? JG<:@<J N@CC 9< I<;L:<; 8E; N?@:? JG<:@<J N@C
FO@;@Q<;

B %;<EK@=P K?< GIF;L:KJ K?8K N@CC =FID 8K <8:? <C<:KIF;<
Solution:
A/?< GFJJ@9C< I<;L:K@FE GIF;L:KJ 8I<)> 8E; ' 8E; K?< GFJJ@9C< FO@;8K@F
GIF;L:KJ8I< C8E; | <:8LJ<)> @J DFI< <C<:KIFE<>8K@M< K?8E '

M<IJLJ @K @J C@B<CP K?8K )>N@CC 9< I<;L:<; IBK?<I K?8E ' <:8LJ<
C @J DFI< <C<:KIFE<>8K@M< K?8E | M<IILJ @J 8 JKIFE><I
FO@;8EK K?8E |
B IC<:KIFCPJ@J N@CC K?<I<=FI< GBKLKL4 8EF;< 8E; )> 8K K?< :8K?F;<
I0<l:@J<

I<;@:K K?< GIF;L:KJ @= 8 DFCK<E D@OKLIBEA@'I@J <C<:KIFCPQ<;

Answer: | 8E; C

IC<:KIFCPJ@J :8E 8CJF 9< LJ<; KF ;@M< K?< K?<IDF;PES8D@:8CCP EFEJGFEKSE
;<:FDGFJ@K@FE F= N8K<| @EKF @KJ :FEJK@KL<8H «C$PNEKIXI$9<:8LJ<

GLI< N8K<I @J 8 M<IP GFFI <C<:KI@:8C :FE;L:KFI 8 JD8CC 8DFLEK F=8E @QFE@:
JL:?8J% + FI*8 .+ DLIK=@IIK 9< 8;;<; KF @E:I<8J< @KJ <C<:KI@:8C :FE;L:K
YEJI<IK@E> @E<IK <C<:KIF;<J @EKF K?< JFCLK@FE 8E; 8GGCP@E> 8 MFCK8><
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N@CC I<ILCK @E K?< I8G@; <MFCLK@FE BEQtII@GIH<$ /?<
IC<KIFCPJ@J F= 28K |<8:K@FEJ K?8K F::LI 8I< 8] =FCCFNJ

AE1D97?>

DBREF) BR Fi ) H &gper 7

AE1D9?>

BOPEFO M 0 H ) BR F &oper 7

AE1D9?>

PEBMMO Mi 0 H ) H &ruml 7

97EB5 *85 <53DB?<IC9C ?6 -1D5B

02(9)\ & /“‘\/ H,(9)

~ anode
cathode

anode: 2H,0(1) — O,(g) + 4H*(aq) + 4e ™~
cathode: 2H"(aq) + 2e™— H,(g)
overall: 2H,0(l) — O5(g) + 2H,(g)
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1D D85 31D8745 1B @85 1>745
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7
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<E<I|>P =F| K?< =FIDSK@FE F= 8 >8J 8K 8 D<K8C JLI|=8:< +M<IMFCK8><J 8I< E<<;:
<C<KIFCPK@: GIF:<JJ<J N?@:? <OGC8@E N?P =FI <O8DGC< 8GGIFO@D8K<C
8GGC@<; KF I<:?8I>< K?< 1 98KK<IP @E PFLI :8lI

%E ><E<I8C 8EP D<KS8C K?8RDOR8XK I<8;:@CP N@K? N8K<I KF GIF;L:< ?P;IF><E
:8E 9< GIF;L:<; 9P K?< <C<:KIFCPK@: I<;L:K@FE F=8E 8HL<FLJ JFCLK@FE K?8K
K?< D<K8C :8K@FEaPEF:B D<K8CJ 8E; DFJK F= K?< KISBEJ@QK@FE D<K8CJ 8I< @
:8K<>FIP 9LK D<K8CJ @E ?@>? FO@;8K@FE JK8K<J N?@:? =FID FOFSBE@FEJ :
I<;L:<; KF K?< D<K8C 9P J@DGC< <C<:KIFCPJ@J :K@M< D<K8CJ JL:? 8J 8CLD(
K?FJ< F=>IFLGJ 8E; I1<8:K JF I<8;@CP N@K? N8K<I| K?8K K?<P :8E 9< GI<G8I<;
9P K?< <C<:KIFCPJ@J F= DFCK<E JBCKJ .@D@CS8ICP 8EP EFED<K8CC@: <C<D
I<8;@CP FO@; @Q< N8K8BI<4GI<G8I<; 9P K?< <C<:KIFCPK@: FO@;8K@FE F= 8E
8HL<FLJ JFCLK@FE K?8K :FEKB@EJ 8E 8GGIFGI@8K< BE@FE %E GI8:K@:< 8D|
EFED<K8CJ FECBEEFK 9< GI<G8I<; LI@QE> K?@J D<K?F; +OFS8E@FEJ F= EFED:-
@E K?<@| ?@>?<JK FO@:;8K@FE JK8K<J+JL"? 8J *+ 8I< LIL8CCP :@==@:LCK KF
I<:L:< <C<:KIF:?<D@:8CCP 8E; LIL8CCP 9<?8M< C@B< JG<:K8KFI @FEJ K?8K I<C
JFCLK@FE LI@E> <C<:KIFCPJ@J

@E

<l:FD<
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Note the Pattern

%E ><E<I8C 8EP D<KB8C K?8K ;F<J EFK I<8:K I<8;@CP N@K? N8K<I KF GIF;L:<
?P;IF><E :8E 9< GIF;L:<; 9P K?< <C<:KIFCPK@: I<;L:K@FE F= 8E 8HL<FLJ JFCLK
K?8K :FEK8@EJ K?< D<K8C :8BK@FE

Electroplating

%E 8 GIF:<JJ :8C€lectroplating 8 C8P<I F= 8 J<:FE; D<K8C @J ;<GFJ@K<; FE K?<
D<K8C <C<:KIF;< K?8K 8:KJ 8J K?< :8K?F;< ;LI@E> <C<:KIFCPJ@J !C<:KIFGC8K(@
KF <E?8E:< K?< 8GG<8I8E:< F= D<K8C F9A<:KJ 8E; GIFK<:K K?<D =IFD :FIIFJ@FE
108DGC<J F=<C<:KIFGC8K@E> @E:CL;< K?< :?IFD@LD C8P<I| =FLE; FE DSEP 98
=@OKLI<J FI @E <8IC@<I ;8PJ FE K?<9LDG<IJ 8E; ?L9:8GJ F=:81J 8J N<CC 8J K
C8P<I| F= GI<:@FLJ D<K8C K?8K :F8KJ J@CM<| GC8K<; ;@EE<INS8I< FI A<N<CIP ¢
K?<98J@: :FE:<GK @J K?< J8D< J:?<D8K@: M@<N F= 8E 8GGS8I8KLJ =FI <C<:KlI
J@CM<INSI< 8E; 8 G?FKF>18G? F= 8 :FDD<I:@8C <C<:KIFGC8K@E> :<CC 8I< J?F
"@>LI< IC<:KIFGC8K@E>

97EB5 <53DB?@<1D9>7

Ag(s)
anode: cathode:
Ag(s)— Ag*(aqg)+e” Ag*(ag)+e” —Ag(s)
(a) (b)

GIF:<JJ @E N?@:? 8 C8P<IB=8
J<:FE; D<K8C @J ;<GFJ@K<; [FE
K?< D<K8C <C<:KIF;< K?8K 8:KJ 8J
K?< :8K?F;< ;LI@E> <C<:KIFCPJ@J

IC<KIFCPJ@J
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1 <53DB?@<1D9>7 EC5C 1> 5<53DB?<ID93 35<< 9> G8938 D85 ?2:53D D? 25 @<1D54 CE38 1C 1 67E
?6 D85 =5D1< D? 25 45@7?C9D54 *85 ?2:53D 259>7 @<1D54 13DC 1C D85 31D8?745 ?> G8938 D85 45C¢
D89> <1I15B G89<5 D85 1>?45 ECE1<<| 3?>C9CDC ?6 D85 =5D1< D81D 9C 259>7 45@?C9D54 9> D89C
D85 C?<ED9?> 3?>35>DB1D9?> 1C 9D 49CC?<F5C 2 > D89C 3?7==5B391< 5<53DB?@<1D9>7 1@ @ 1E
31> 25 @<1D54 C9=E<D1>5?EC<I 2| <?G5B9>7 D85@EKEDSR2? D8H1B @<19>7 D85 3?BB53D @7?D5>D91

[?< ?8C=I<8:K@FEJ @E <C<:KIFGC8K@E> 8 =FIB =FI <O8DGC< N@K? J@CM<I !

AE1D97?>

DBREMS "H BR F i "H T&gper 7

AE1D97?>

BOPHMAEBSH T "H BR&oper 7

[?< FM<I8CC I<8:K@FE @J K?< KI8EJ=<I| F= J@CM<I D<K8C =IFD FE< <C<:KIF;< 8
8:K@E> 8J K?< 8EF;< KF 8EFK?<| 8 =FIB 8:K@E> 8J K?< :8K?F;¥«ce8LJ@K
K8B<J FECP 8 JDS8CC 8GGC@<; MFCK8>< KF ;@M< K?< <C<:KIFGC8K@E> GIF:<
M8I@FLJ FK?<I| JL9JK8E:<J D8P 9< 8;;<; KF K?< GC8K@E> JFCLK@FE KF :FEKIFC
<C<:KI@:8C :FE;,L:K@M@KP 8E; I<>LC8K< K?< :FE:<EKIBK@FE F= =I<< D<K8C @F
<BEJLI@E> 8 JIDFFK? <M<E :FBK@E>

Quantitative Considerations

%= N< BEFN K?< JKF@:?@FD<KIP F= 8E <C<:KIFCPJ@J I<8:K@FE K?< 8DFLEK F
G8JJ<; 8E; K?< C<E>K? F= K@D< N< :8E :8C:LC8K< K?< 8DFLEK F= D8K<I@8C :F
FI GIF,L:<; @E 8 I<8:K@FE FEM<I|J<CP N< :8E LJ< JKF@:?@FD<KIP KF ;<K<ID@I
‘FDO@ESK@FE F=:LII<EK 8E; K@D< E<<;<; KF GIF;L:< 8 >@M<E 8DFLEK F= D8K<

/?< HLBEK@KP F= D8K<I@8C K?8K @J FO@;@Q<; Fl I<;L:<; 8K 8E <C<:KIF;<;LI@!I
<C<KIF:?<D@:8C I<8:K@FE @J ;<K<ID@E<; 9P K?< JKF@:? @FD<KIP F= K?< |<8:}
8DFLEK F=:?78I>< K?8K @J KI8EJ=<II<; "FI <O8DGC< @E K?< &B:K@FE >

>J DFCF=<C<KIFEJI<;L:<]J DFC F=KF >D<K8C %E :FEKI8JK @E K?<
I<8:K@FE L8H <" LJ DFCF=<C<KIFEJ I<;L:<JFECP DFCF= KF L
D<K8C -<:8CC K?8K K?<:?8I>< FE DFC F=<C<KIFEJ @J d8®®BP @J <HL8C

KF 2< :8E K?<I<=FI< :8C:LC8K< K?< ELD9<I| F= DFC<J F= <C<:KIFEJ
KIBEJ=<II<; N?<E 8 BEFNE :LII<EK @J G8JJ<; K?IFL>? 8 :<CC =F| 8 >@M<E G<I@F
K@D< /?< KFK8C :?8I><  KIBEJ=<lI<; @J K?< GIF;L:K F= K?<:LIIKEK 8E; K?< K(
D@E J<:FE;J
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AE1D97?>

D

1?< IKF@:?@FD<KIP F= K?< I<8:K@FE 8E; K?< KFK8C :?8I1>< KI8EJ=<II<; <E89C< L
:8C:LC8K< K?< 8DFLEK F= GIF;L:K =FID<; ;LI@E> 8E <C<:KIFCPJ@J I<8:K@FE FI k
8DFLEK F= D<K8C ;<GFJ@K<; @E 8E <C<:KIFGC8K@E> GIF:<JJ

"FI <O8DGC< @= 8 :LII<EK F= G8JJ<J K?IFL>? 8E 8HL<FLJ JFCLK@HH F= L.+

D@E K?< KFK8C ELD9<I F=:FLCFD9J F=:?81>< K?8K G8JJ<J K?IFL>? K?< :<CC
=FCCFNJ

AE1D97?>

D BiF " nNJOo TNJO "T $

/?< ELD9<I F= DFC<J F= <C<:KIFEJ KI8EJ=<II<; KBIK?<I<=FI<

AE1D97?>

NP MAET ;jNPM m ! NPHM

<:8LJ< KNF <C<:KIFEJ 8I< IKHL@I<; KF I<;L:< 8 JQEXPRELK?< KFK8C ELD9<I F=
DFC<J F= L GIF;L:<; @J ?8C= K?< ELD9<I F= DFC<J F= <C<:KIFEJ KI8EJ=<II<; FI
" DFC /2@J :FII<JGFE;JKF D>F= L %E :FDD<I:@8C <C<:KIFI<=@E@E>

GIF_:<JJ<J DL:? ?2@>7<I :LII<EKJ >I<8K<I K?8E FI <HLB8C KF 8I< LJ<;

‘FlII<IJGFE;@E> KF 8GGIFO@D8K<IBE; I<8:K@FE K@D<J 8I< FE K?< FI;<l F= X
N<<BJ
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EXAMPLE 15

J@CM<I GC8K<; JGFFE KPG@:8CCP :FEKB@EJ 89FLK >F= > %= ?8I<
IKHL@I<; KF 8:?@<M< K?< ;<J@I<; K?@:BE<JJ F= K?< > :F8K@E> N?8K @J K~
8M<I18>< :LII<EK G<I JGFFE K?8K DLJK =CFN ;LI@E> K?< <C<:KIFGC8K@E> Gl
8JILD@E> 8E <==@:@<E:P F=

Given: D8JJ F= D<K8C K@D< 8E; <==@:@<E:P
Asked for: :LIIKEK IKHL@I<;
Strategy:

A 8C:LC8K< K?< ELD9<I F= DFC<J F= D<K8C :FlI<IGFE;@E> KF K?< >@M<E D!
KIBEJ=<II<;

B 2I@K< K?< I<8:K@FE 8E; ;<K<ID@E< K?< ELD9<| F= DFC<J F= <C<:KIFEJ
IKHL@I<; =FI K?< <C<:KIFGC8K@E> GIF:<JJ

C0J< K?< <=@E@K@FE F= K?< =818;8P KF :8C:LC8K< K?< ELD9<I F=:FLCFD9
I<HL@I<; /?<E :FEM<IK :FLCFD9J KF :LII<EK @E 8DG<I<J

Solution:

A 2<DLIK =@IJK ;<K<ID@E< K?< ELD9<I F= DFC<J F= > :FlI<JGFE;@E> KF
>F= >

N

N P M'FHT m 1 NP

/4 NPM

B/?<I<;L:K@QFE I1<8:K@FE @8H> <" >J JF DFC F=<C<KIFEJ
GIF;L:<J DFC F=J@CMK<I

COJ@E> K?< ;<=@E@K@FE F= K?< =8I8;8P

DPVMPNCTm ! NP $_N-PH m $

[?<LIIKEK @E 8DG<I<J E<<;<; KF ;<C@M<| K?@J 8DFLEK F=:?8I>< @E ? @
K?<I<=FI<
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$

A NTor  TxT0

m 1 $T m 1 "

BN FS

<:8LJ< K?< <C<:KIFGCB8K@E> GIF:<JJ @J LILBCCP DL:? C<JJK?8E <==@:(@
KPG@:8C M8CL<J 8I< :CFJ<I KF K?< 8:KL8C :LII<EK E<:<JJ8IP @J >I<8K<I
K?8E

I0<l:@J<

KPG@:8C 8CLD@ELD JF=K ;I@EB :8E N<@>?J 89FLK > $FN DL:? K@D< @J
E<<;<; KF GIF;L:< K?@J 8DFLEK F= CJ @E K?< $8CCX$<IFLCK GIF:<JJ LI@E
'LIKEKF= KFI<;L:<8 DFCK<E € *8 C" D@OKLI<

Answer: ?

Summary

%lelectrolysis 8E <OK<IE8C MFCK8>< @J 8GGC@<; KF ;@M< 8 EFEJGFEKB8E<F
I<8:K@FE FNEJ:<CC @J LJ<; KF GIF;L:< JF;@LD D<K8C =IFD 8 D@OKLI< F=J
8E; K?< $8CCX$<IFLCK GIF:<JJ @J LJ<; KF GIF;L:< 8CLD@ELD :FDD<I:@8CCP
IC<:KIFCPJ@J :8E 8CJF 9< LJ<; KF GIF3E<#$ =IFD N8K<| %E GI8:K@:< 8E
8;;@K@FEBC MFCK8>< :8¢&woBage DLIK 9< 8GGC@<; KF FM<I:FD< =8:KFIJ
JL:? 8J 8 C8I>< 8:K@MBK@FE <E<I>P 8E; 8 ALE:K@ HieGF{iEH@ &8I K?<
GIF:<JJ 9P N?@:? 8 J<:FE; D<K8C @J :<GFJ@K<; FE 8 D<K8C JLI=8:< K?<I<9P
<E?8E:@E> 8E F9A<:K\J 8GG<8I8E:< FI GIFM@; @E> GIFK<:K@FE =IFD :FIIFJ@F
8DFLEK F= D8K<I@8C :FEJLD<; FI GIF;L:<; @E 8 I<8:K@FE :8E 9< :8C:LC8K<; =IF
K?< JKF@:?@FD<KIP F= 8E <C<:KIFCPJ@J I<8:K@FE K?< 8DFLEK F=LII<EK G
K?< ;LIBK@FE F= K?< <C<:KIFCPK@: I<8:K@FE
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KEY TAKEAWAYS

U %E <C<:KIFCPJ@J 8E <OK<IE8C MFCK8>< @J 8GGC@<; KF ;@M< 8 EFEJ
I<8:K@FE

U /?< HLBEK@KP F= D8K<I@8C FO@;@Q<; Fl I<;L:<; :8E 9< :8C:LC8K<; =IFD K
JKF@:?@FD<KIP F= K?< I<8:K@FE 8E; K?< 8DFLEK F=:?8I>< KI8EJ=<II<;

KEY EQUATION

Relationship of charge, current and time

IHLBK@FE D

CONCEPTUAL PROBLEMS

2?7P D@>?K 8E <C<:KIF:?<D@:8C I<8:K@FE K?8K @J K?<IDF;PES8D@:8CCP =
I<HL@I< 8E FM<IMFCK8>< KF F::LI

$FN :FLC; PFL LJ< 8E <C<:KIFCPK@: :<CC KF D8B< HLBEK@K8K@M< :FDG8I
JKI<E>K?J F= M8I@FLJ FO@;8EKJ 8E; I<;L:K8EKJ

2?P 8l< D@OKLI<J F= DFCK<E J8CKJ 18K?<I| K?8E 8 GLI< J8CK ><E<I8CCP L.
‘LI@E> <C<:KIFCPJ@J

INF JFCLK@FEJ FE< :FEKS8@E@E% $< HBE; K?< FK?<| :FEK8@E@E> K?<
J8D< DFC8I :FE:<EKIBK@FE F="<t$ + N<I<<C<:KIFCPQ<; LE;<| @;<EK@:8C
‘FE;@QK@FEJ 2?@:? JFCLK@FE GIF;L:<; K?< DFJK D<K8C &LJK@=P PFLI 8E

IC<KIFCPJ@J
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NUMERICAL PROBLEMS

/?< <C<:KIFCPJ@J F= DFCK<E J8CKJ @J =I<HL<EKCP LJ<; @E @E;LJKIP KF
D<K8CJ $FN DBEP >18DJ F= D<K8C 8I< ;<GFJ@K<; =IFD K?<J< JBCKJ =FI <8:~
F= <C<:KIFEJ

8 CC
9 >C
II<C

IC<:KIFCPJ@J @J K?< DFJK ;@I<:K N8P F= I<:FM<I@E> 8 D<K8C =IFD @KJ FI
$FN<M<I| K?<*88H *8J )> 8H )>J 8E; C 8H CJ :FLGC<J8CC

?8M< JK8E;8I; <C<:KIF;< GFK<EK®8FIJ< E<>8K@M< K?8E K?< I<;L:K@FE
GFK<EK@B8C F=N8K<I8KG$ " 1 @E;@:8K@E> K?8K K?<J< D<K8CJ :8E
FOK8@E<; 9P <C<:KIFCPJ@J F= 8HL<FLJ JFCLK@FEJ F= K?<@I J8CKJ 2?P
NFLC; F::LI @EJK<S8;

278K MFCLD< F=:?CFI@E< >8J 8K JK8E;8I; K<DG<I8KLI< 8E; Gl<JJLI< @J <M|
N?<E 8 JFCLK@FE F=)@C<C<:KIFCPQ<; LI@E> 8 :LII<EK F= =Fl 7

2?8K D8JJ F=:FGG<I D<K8C @J ;<GFJ@K<; @=8 'LI<KEK @J G8JJ<; K?IFL
L *+ JFCLK@FE =FI ?

2?8K D8JJ F= ,9+ @J I<;L:<; N?<E 8 :LII<EK F= @J N@K?;I8NE FM<I 8
G<Il@F; F= ? =IFD 8 C<8; JKFI8>< 98KK<IP

IC<:KIFCPJ@J F=8H GIF;L:<J | 8H %=PFL?8, D(F=8 )
JFCLK@FE F=8H ?FN CFE> NFLC; @K K8B<KF I<;L:< KR | LIJ@E> 8
LIIKEK

I<;@:K K?< GIF;L:KJ FOIKB@EX<; 8K <8:? <C<:KIF;< N?<E 8HL<FLJ JFCLK@FEJ
=FCCFN@E> 8I< <C<:KIFCPQ<;

8 >*+

9 -9%

I<;@:K K?< GIF;L:KJ FOIKB@EX<; 8K <8:? <C<:KIF;< N?<E 8HL<FLJ JFCLK@FEJ
=FCCFN@E> 8I< <C<:KIFCPQ<;

8 )>I

9 $> 3% +
. C .+
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ANSWERS

(

8 8K?F< >J 8EF< + >
9 :8K?F< $ > 8EF;< %J

IC<KIFCPJ@J
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19.8 End-of-Chapter Material
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APPLICATION PROBLEMS

&B?2<5=C =1B;54 G9D¥&HE?<F5 =E<D9@<5 3?>35@DC

[?< G<I:<EK <==@:@<E:P F=8 =L.<C :<CC @J k=@E<; 8= ?P;IF><E >8J
N<I<;@JIKI@9ILK<; =FI ;FD<JK@: 8E; @E;LJKI@8C LJ< =IFD 8 :<EKIBC <C<:KIF
=8:@C@KP K?<>8J:FLC; 9< G@G<; KF :FEJLD<IJ DL:? 8] D<K?8E< @J G@C
FEM<EK@FES8C EL:C<8l GFN<I| JK8K@FEJ ?8M< 8E <==@:@<E:PF= X 0J
K89LC8K<; ;:8K8 KF :8C:LC8K< K?< <==@:@<E:P F=8 =L.<C :<CC @E N?@:? K
$ > + > $ +> F:LIJLE;<I JK8E;8I; :FE;:@QK@FEJ

3FL 8I< 89FLK KF ILEA8E FI>S8E@: I<8:K@FE 8E; E<<; 8 JKIE\E> FO@;8EK
CK?FL>? PFL ?8M< I+ 8K PFLI ;@JGFJ8C PFL Gl<=<| KF LJ<3Elt EFK@:<
PFL 8CJF ?8M< )E®E K?< C89

8 ,I<;@:K N?<K?<I PFL N@CC 9< 89C< KF JPEK?QH@E%IK{k D8K<I@8CJ
8M8@CB89C< KF PFL N

9 2I@K< K?< FM<I8CC I<8:K@FE =FI K?< JPEK?<J@J F=)E+

: 278K @J T =FIK?@J I<8:K@FE

;o 228K @I K?<<HL@C@91@LD :FEJK8EK

%K @J GFJJ@9C< KF :FEJKIL:K 8 >8CM8E@: :<CC LI@E> 8D8C>8DJ 8J <C<|
'FEKB@E@E> ;@==<I<EK :FE:<EKISK@FEJ F= K?< J8D< D<K8C +E< <08DGC(
9%>8 9+ JFCE 9%> 8 :<CC @EN?@8E88 I<GI<JI<EK K?<
‘FE:<EKIBK@FEJ F= C<8; @E K?<8D8C>8DJ *F :?<D@:8C :?8E>< F::LIJ I8K?«
K?< I1<8:K@FE KI8EJ=<IJ C<8; =IFD FE< 8D8C>8D KF K?< FK?<| K?LJ 8CK<I@
‘FE:<EKIBK@FE @E 9FK? 8D8C>8DJ 2I@K< 8E <HE8H@AFES-KICC

[?< FC;<JK BEFNE D<K8CCLI>@:8C 8IK@=8:KJ 8I< 9<8;J D8;< =IFD 8CCFPJ F
:FGG<I GIF;L:<; @E '>PGK )<JFGFK8D@8 8E; K?< %E;LJ 18CC<P 8IFLE;
[F ;<K<ID@E< K?< :FGG<I :FEK<EK F=8CCFPJ JL:? 8] 918JJ 8 918JJ JBDGC< (
:@JIJFCM<; @E E@KI@: 8:@; KF FRK88HE H?<E K?< G$ @J 8;ALJK§\; KF
10:<JJ "% @J LJ<; KF I<;L:< K?< KF L N@K? :FE:FD@KBEK FO@;8KKBFE F= 9
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