CHEM 842: ADVANCED ELECTROANALYTICAL METHODS

Instruction: Answer ALL the questions

Useful data are provided

General data and fundamental constants

Quantity Symbol Value Power of ten Units
Speed of light c 2.997 925 58* 10° ms!
Elementary charge e 1.602 176 1071* C
Faraday’s constant F=N,e 9.648 53 10* C mol™
Boltzmann's constant k 1.380 65 1072 TEK™!
Gas constant R=N,k 8.31447 J K~ mol!
8.31447 1072 dm* bar K~ mol™!
8.205 74 107 dm? atm K=" mol™
6.236 37 10 dm® Torr K~! mol™!
Planck’s constant h 6.626 08 107 Is
h=h/2n 1.054 57 1073 Is
Avogadro’s constant N, 6.022 14 10%* mol ™!
Atomic mass constant my 1.660 54 107 kg
Mass
electron i, 9.109 38 107! kg
proton m, 1.672 62 107 kg
neutron m, 1.674 93 107+ kg
Vacuum permittivity g,= 1/, 8.85419 102 !
de, 1.112 65 107" T C !
Vacuum permeability Ly 4m 107 1s2C m™ (=T ' m?)
Magneton
Bohr fy=eh/2m, 9.274 01 1024 JT-!
nuclear dy=eh/2m, 5.050 78 107+ 7T
gvalue £ 2.002 32
Bohr radius a, = 4ne i fm e 5.29177 107! m
Fine-structure constant o= e’c/2h 7.297 35 1073
a! 1.370 36 10°
Second radiation constant ¢, = helk 1.438 78 10-2 m K
Stefan—Boltzmann constant o= 2k 15k 5.670 51 107 W2 K
Rydberg constant R= mccﬂ’ Bfﬁ:eﬁ 1.097 37 10° cm™!
Standard acceleration of free fall £ 9.806 65* ms—
Gravitational constant G 6.673 107! Nm’kg™?
*Exact value
QUESTION ONE (20 MARKS)

(@)



Ceresa, Pretsch, and Bakker" investigated three ISEs for determining calcium concentrations. All three
electrodes used the same membrane, but differed in the composition of the inner solution. Electrode 1 was a
conventional ISE with an inner solution of 1.00 % 107* M CaCl, and 0.10 M NaCl. Electrode 2 (low activity
of Ca™*) had an inner solution containing the same analytical concentration of CaCl,, but with 5.0 X 107> M
EDTA adjusted toa pH of 9.0 with 6.0 X 107 M NaOH. Electrode 3 (high Ca* activity) had an inner
solution of 1.00 M Ca(NO,),.

() Determine the Ca** concentration in the inner solution of Electrode 2.
(b) Determine the ionic strength of the solution in Electrode 2.

() Use the Debye-Hiickel equation and determine the activity of Ca** in Electrode 2. Use 0.6 nm for the
ay value for Ca’* (see Appendix 2).



{I:I) Electrode 1 was used in a cell with a calomel reference electrode to measure standard calcium solu-

(e)

()

tions with activities ranging from 0.001 M to 1.00 % 10~" M. The following data were obtained.

Activity of Cell Potential,
Cal*, M mV

1.0 % 1077 93

1.0 x 107* 73

1.0 X 1072 37

1.0 X 107° 2

1.0 X 1077 —23

1.0 X 10°° —51

1.0 % 1w0~? —55

Plot the cell potential versus the pCa and determine the pCa value where the plot deviates more than
5% from linearity (the limit of linearity; see Section 1E-2). For the linear portion, determine the slope
and intercept of the plot. Does the plot obey Equation 23-29 as expected?

For Electrode 2, the following results were obtained.

Activity of Cell Potential,
Cal*,M mV
1.0 % 107° 228
10X 1074 190
1.0 X 10°° 165
1.0 X 107 139
5.6 X 1077 105
B0 1T 63
1LEX 107 36
1.0 1077 23
1.0 X 1078 18
1.0 X 1077 17

Again plot cell potential versus pCa and determine the range of linearity for Electrode 2. Determine
the slope and intercept for the linear portion. Does this electrode obey Equation 21-24 for the higher
Ca’t activities?

Electrode 2 is said to be super-nernstian for concentrations from 10~ M to 107® M. Why is this term
used? If you have access to a library that subscribes to Analytical Chemistry or has web access to the
journal, read the article. This electrode is said to have Ca®* uptake. What does this mean and how
might it explain the response?



(g) Electrode 3 gave the following results.

Activity of Cell Potential,

Cal*,M mV
1.0 % 1072 175
1.0 X 107 150
1.0 X 107 123
1.0 X 1078 88
1.0 X 1077 75
1.0 X 1078 72
1.0x107° 71

Plot the cell potential versus pCa and determine the range of linearity. Again determine the slope and
intercept. Does this electrode obey Equation 23-29¢

(h) Electrode 3 is said to have Ca’* release. Explain this term from the article and describe how it might
explain the response.

(i) Does the article give any alternative explanations for the experimental results? If so, describe these
alternatives.

(10 marks)
(b)

Caleulate the time required for a constant current of 05903 A 1o deposit 0500 g
of {a) TI{L11) as the element on a cathode, (b1 TH ) as the TLO; on an anode,
and {c} TI(I) as the element on a cathode.

(2 marks)
(b)



(d)

At a potential of — 10V {versus SCE}, carbon tetrachlorde in methan s
reduced to chloroform at & Hg cathode:

20C1, + 2H + 2e” + 2Hg(l) —— 2CHCT; + Hg,Cliis)
At — L&Y the chloroform further reacts to givie methane:
WHCL + 6HT + e + 6Hg(l) — 2CH, JHeClis)

Several 0.730-g samples containing CCl, CHCL. and incrt OIganic SPecies Wers
dissolved in methanol and electrolyzed at = 1.0V until the currenl aprrr:.muhcd
sero. A coulometer indicated the charge required to complete the reaction. as
eiven in the second codumn of the fllowing table, The potential of ithe cathode
was then adjusted to —1.80 V. The additional charge req uired to ::L::I.'l1|'.$|:lll: the
reaction at this podential 1s given in the third column of the table. Calculate the
percent CCL, and CHCly in each mixture.

Charge Required  Charge Reguired

Sample Mo, at—1.0Vv G st -18V,C
I 1063 LR
1 1152 H5.3%0
i fll 1595
4 12,52 5.3

(6 marks)

Polarography is considered, so far as the sample is concerned, as a
non-destructive method of analysis. Is this true?

Why is stirring of the solution avoided in polarography?

The method of standard additions is considered as yielding more reliable
results than that of standard solutions. Why?

Why, for the dropping mercury electrode, does the height of the column
of Hg have an influence upon the value of the current of diffusion?
Upon what is this effect based?



(2 marks)
QUESTION TWO (20 MARKS)

(@)

A sample of 25mL prepared for an electrolysis experiment has a zinc
concentration of approximately 2 x 10~* M which leads to the passage of
a current of 1.5nA. Calculate the time necessary to deposit 3% of the Zn
present.

Show that the technique of stripping is more sensitive.

(2 marks)
(b)

For a fully electrochemically irreversible one-electron system, show how analysis of
the voltammetry may yield information about the transition state for the process.

(4 marks)
(©



(d)

For a fully reversible one-electron reduction, what gradient will be obtained for a

plot of In |I| vs E? Assume that the redox species is confined to a thin layer such
that

[Alo + [Blo = [Albu (2.2)

and that the diffusive flux may be treated as proportional to the concentration
difference ([Alo—[Albuk)-
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Fig. 2.3 The cyclic voltammetric response for an irreversible one-electron reduction process,
with the region required for Tafel analysis highlighted. The inset shows the Tafel plot for the
forward scan highlighted is the required linear region. The voltage scan starts at 0.0 V and
sweeps negatively to —0.5V before returning to 0.0 V (small arrows indicate scan direction).

(4 marks)



(1) Discuss the necessity of supporting electrolyte for conventional voltammetry,
with reference to: a) the double layer; b) electric fields in bulk solution; c) the
non-ideality of an electrolytic solution.

(i1) Under what conditions might the addition of excess supporting electrolyte be
inappropriate or impossible?

(10 marks)
QUESTION THREE (20 MARKS)

(@)

A potential step experiment was carried out in a solution containing 0.05M
ferrocyanide ([Fe(CN)s]*) dissolved in a solution containing a large excess of
inert electrolyte. Care was taken to ensure that there was no stirring of the solution
during the experiment. The potential was stepped from a value where there was no
reaction to a potential at which the [Fe( CN)g]*~ was oxidised to [Fe(CN)g]*~ ata
mass transport controlled rate, and the following currents were recorded:

tls 0.1 102 (04]|08]12
I'mA | 69 | 49 | 34| 24 | 20

(1) Explain why it is necessary to have a large excess of inert electrolyte present
for the experiment.

(i1) Why 1is it important to make sure that there is no stirring of the solution
during the experiment?

(iii) Make a sketch of the concentration of [Fe(CN)4]*~ as a function of distance
away from the electrode immediately before the potential step and at two
different times after the potential step.

(iv) Given that the area of the electrode was 0.3 cm?, calculate the diffusion coef-
ficient for [Fe(CN)s]*~ in the solution.

(v) Why is the time scale of the experiment limited to around a second?

(8 marks)
(b)



Figure 4.2 depicts a cyclic voltammogram for the one-electron irreversible reduc-
tion of species A to B, where the electrochemical rate constant (k?) equals 10~° cm
s~! and the transfer coefficient (&) is 0.5. Problem 4.1 discussed the salient fea-
tures of a reversible cyclic voltammogram; with reference to this, explain the major
differences between the two cases. Specifically refer to reasons:

¢ why the peak-to-peak separation is greater for the irreversible case.

» why the reverse peak current for the irreversible case is substantially less than the
forward peak current.

Current /uA
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Fig. 4.2 Cyclic voltammogram for the irreversible reduction of A to B. Arrows indicate the
scan direction. The current has been plotted against overpotential {E — Et'f‘ A IB}'

(4 marks)
(c)



(d)

Small particles of calcite (calcium carbonate, CaCO3) dissolve in acidic solution

by means of the following mechanism:
k

HF  + CaCOs5 —>

o) Cagh + HCO;,

(aq) 3(aq)

o i

HCD-’*(E'CI]' +Hl’aq} = H2CO3(3q)
HyCO3aq) — H20q) + COyy)

The following rate law has been measured [R.G. Compton et al., Freshwater Biology
22 (1989) 285] for the reaction of protons at the calcite surface:

Jegz+ /molem ™2 571 = ki [HT ], (5.3)

where k; = 0.043cms ™! at 25°C.

Fig. 5.2 Schematic of convergent and linear types of diffusion towards spherical electrodes
of different sizes.

Explain the form of the rate equation and suggest an explanation for the
observation that while large (=100 m) particles of calcite dissolve with a rate
controlled by the diffusion of protons to the calcite surface, for much smaller
particles the surface controlled reaction quantifed by Eq. 5.3 is found to apply.
Assume a value of 7.5 x 1072 cm? s~ ! for the diffusion coefficient of HT in aqueous
solution.

(4 marks)



Through the use of highly ordered pyrolytic graphite (HOPG) it is possible to pro-
duce an electrode which is predominantly “basal’ in character, but even with such
a surface, edge plane defects will be present in the form of ‘steps’ (as indicated in
Fig. 6.1). Careful preparation can lead to a surface where these edge plane defects
are up to 1-10 M apart.

(1) From your knowledge of the electrochemistry of carbon surfaces, explain how
these edge plane steps can dominate the observed voltammetry.

(i) Suggest why, when modelling such systems, the use of a one-dimensional
diffusion model is inappropriate.

(3 marks)
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