Model Solutions to 3.53 Problem Set 5

Problem 8.3 In solving this problem, the Sand equation (8.2.14) is used.
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For the known Pb?* solution:

273 mA x 1/25.9s

kpps = o —T—— = 1.389 Ast?/mM )
For the known Cd?* solution:
136 mA x /42.
kca+ = 3 369; ];2 0 — 1277 4512 /mM @

The E; /qvalues are E,;,(Pb®*) = -0.38 V vs SCE and E,/4(Cd?+) = -0.56 V vs SCE. As these

differ by approximately 180 mV, it is clear that the Pb?* process finishes before the Cd?* process
begins. Thus, for the Pb2+/ Cd?+ mixture,

i/T, _ 0.0565 A x v/7.08s
kpya+  1.389 Asl/2/mM

Chrp+ = =0.108 mM 3)

For Cd?*, the transition occurs at t = 71 + T3, when the concentration of Cd2* drops to zero at the
electrode surface. For the Cd?* transition time alone, the Sand equation takes the following form.

Crns i /T F7,—/T, _ 0.0565 A x [{/7.08s +7.00 s — v/7.08 5]
= kca+ 1.277 As*/2/mM

=0.0483 mM (4)

Problem 8.5 Figure 8.4.1 shows an experimental chronopotentiogram with current reversal for
the oxidation of diphenylpicrylhydrazyl (DPPH) followed by reaction of the radical cation. From
the figure, t; = 71 = 15 s and 75 =~ 5 s. Since t; = 373 (equation (8.4.9)), the product, DPPHt,
is stable and undergoes an n = 1 reduction (DPPH*" + e = DPPH ) on current reversal with
E, /4~ E° =~ 0.73V vs SCE. From the figure legend, Cpppr = 1.04 mM; A(Pt electrode) =
1.2 em?; and i = 100 pA. Using the Sand equation (8.2.14) with i in mA, 7 in s, C) in mM and
A in cm?, allows one to calculate the diffusion coefficient Do in cm?/s.
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Problem 8.6 From equation (8.7.1), the charge on Cjn; = 1 nF setby a 10 V battery is found.

Ag=Cin; xV=10"°Fx10V =10"2C (1)

When Ag is distributed over Cinj = 1 nF and C4 = 1 uF, the charge is conserved such that
Ag=ginj+qu=10"C @

Also, the voltage drop across the two capacitors must be equal. Thus,

Cinj Caq 10°9F 10-SF )

Solution of two equations in two unknowns yields g4 = 9.99x 109 C and g;n; = 9.99x 10712 C.
Thus, all of the charge is delivered from C;y;j to Ca.

The total capacitance in the Figure 8.9.1 circuit is found as follows.

1 1 1 9 6 9 -1
— =4+ = =10 +10° = 10°F 4
Cr GCinj Ca @

Cr=10"°F (%)

The time, constant 7 = RqCr &~ 100 Q x 10~? F = 10~7 s. From equation (1.2.6), the current
for charging Cj drops to 5% of its initial value at = 37 and 1% of its initial value at t = 57.
Thus, Cy is 95% charged in = 3 x 10~7 s or > 99% charged in~ 5 x 1077 s.

Problem 9.3 This problem is based on the data in Figure (9.3.8). From the Figure legend,

f =2500 rpm = 2500 rev/min X 1 min/60 s = 41.67 rev/s
w=2mf =21 x 41.67 s = 262/s w'/? =16.2 s71/2
~ Aucelectrode, A = 0.196 cm? 0, = 1.00 mM (saturated) = 1.0 x 10~3 mol/cm?
02+H20+26=H02_+0H- n=2

(). The Dg, in 0.1 M NaOH is found from the i — E curve in Figure (9.3.8a), where ij, =
6.5 x 10~* A. From equation (9.3.22),

2/3 ie
Do, = 0.62nF Awl/2y-1/6Cp, ()

(6.5 x 10~*4) (0.01cm?/s)"/®
(0.62) (2) (96485C/mal) (0.196cm?) (16.25-1/2) (10-6mol/cm3)

_ 3/2
Do, = [7.94 x 1074 -——} =2.2x 1075 ecm?/s ()




(b). The Koutecky-Levich equation (9.3.39) shows that a graph of 1 /z'l c versus w~1/2 leads to an
intercept of 1/ix. From Figure 9.3.8, the intercept at 0.75 V is i~! = ig' =~ 1.2 mA~!. This
yields ix = 8.3 x 10~* A. From equation (9.3.38),

i
&(E) = Face ©)

83x107% A
(2) (96485C /mol) (0.196cm?) (10—5mol/cm3)
2.2 x 1072 cm/s at 0.75V

Problem 9.4 (a). The first reduction step is characterized by the first current step for both the
ring and the disk. Both waves yield E; ;3 ~ 0.1 V/, as the potential at half the plateau current. The
ring current is shown for ip = 0, such that equation (9.4.8) applies.

i _ gn_ [ () ()] 9.4.8
5| () -(3) 049

1100 A

3005 =3

Or, 8 =17.02.

To determine the diffusion coefficient for Cu?*, the Levich equation for the mass transport limited
current is used.

iD lim = 0.62nF AC* D*/3y~1/6,1/2 (9.3.22)

Data provided in the correct units are igigk = 3 x 107 A, n = 1, A = 0962 cm?, C} =

5 x 1075 mol/cm3, and w = 201 s™1. The kinematic viscosity, the ratio of viscosity to density, is
provided in the caption, v = 0.011 cm?/s. Rearranging the above equation yields

» 3/2
. -1/6

0.62nFAC*w1/?

3/2
3 x 10~* A x (0.011 em?/s)'/® !
0.62 x 1 x 96485 C/mol x 0.0962 cm? x 5 x 106 mol/cm3\/201 s~!
= 648x 1078 em?/s '

(). IfEp = —0.1 V, the disk is on the mass transport limited plateau for reduction of Cu?*, so
the system is set up for a shielding experiment because Cu?+ will be reduced at both electrodes.
Because ip = ip jim, equation (9.4.20) applies.

iRjim = i (1~ NE) (9.4.20)

From the figure, %, = B¥3ip im = 1100 pA as the value recorded when ip = 0. It is
given that N = 0.53. From part (a), ,32/3 = 3.67. Then, iglim = i%'um (1 - Np~?/ 3) =
1100 A (1 — 0.53/3.67) = 940 pA.

(). If Eg = +0.4 V and Ep = —0.10 V, then the experiment is a collection experiment with
mass transport limited current at both electrodes. From the collection efficiency (equation (9.4.15)),
—ig =N xip = —0.53 x 300 pA = —160 pA.



(d). The second wave arises from the reduction Cu* + e = Cu®. The wave shape and height is
similar to that for the one electron reduction of Cu?*. There are two differences. First, the mass
transport limited currents exhibit higher noise than the rest of the curves. This is likely due to the

deposition of copper metal on the electrode surface that may increase surface roughness and disrupt
the diffusion boundary layer.

Second, the waves rise more sharply for the second wave. Again, this is because reduction product

is insoluble. Consider equation (9.3.34), which describes the relationship between E and 7 for both
the oxidized and reduced species soluble.

RT 1 c— 1
— Sv— ——-——' 9.9034
E = E1/2 + i In ['I. i[,a] ( )

This is rearranged to yield

_ i + 11,0 €XP [}'a* (E El/z)]
1+exp [35 (E - Eypa)]

@

This is the equation that describes the relationship between the current and potential for the first
wave. For the second wave, the appropriate equation is found by considering the development in
the text on page 33, Section 1.4(c). For Cu* + e = Cu®, the Nemst equation is

'E=E°'+%Tf1n00u+(y=0) | 3

The concentration of Cu* is defined by equation 9.3.31a.

Cow(y=0)=C" [1 - li] @)
+C
Substitution into equation (3) yields the Nernst equation.
E= E°+—1 c+ By [1—'#] (5)
nF zl,c
This is rearranged to the current expression as
. nF 0’
E-F
Ue C*

Compare the functional forms for equations (2) and (6). For a change in E, the expression for the
case where both the oxidized and reduced species are present is damped relative to the form where
the product is insoluble. This explains the sharper rise in the second waves.

(e). For the ring at +0.4 V and the disk scanned from 0.4 to -0.6 V, the system will be configured
for a collection experiment. The collection efficiency defines the current at the ring relative to that
at the disk; N = —ig/ip, provided the product at the disk is soluble. As the potential is scanned
negatively at the disk, Cu?* is first reduced to yield Cu*. The disk current increases and limits at
300 pA. The Cu* is collected at the ring and a current -53% of the disk value is generated at the
ring; here, N = 0.53. On the limiting plateau, the ring current is 180 uA. As the disk potential
shifts further negative into the second reduction wave, the disk current increases as the Cu¥ is
reduced to copper metal. The copper metal plates on the electrode surface and is not swept across
the ring and the ring current diminishes. As the electrolysis to copper metal at the disk approaches

mass transport limited at about -0.4 V, there is no Cu* reaching the ring, and the current decays to
zero at the ring.
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Problem 9.5 This problem is based on Figure 9.10.2, which features RRDE voltammograms for
the reduction

Fe(CN)3™ + e = Fe(CN)§~

The data provided are as follows.

f=48.6rev/s
w=2rf = 2m(48.6 s~!) = 305 s~! wl/? =175 5712
C* =5.0mM =5 x 108 mol /cm?
V\ ro = 0.188 ¢m = inner radius r3 = 0.325 cm = outer radius

r3 — 3 = (0.325cm)® — (0.188cm)® = 2.77 x 1072 cm®
m (r3 - r3)*/* = 0.287 cm?

v =0.01 cm?/s v=16 =215 cm~2/6/5-1/8

(a). From Figure 9.10.2,

ip (LA) iri (pd)

Curve(l) O ~ 1380
Curve(2) 302 =~ 1200

From equation (9.4.19),

L
N o= - (m,z . zR,z> (9.4.19)
D
_ 1200pA — 1380pAY _
= ( 3024 ) = 0.60
From equation (9.4.5),
D3 iRlc (1)
© 0.62nFr (13 — 3) /3 wi/2-1/6Cy
1.38 x 10734

0.62 x 1x L485C « 0.287 em? x 17.5 s~1/2x 218am 2 o 5x10- ol
= 4.27 x 1074 em?#/3/8%/3




Do = (427 x 10¢ cm‘/s/sz/s)al " = 8.8x 1078 em?/s

2)
(b). From equation (9.3.22),
=% = 062mFAD*v™°C} 3)
= g =1Ts s

(c). Values for ip ;. and ig . at 5000 rpm are found through the proportionality of equation
(9.3.22) between i; and w'/2. Data from Figure 9.10.2 are used.

f = 5000 rev/min = 5000 rev/min x 1 min /60 s = 83.3 rev/s

w=2rf =27 x (83.3 rev/s) = 523.6 s~} wl/? = 22.9 s~1/2
. 22.9 s~1/2
iD= 302uA x (m) =395 uA 4)
. . 22.9/s1/2
iRlec (‘lD = 0) = 1380[1,14 X (m =181 mA (5)

22.9/s1/2

iRl (iD =iDLc) = 1200#-4\ X (m

) =157 mA (6)




