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A Voltammetric Study of some Heterocyclic Mercaptans
by Brian Lynch

The four mercaptans studied were 2-mercaptopyridine (2WP),
2-mercaptopyridine-N-oxide (2MP-0), 2-mercaptopyrimidine (2MPr), and
2-mercapto-4-methylpyrimidine.HCI  (2MmPr). The pKg values of each
compound were determined by both an ultraviolet spectroscopic method
and a polarographic method. The pKa values calculated by each
technique were in good agreement. The reversibilty of each compound®s
electrode reaction was assessed from their sampled direct current
(DC) polarograms, and it was found that each reaction was quasi-
reversible in nature.

The electrocapillary (EC) curves of 2MP and 2MP-0 indicated that
the product of their corresponding electrode reactions (a mercury
thiolate salt) was adsorbed at the electrode surface. In cyclic
voltammetric (CV) analysis, the oxidation peak current was controlled
by diffusion of the mercaptan to the electrode. However, as the
concentration was increased, an adsorption controlled oxidation peak
was also present in the recorded CV"s. The CV"s displayed the
characteristics of weak thiolate adsorption at the electrode surface,
and also the Tfilm formation was dependent on the time the potential
was held positive of the reaction potential.

Calibration curves from differential pulse (DP) polarograms and
differential pulse cathodic stripping voltammograms (DPCSV) were
constructed to find the [linear dependence of peak current with
concentration. The limit of detection for each mercaptan using DPP
was 1x 10-5M, and Ix10”™M wusing DPCSV. Differentiation of the
mercaptans in mixtures was also investigated. The peak current due to
2MP, at concentrations higher than 1x10 M, was greater than that
due to equimolar concentrations of the other three mercaptans. This
seemed to indicate that the 2MP electrode reaction product was
adsorbed in a more compact film at the electrode surface, than the
products of the other three mercaptans. The different possible
electrode mechanisms and their correlation with their current
potential equations were examined.

A voltammetric procedure was then developed for the determination
of 2-chloropyridine-N-oxide (2PC1-0) and the sodium salt of 2MP-0 in
an industrial process stream.
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INTRODUCTION



1. Aim of Project

The main aim of this project was to develop a polarographic
method for the determination of 2-mercaptopyridine-N-oxide (2MP-0) in
process streams. This compound is an intermediate in the synthesis of
Zinc Omadine, produced by 01 in Chemical Company, Swords, Co Dublin.

Before adapting the method to process control of the plant
mercaptisation reaction, it was considered worthwhile to study the
polarographic behavour of 2 MP-0 and three other mercaptans, which

were similar in structure to the industrially produced mercaptan.

2. Polarographic Determination of Mercaptans

The four mercaptans studied in this project were
2-mercaptopyridine (2WP;1), 2-mercaptopyridine-N-oxide (2WP—5;11),
2-mercaptopyrimidine CMPr;111), and 2-mercapto-4-methyl-
pyrimidine.HCl  (2MmPr;1V), shown in Fig. 1 . Each of these compounds
contains a thiol group which makes them amenable to a polarographic
method of analysis. Although the pyridine ring is not
polarographically active, the pyrimidine ring can be reduced
according to the mechanism put forward by Wrona [1] in the case of
2-mercaptopyrimidine. In this study, however, the reaction of the
thiol group at the mercury electrode was investigated.

At a mercury electrode, thiols are not oxidized to disulphides.
The polarographic behavour of mercaptans 1is generally believed to be
due to the oxidation of mercury in the presence of the mercaptan [2].

The chemical reaction of the oxidized mercury with the mercaptan
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Figure 1

Structure of mercaptans studied.



results in the formation of a mercury salt, which is adsorbed at the
electrode surface. Elemental analysis of the oxidation product of
2MP-0 by Krivis and Gazda [3] established the formula of the product
as the mercury dlImercaptide, 1ie: Hg(SR)2e This would suggest that
mercury was oxidized 1in a two electron reaction to HgOi. However,
further coulometric and “log plot®™ investigations indicated that a
mercury (1) mercaptide, 1ies HgRS, was probably formed . It is known
that compounds of the type HgRS are unstable in aqueous solution and
decompose to Hg(RS)2? and Hg [4]. Therefore it is generally believed
that a l-electron charge transfer reaction 1is followed by a
disproportionation reaction which results 1in an adsorbed Hg(SR)?
salt [4,5,6]. This mercury (Il) salt is adsorbed as a porous film at
the electrode surface.

Theoretical treatment of adsorption has been carried out using
cyclic voltammetry (CV) by Sluyters et al. [7] and Schiffrin [8].
According to Schiffrin, complete analysis of the voltammetric curve
is difficult when electrodeposition of an insoluble product has
occurred, because quantities such as peak potential separation cannot
be wused to obtain meaningful parameters. Also, the stripping peak
current is strongly dependent of the morphology of the deposit.

The adsorption of mercury thiolate salts has been shown to occur
at the electrode surface by electrocapillary curve measurements
[9-11]. A wvariety of explanations are given for the occurrence of
current spikes observed in cyclic voltammograms and cathodic
stripping voltammograms (CSV). They are mainly believed to be due to
compact film formation as a result of film rearrangement [5,12-16].

Casassas et al. [17] have stated that the current spike occurring



in CSV scans of 2-mercaptoethanol may be due to the presence of a
disulphide in the surface film, produced during the anodic oxidation
of the compound. Monolayer coverage (mol/cm ) of some mercury
mercaptide saltswere calculated by Birke and Mazorra [5] and
Stankovich and Bard [15]. These studies gave conclusive evidence that
the limiting of peak current with increased depolarizer concentration
was due to the completion of a monolayer of film at the electrode
surface, andalso that a new peak detected at slightlydifferent
potentials was due to multilayer formation of the mercury mercaptide
salt.

Differential pulse polarography (DPP) and differential pulse
cathodic  stripping voltammetry (DPCSV) are both very sensitive
methods used in the analysis of mercaptans. DPCSV is the more
sensitive of the two methods, because the mercaptan is accumulated at
the electrode surface in the form of a mercury mercaptide film before
the current/potential scan is recorded. These techniques have been
mainly employed in the study of mercaptans of biological importance,
especially of the aminoacids cysteine and cystine [9,10,14,18,19],
and protein disulphides [15,20]. Using DPP, Mairesse-Ducarmois et al.
[9,10] determined cysteine and cystine down to concentrations of
1x10~5M, while Florence [14] determined them at concentrations as
low as IxIO“®M Dby CSV at a mercury pool working electrode.
Chemicals of pharmaceutical importance have also been determined by
DPCSV: e.g. thioamide drugs 1in plasma and urine at concentrations
down to 2x10-8M [21,22]? and penicillins at concentrations down to
2x10~10M [23,24]. Sulphur-containing pesticides and fungicides have

also been determined by DPP and DPCSV: e.g. derivatives



of thiourea [25], dithlocarbamates [26], and 2-mercaptopyridine-
N-oxide [27]. Peter and Rosset [6] employed DPP in the determination
of thiols in petrol at concentrations down to 1x10-8M. Therefore
the usefulness of voltammetric techniques for both industrial and

biological analysis of mercaptans is evident.

3. Production of Zinc Omadine

The industrial process which was examined 1in this study was part
of the plant production of Zinc Omadice carried out in 0l in Chemicals
BV in Swords.

The 01in Chemical plant in Swords is a subsidary of the
American-based 01 in multinational company, which is mainly involved
in chemical manufacture. The Swords factory manufactures Sodium
Omadine (NaOm) products. Metal derivatives of NaOm are wused in
shampoos as active anti-dandruff agents. NaOm is also used in the
preservation of paints and cutting fluids.

The first step in the production of sodium omadine is the
oxidation of 2-chloropyridine (2PCl) to form 2-chloropyridine-N-oxide
(2PC1-0), as shown in Step 1 of Fig. 2. Hydrogen peroxide {H202)
is the oxidizing agent and sodium tungstate (Na2W04) 1is the
catalyst. Permalaic and peracetic acids were used in the past as
catalysts in the reaction. Due to effluent problems, however, they
were replaced by a non-acidic catalyst. At the end of Step 1 of the
reaction , unreacted 2PCl is recovered by distillation and it can be

reused in subsequent oxidations. The vyields in this reaction are

usually around 85%.



Step 1

80°C 8hrs
+ H2 O2
Na2wo0 4
Cl Cl
(2PC1) (2PC1-0)
Step 2
pH 9.3 NaOt
+ NaSH
75°C
Cl
0
(2PC1-0) (NaOm)
Figure 2

Olin plant process: Step 1 Oxidation of 2-chloropyridine;
Step 2. Mercaptisation of 2-chloropyridine-N-oxide.



Zinc Omadine

Zn

Magnesium Omadine

Sodium Omadine

Figure 3

Products of the Olin plant process.



The second step in the production of NaOm is the mercaptisation
of 2PC1-0. This occurs by nucleophillic replacement of the chlorine
atom by sodium sulphahydride (NaSH), as shown in Step 2 In Fig.2. The
pH is kept at 9.3, because a massive evolution of hydrogen sulphide
(H2S) would occur if the pH went below 8.0 . This step in the
reaction takes over two hours to go to completion, and yields of 95%
are achieved in the plant. At the end of the reaction, H2S is
removed Tfrom the NaOm solution by bringing the pH down to 6.5 with
the addition of hydrochloric acid, and by purging with nitrogen.

The sodium omadine is then used to form a variety of products as

shown 1in Fig. 3.

In this study, the mercaptisation reaction was monitored using
polarography. Although the polarographlc activity of mercaptans is
well documented, the polarographlc activity of 2PC1-0 is not. Ochlai
[8] has reported the reduction potentials of pyridlne-NjpxTde and
other vrelated compounds in a paper in which he gives comprehensive
details of its chemical activity. The polarographic reduction of
heterocyclic amine N-oxides has been studied by Kubuta and Miyazaki
[29,30]. The application of pulse polarography to their determination
was investigated by Vaneesorn and Smyth [31]. Krivis and Gazda [3]
are the only authors who have reported on the polarographic reduction
of 2PC1-0.

The polarographic activity of NaOm is due to oxidation of the
sulphur atom, while 1its N-oxide group is not reducible. This is

different to the behaviour of 2PC1-0, the N-oxide group of which is



reducible. It was therefore thought that mixtures of NaOm and 2PC1-0,
which are present 1in the 0l1in mercaptisation reaction, could be

analysed simultaneously by a voltammetric approach.
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1. Ultraviolet Spectroscopy

1.1. General Theory

An ultraviolet spectrum arrises from absorption of
electromagnetic radiation as a result of an electronic rearrangement
in atoms or molecules. The electronic energy levels in a molecule are

shown below in order of their relative energy.

Antibonding ol e A

Antibonding (1 S 77%

Non-bonding vio 71

Bonding m T Energy
Bonding CF _reemmeeee cr

Transitions in the ultraviolet/visible (UV/Vis) region of the
electromagnetic spectrum are usually due to 7T- ﬂA and n-77A
transitions. At low wavelengths, n- o* transitions can also occur,
however the higher energy gap reduces their intensity. The intensity
of the n-T7f transition is weak, because 1itis a Torbidden
transition under molecular orbital theory selectionrules. Aromatics
and unsaturated aliphatic molecules absorb in the UV/Vis spectrum.
The UV spectra of pyridine and pyrimidine are similar to that of
benzene, because the replacement of carbon with nitrogen has little
effect on the ft-jf absorption wavelength. Substituents cause shifts

in both wavelengths of maximum absorption and their intensity by

inductive, resonance and steric effects [32,33].
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The intensity of absorption (A) 1is related to the molar

concentration of the absorbing material (C), through the Beer-Lambert

expression.
A=1og1l0(1Q/1) -£C1 1
where 1Q = intensity of incident radiation
I = intensity of transmitted radiation
£ =extinction coefficientof the absorbing material at a
given wavelength.
1 = path length (cm)

1.2 Determination of pKj Values

The absorption spectra of organic compounds with acidic or basic
functional groups are usually dependent on the pH of the medium. The
pKa values of such compounds can be determined using
spe”ctrophotometric methods. The dissociation of an acid HB in water

is an equilibrium process described by

HB + H20 H30+ + B~

where B- is the conjugate base.

The equilibrium constant for dilute solutions is given by

Ka = [H30+].[B-1/[HB] -----.. 2

13



Taking the negative logarithm of the above equation gives

-logl0Ka = -logl10[H30+] -1og10([B““]/[HB])-..2b
pKa = pH + 1oglO([HB]/[B-1) -evvcreeeaaann. 2C
and  pKa = pH, when [HB] - [Bd --cceeeeaao.-. 2d

A plot of absorbance versus pH at a constant wavelength, results in a
sigmoidal shaped curve when the equilibrium is rapidly established
and when it is unaffected by other competing equilibrium processes.
At values near the pKa value, the absorbance changes rapidly
corresponding to the changes in the concentration ratio [HB]/[B~]
in equation 2c. At the midpoint of the curve, pH=pKa {i.e. when
[HB]=[B-]), and thus the pKa value for the equilibrium can be

determined.

14



2. Polaroaraphic and Voltammetric Methods

2.1. Introduction

Poiarography is an eiectroanalyticai technique where
current-voltage relationships are studied at a dropping mercury
electrode (DME).

Modern polarographic measurments are carried out using a three
electrode cell containing a DME as a mercury working electrode, a
platinum counter electrode and a reference electrode. Current is
measured between the working and counter electrodes as a function of
the potential applied between the working and reference electrodes.
Current flows through the system when a substance present in the
solution undergoes reduction or oxidation at the working electrode at
a given applied potential.

Motion of charge through the solution to the working electrode
occurs in three ways: (i) migration; (ii) convection; and (iii)
diffusion. In poiarography, migration and convection can be
effectively minimized by the use of a supporting electrolyte, and it
is the rate of diffusion of electroactive species to the electrode
which usually determines the resultant current. Diffusion occurs when
a concentration gradient exists for the analyte of interest between
the electrode and bulk solution.

In an electrolysis experiment, the current due to the transfer
of electrons across the electrode solution interface is measured,
i.e. the faradaic current (if). However, the measured current

(it) also includes current resulting from non-faradaic processes

15
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It is desirable to minimise the contribution of the non-faradaic
currents to the total current. Non-faradaic currents arise from
charging the electrode/solution interface (which effectively acts as
a capacitor), to the required potential. This is often called the
capacitance current Uc) Many modern polarographic techniques
discriminate against this capacitance current in order to increase

their sensitivity, or decrease their limit of detection (LOD).

2.2. Direct Current Polaroaraphv

2.2.1. General Theory

In direct current (DC) polarography, current is measured at a
dropping mercury electrode continuously as a function of a linear
potential ramp. A sampled DC current-potential curve or polarogram,
where the current reading is obtained at the end of the life of each
drop, is shown in Fig. 4. A steep rise in current 1is observed when a
potential is reached where the electroactive species in solution
reacts at the electrode. The rate of reaction increases with applied
potential to a point where the molecules are reduced or oxidised as
soon as they have reached the electrode surface. This corresponds to
the current plateau which 1is called the limiting current (ij).
Another important feature is the half-wave potential (£l/2 )» which
is defined as the potential at which current is one-half the limiting

value. Values of are independent of concentration, but are

16



Fig. | I typical sampled DC poiarogran.



dependent on thechoice of supporting electrolyte, pH and
solvent system. The E ~ value can be used for qualitative

characterisation of electroactive substances.

2.2.2. Types of Limiting Current

A diffusion limited current islinearly dependent on the
bulk  concentration of the electroactive substance (C5 iIn

mol/cm3), as described by the Ilkovic equation [34].

id - 0.627nFCbD1/2m2/3t1/6 4

where n is the number of electrons consumed by the reaction of
one molecule of the substance; F Is Faraday®s number (96,487
coulombs); D 1is thediffusion coefficient in cnr/s; m 1is the
rate of out-flow of mercury in g/s; and t is the drop time in
seconds.

Since i Is proportional to m2”.t”6 and the height
of the mercury reservoir usually corrected for back pressure
(h) is proportional to m and inversely proportional to t, id
should therefore vary linearly with the square root of h. This
fact can be wused to determine whether the limiting current is
diffusion controlled. If not, it may be controlled in one of the
following ways: (1) kinetically; (i1) catalytically,- or (iii) by
adsorption.

(A kinetic current (") can arise when an electroactive

molecule is formed in a chemical reaction in the

18



neighbourhood of the electrode. The polarographic current is
dependent on the vrate of the chemical reaction. In this case
ik is independent of h, and dependent on pH and
concentration.

(ii) A catalytic current may occur by chemical regeneration of the
electroactive species, or through the presence of a catalyst
in solution which shifts the reduction/oxidation (red/ox)
potential of the substance of Interest.

(iii) An adsorption current (ia) Is manifested by a separate wave
at a different potential, either more positive or negative of
the wave for the vreduction or oxidation of the non-adsorbed
compound. An adsorption-controlled current Is proportional to
the mercury reservoir height. The height of such waves also
reach a [limiting value, once the surface of the electrode Is

fully covered by the adsorbed species.

2.2.3. Investigation of the Reversibility of an Electrode

Reaction

An electrode process is vreversible if it obeys the Nernst

equations

E = E° + RT.In[OX]n _........ 5
nF [Red]O

where E= is the standard electrode potential of the substance

of interest; R is the universal gas constant; and [0x]Q and [Red]O

19



are the concentrations of the oxidized and reduced species at the
electrode surface at equilibrium and T is the absolute temperature.
Combining the Nernst and llkovic equations for a reversible

oxidation reaction results in equation 6a:

6a
nF id-

where 1 1is the current at any point on the rising portion of the wave
at a particular potential E”iri 0.916 is a factor introduced when
current is measured at the end of the drop life, which occurs in
sampled DC polarography. In the case of an

irreversible reaction, equation 6b results:

where ocis the transfer coefficient, and has a value less than 1.

A plot of EgME vs Inti/dj-i)] for a reversible, one electron
reaction, will vyield a line of slope 0.916RT/F . It 1is important to
note that electrode vreactions of different stoichiometry require

different =og plots ~ [35].

The slope of an Vs PMot *s a”so indicative of the

reversibility of an electrode reaction, according to equation 7.

dEI/2 0.05%p

dpH

n

20



where p is the number of protons per molecule participating in the

reaction [36], and the temperature is 297K.

2.2.4. Determination of pKa Values

When the acid/base equilibrium is established rapidly, as shown

RSH + H20 RS- + H30+

a single wave isobserved on polarographic curves corresponding to

the following electrode reaction.

Hg v Hg+t + e-

Hg+ + RS- — — 1 Hg(SR)

The half-wave potential (§)2) varies with pH according to

equation 8

E1/2 = E= + RT(-pH + pKa)/F .... 8
Therefore as the pH rises, the E"/2value becomes more negative.
However, when Ka>H+, E N remains constant. In a graph of
el/2 versus there are two linear portions which intersect at a

value corresponding to the pKa value.

21



2.3. Cyclic Voltammetry

2.3.1. General Theory

In cyclic voltammetry (CV), the potential applied to a hanging
mercury drop electrode (HWDE) 1is wvaried linearly with time, using
scan rates ranging from 0.04 V/s to 1000 V/s. Cyclic voltammograms
are recorded from an initial potential to a switching potential and
back to the initial potential (Fig, 5a). Therefore both the oxidation
and reduction portions of the electrode reaction can be recorded
(Fig.5b).

The expression for peak current at a planar electrode is given by
~p~planar = 2.69x10M*ADA"AVAC* 9
where A 1is the area of the electrode; v is the scan rate and the rest
of the symbols have the usual meaning.

Equation 9 1is important because it shows that for a diffusion
controlled process, the peak current is proportional to the square
root of the scan rate and also proportional to bulk concentration of
the electroactive species.

When a spherical stationary mercury drop is used as the
electrode, the peak current equation has to be ammended for spherical

diffusion, as in equation 10

+ 0.725x105nADCb/r ..10

where r is the electrode radius in centimetres.

22



Fig. 5a

Fig. 5a Potential sweep in cyclic voltammetry.

Fig. 5b A typical cyclic voltamaogram.
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The charging current is given by equation 11

c “<ACdlv 11

where Cdj 1is the capacitance of the double layer.

The peak current must always be measured from the charging
current Dbaseline, and since the charging current 1is scan rate
dependent and the peak current is dependent on the square root of
scan rate, this often puts a limit to the maximum scan rate that can

be employed.

2.3.2. Studies of Reversibilitv

Two important parameters concerning the interpretation of cyclic
voltammograms are (&) the vratio of the anodic peak current (ipa)
and peak cathodic current UpC) and (b) the peak separation
EpC-Epa. For a reversible process the ratio of peak currents
should equal unity and the peak separation should equal 59/n mV at
25C

Reactions that show kinetic limitations to electron transfer are
called quasi-reversible reactions. The peak separation in such cases
is greater than 59/n mvV and its value depends on the scan rate and

the rate of electron transfer.



2.3.3. Adsorption

Distortion of cyclic voltammograms, and even the appearance of
new peaks occur when there 1is adsorption of either the reactant or
product [37].-

When the product R in the following reaction

0 + ne R

is stongly adsorbed, there is a prepeak on the reduction wave in CV.
This represents the reduction of dissolved reactant 0 to form a layer
of adsorbed R. This wave occurs at potentials more positive than the
diffusion-controlled wave, because the free energy of adsorption of R
makes reduction of O to adsorbed R easier than to R in solution. The
wave Tfor reduction of dissolved 0 to dissolved R is slightly
distorted due to the adsorption prepeak.

The prepeak separation from the the diffusion peak increases with
strength of adsorption. The prepeak current (ip)a(Js increases
linearly with scan rate v, while the diffusion current (ip/~jff
increases with vN2] o) (ipthads™pnrdiff increases  with
increasing v, but it decreases with bulk concentration of 0. At very
low concentrations, only  the prepeak 1is observed and as Cb
increases, the surface coverage reaches a [limiting value and the
diffusion peak becomes the major peak.

When reactant is strongly adsorbed, a postpeak is observed
following the diffusion controlled peak.

When adsorption is weak, the difference in energies between

25



reduction of adsorbed and dissolved species is small, therefore no
pre- or post- peaks are observed. When reactant 0 is weakly adsorbed,
there 1is an enhancement of ipC with respect to lIpa? while when R

is weakly adsorbed, the anodic current shows enhancement of current.

2.4. Differential Pulse Polaroaraphy

Differential pulse polarography (DPP) is a more sensitive
technique than DC polarography, owing to effective discrimation
against the capacitive current. In DPP, a linear potential ramp Iis
applied to the electrode as in DC polarography. Near the end of the
drop life, a small amplitude pulse ( E< 100 mV) is superimposed on
the vramp. The difference in the current measured before and after
application of the pulse is outputted as the signal (Fig 6),
resulting 1in a peak shaped curve. Since the faradaic current decays
much slower than the charging current, measurement of the current
near the end of the pulse provides substantial descrimination against
the charging current.

The peak current i7pp is proportional to the concentration of
the electroactive species. The peak current also increases with
increased pulse amplitude E, but this also results in broadening of
the peak and decreases the resolution. The peak half width, W~ ,
defined as the width of the peak at half the maximum peak height, for
a small pulse amplitude equals 90.4/n mV at 25=C. The peak
potential and the DC half wave potentials only differ by half the

pulse amplitude.

eDPP = EN/2 -Ae/2 ... . ..... 12

26



Fig. 6 Applied potential waveform in differential pulse
polarography.
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2.5. Cathodlc Stripping Voltammetry

Cathodic stripping voltammetry (CSV) is the most sensitive of the
polarographic techniques wused. Its greater sensitivity results from
increasing the faradaic current by applying a potential at which an
adsorbed mercury salt |Is accumulated at the electrode surface. The
adsorbed film Is then "stripped"” off the electrode on application of
a cathodic scan, and the resultant current is recorded. The theory of
stripping voltammetry |Is extremely complicated, because the measured
current depends on both deposition and stripping steps. At slow
(cathodlc) scan rates, sphericity terns must be Incorporated to allow
for the effects of electrode curvature. This is especially the case
in differential pulse cathodlc stripping voltammetry where scan rates
of 2-10 nV/s are commonly used. DPCSV Is a more sensitive technique
than linear sweep CSV, Dbecause the pulse technique discriminates
against the capacitive current, as mentioned under 2.4.

In stripping voltammetry, calibration curves or standard addition
methods are used to determine concentration.

The detection limit (LOD) in the formation of deposit at the

electrode surface of composition Hgn (RS)m is given by

m + n
13

m+n m+n

where C” is the bulk concentration of the thiolate anion in
solution, n and m are the numbers mercury atoms and thiolate anions

respectively in the mercury thiolate molecule Hgn (RS)m, Ks is
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the solubility product of the precipitate; d Is the diffusion layer
thickness andjj. the reaction layer thickness [38].

Optimisation of CSV sensitivity can be achieved by increasing
deposition time, -electrode area and varying deposition potential and

rate of solution stirring.
2.6. Chronocoulometry

Chronocoulometry was developed by Anson to determine quantities
of adsorbed reactants at an electrode surface [39],

Considering an electrode reaction where the reaction where the
reactant 0 1is adsorbed, and applying a potential step to the
electrode as shown In Fig. 7a, at the Initial potential Ej,
insignificant electrolysis occurs in a homogeneous solution of
species 0. The potential Is then switched to the final potential E®
at time t-0, where the electrode reaction occurs.

The chronocoulometrlc responce to the potential step is given by

A 2nFAD 1Y JCht1J
Q = Ti—+ Qd + nFAr 14
i

where the Tfirst term on the right hand side of -equation 14
corresponds to the charge resulting from diffusion of 0 to the
electrode. Qdl Is the double layer capasitive charge and nFA/4

guantifies the faradaic component due to the reduction of T mol/cm

of adsorbed 0.
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A plot of Q vs t1”2 (Fig.7b) results In a straight line
with an intercept given by Qdi + nFAP An approximate value
for nFAflcan be calculated by subtracting the intercept of the Q
vs \r"plot obtained for the supporting electrolyte,
(yielding an approximate Qdj value), from the intercept of the
Q vs tW/2 plot for the solution containing 0. Anson, however,
recommends the wuse of a "drop extrusion® method for measuring
Qdj, where adsorption causes large changes in the charge on

the electrode.
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voltage

t=0 time t

Fig. 7a Applied potential waveform in chronocoulometry.

Fig. 7b Plot of measured charge vs the square root of time, used

to calculate the quantity of adsorbed reactant f 1 .
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2.7. Electrocaplllary Curves

Electrocaplllary curves are plots of surface tension against
potential. Plots of time versus potential are drawn in practice,
however, because drop time t 1is proportional to surface tension

equation as in

15

where / - surface tension acting around the circumference the
cap!llary
r = radius of the capillary
m - mass Fflow rate of mercury issuing from the
capillary.
g = gravitational acceleration.

Electrocapillary curves have a maximum at a certainpotential
where there is no charge on the electrode, while eitherside of this
maximum there is either a net positive or negative charge on the
electrode depending on the applied potential. A charge on the
electrode surface shortens the drop life, because like charges repel
each other, therefore reducing the surface tension.

Adsorption deforms the electrocapillary curve. The drop time
decreases at the potentials at which adsorption occurs because there
is a charge build-up between the adsorbed layer and the mercury

electrode.
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1. Apparatus and Materials

The chemicals studied were 2-mercaptopyridine (2VWP),
2-mercaptopyrldine-N-oxide (2MP-0), 2-mercapto-4-niethylpyriinidine.HCI
(2MmPr), which  were obtained  from Aldrich Chemical Co. and
2-mercaptopyrimidine (2MPr) which was obtained from Reidel-De-Haen
AG. All chemicals were 99% pure. Sodium omadine (NaOm) and

2-chloropyridine-N-oxide (2PC1-0) were received from Ol in Chemicals

A stock Britton-Robinson (BR) buffer was made up from Analar
quality acetic acid (0.04M), boric acid (0.04M) and o-phosphoric
acid (0.04M) in deionised water. The BR buffer was adjusted to the
required pH with 0.2M sodium hydroxide. Stock solutions of each
compound were made up at the following concentrations: 1x10 M 2MP
and 2MP-0, 5xI10-3M 2MPr and 1x10-3M 2MmPr in methanol. They were
stored in a refrigerator and in darkness to prevent decomposition.
Fresh solutions were made up every two months. Samples of the stock
solutions were diluted in BR buffer to required concentrations, using
Oxford micropipettes of 0-200yul range, prior to analysis.

Since much of the work was carried out at analyte concentrations
below Ix10<*M, care was taken that no contamination of the solution
occurred. Glassware was washed in chromic acid before commencing any
study. Chromic acid was prepared by adding 800 ml concentrated
sulphuric acid to 92g sodium dichromate 1in 458 ml water and the
glassware was soaked in it for twelve hours. After the acid wash,
glassware was soaked in 3.6x10-2M ethylenediaminetetraacetic acid

(EDTA) solution overnight and finally rinsed at least ten times
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with Mi llipore-grade water. On a daily basis, glassware used was
soaked in 2M nitric acid overnight, and washed with copious amounts
of Mi llipore-grade water. The glass polarographic cell was soaked
overnight in 6M nitric acid.

Sampled direct current (DC) polarography, differential pulse
polarography (DPP) and differential pulse cathodic stripping
voltammetry (DPCSV) were carried out using an EG+G Princeton Applied
Research (PAR) Model 303 stationary mercury drop electrode (SMDE) in
conjunction with an EG+G PAR Model 264 polarographic analyser and a
Houston Instrument Model 2000 X-Y recorder. A stir bar and a PAR
Model 305 stirrer were also used for DPCSV. For cyclic voltammetry
(CV) the Model 303 SMDE was used in conjunction with the PAR Model
174A Potentiostat and the PAR Model 175 Universal Programmer. The
cell was  thermostated at 25°C -1<C. A Ag/AgCl reference
electrode and a platinum wire counter electrode were used to complete
the electronic circuit.

DC polarograms, for wvarious mercury resevoir heights, and
electrocapillary curves were vrecorded using a Metrohm Model 626
Polarecord with a Metrohm Model 505 polarography stand.

"Fast® cyclic voltammograms of scan rates from 200mVs 1to
20Vs-1 were stored on a Philips PM 3311 0-60MHz cathodic ray
oscilloscope (CRO), and outputted to a JJ instruments X-Y recorder.

Coulometry was carried out using an EG+G PAR Model 379 Coulometer
in conjunction with an EG+G PAR Model 363 Potentiostat. A plastic 15
ml cell was used which contained a mercury pool working electrode, a

platinum wire auxiliary electrode and a standard calomel reference

electrode (SCE).
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Ultra-violet spectra were recorded on a Shimadzu UV-240 Recording
Spectrophotometer with matching 1cm quartz cells. The pH readings
were made on an Aquachem PTI-6 pH meter with an Orion glass

electrode.

2. Techniques

2.1. Ultraviolet Spectral Investigations

Ultraviolet spectroscopy was used to determine the pKa values
of each compound. The pH of the BR buffer was adjusted by the
dropwise addition of 0.2M sodium hydroxide and was increased in
increments of 0.3 for 2MP , 0.4 for 2MP-0, o.sfor 2MmPr and 1.0 for
2MPr.  1x10-4M concentrations of each compound were made up from
their stock solutions in 1oml of the BR buffer at each pH before
analysing. Matching quartz cells were used with the blank buffer
solution in one cell and the compound of interest in the other. Scans
were recorded from 420 nm to 200 nm. The spectrophotometer was
allowed to warm wup for 30 min before use. The values of absorbance
(A) at a specific wavelength (M were noted and plots of absorbance
versus pH drawn. The pKa values could be read directly from the

midpoint of the resulting sigmoidal curves (A vs pH).
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2.2. Polarographie Investigations

Variationof half-wave potential with PH and the
reversibility of the electrode reaction were studied using sampled DC
polarography. Nitrogen was used as the purging gas and it was passed
through a solution of vanadous chloride to remove any traces of
oxygen present in the nitrogen, and then through deionised water,
before entering the solution for analysis. The solution was purged
with nitrogen for eight minutes, and the sampled DC polarograms were
recorded between +0.3 V and -1.5 V using a "medium” sized drop, a
drop time of 1 second, scan rate 2 mVs-" and a sensitivity of 0.1
JjAMin. The limiting current 1 and the half wave potential E »
were measured as shownin Fig. 4. The reversibility of the reaction
was  investigated from these curves by plotting EDME  wvs
In(i/id-1), as discussed 1in section B 2.2.3.

DC polarograms were recorded for a Ix10-4M concentration of 2MP.
The height of the mercury resevoir was varied and the resultant
limiting currents of the DC polarograms obtained plotted versus
h172 and h.

Electrocapillary (EC) curves were obatained by varing the
potential in steps of 0.1 V or 0.2 V and recording the time taken for
ten drops to flow through the capillary at fixed potentials. This was
carried out first for a blank solution of BR buffer pH 6.0, and then
when quantities of 2MP or 2MP-0 were added to the buffer. EC curves
of 2MP at concentrations of 0.5, 2.5 and 6.1x10-"M and 2MP-0 at a

concentration of 2.5x10~"M were recorded.
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Differential pulse polarography (DPP) was also used to investigate
the variation of Ep with pH using the same method of sample
preparation as wused in DC polarography. Variation of peak current
igpp with concentration was studied using DPP. Various
concentrations of each compound were made up to 10ml using BR buffer
pH 6.0. The polarograms were recorded over the range +0.17V to -1.0V
using a "large" sized drop, a drop time of 1 second and modulation
amplitude of 50 mV. A concentration range of 1-50x10 M and current
range of 1-100 pk were used. Buffer background curves were recorded
in all cases.

Differential pulse cathodic stripping voltammetry (DPCSV) was
used to investigate the variation of stripping current with
concentration. 10 ml of BR Dbuffer (adjusted for pH) was first
pipetted 1into a polarographic cell, and a scan of the buffer was
taken after purging. The compound was then added to the cell via a
porthole in the support block using a micropipette. The experimental
conditions were: purge time = 14 min? deposition time = 300 sec,-
"medium™ drop size.

Both DPP and DPCSV were used to investigate the differentiation
of compounds 1in mixtures. A scan was Tirst taken of the blank buffer
solution and then the compounds were introduced into the buffer
individually 1in various quantities via the porthole.

Coulometry was carried out on a IxI0-2M 2MP solution 1in BR
buffer pH 6.1 . The potential was held at +0.16 V vs SCE for
approximately one hour. Coulometric settings were: current scale 1mA;
bipolar mode. Initially, 10 ml of buffer was electrolysed for half an

hour, until a stable value of charge was achieved, then 50 jji of
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1x10-4M 2MP was added to the buffer. The solution was purged with
nitrogen during electrolysis and it was also stirred using a magnetic
stirrer and stirring bar.

The *drop extrusion® method used to measure the double layer
charge was carried out on a Metrohm EA 290 hanging mercury drop

electrode.

2.3. Cyclic Voltammetric Investigations

Cyclic voltammetry was used to examine the mechanism of the
electrode reaction. Scan rate was varied between 20-200 mVs-1 for
a constant 1x10“4M concentration of each compound. The effect of
changing concentration from 1-50x10~"M for constant scan rates of
50 and 100mVs-1  was studied. In the examination of product
adsorption, CV"s were recorded, where the potential was held positive
of the oxidation peak for fixed lengths of time, where accumulation
of the reaction product occurred at the electrode. After the set
holding time, the scan was allowed to continue and the reduction peak
was recorded, where the product was “stripped off*" the electrode.

Cyclic voltammograms of scan rates >200 mVs-1 (“Fast®™ CV) were
recorded as current versus time curves using a cathode ray storage
oscilloscope (CRO). The starting, switching and final potentials were
set on the PAR Model 175 Universal Programmer and scan rate on the
PAR Model 174A Potentiostat. The CRO was triggered via a BNC cable
from the “eye. sync.® junction on the Universal Programmer. The

stored curves were outputted to an X-Y recorder. “Fast®™ scan CV"s
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were taken of 2MP and 2MP-0. Scan rate was varied between 100 mVs-1
and 20 Vs~",for IxI0_4Mand 4x10“4M solutions at pH*s of 5.0

and 6.0 for both compounds.

2.4. Analysis of Plant Samples

Samples were taken from the plant mercaptisation reactor in a
250ml  beaker, via a tap at the bottom of the reactor. Each sample was
diluted {1:10 volsvol) to 100ml in distilled water, with
aproximately 1 ml conc. HC1l added to each to bring the pH to around
6.0 . This ineffect quenched the reaction. The samples were then
brought to the college laboratory, where they were diluted in BR

buffer pH 6.0 (1s200 volsvol) prior to DPP analysis.
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D. BFSIin TS and DISCUSSION
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1. Determination of pKa values

The dissociation constants for all compounds were determined

using both ultraviolet spectroscopy and sampled DC polarography.
1.1. Ultraviolet spectroscopy

The UV spectra were recorded for each compound over the pH range
2-12. A broad peak of low intensity at about 335-355 nm is present in
the UV spectra of all the compounds studied. This is illustrated in
the case of 2MmPr in Figure 8. This peak is not present however,in
the UV spectra of pyridine [40], pyridine-N-oxide [41] or pyrimidine
[32] at any pH. It is therefore concluded that this peak 1is due to
the presence of the sulphur atom in this molecular structure, and is
possibly a n——ij transition of electrons from the non-bonding
sulphur orbital to the anti-bonding 71 orbital of the aromatic
ring. The absorption peak at approximately 270 nm, which is common to
each of the compounds spectra, 1is probably due to the I-TE
transition of the pyridine and the pyrimidine rings [33]. This /[-if
transition usually occurs at about 250 nm for both pyridine and
pyrimidine, but is now shifted to a higher wavelength due to the
thiol group in the ortho position, increasing the energy of the
electrons. The spectrum of 2MP-0 differs from that of 2MP and
pyridine-N-oxide in having a peak at 240 nm. In addition, 1in acidic
solution of pH<1.0, another absorption peak is found at 195 nm, which
would seem to correspond to the peak at 205 nm for pyridine-N-oxide.

It is not known, however, what transitions give rise to these peaks.



The peak at 195 nra may correspond to the protonated form of 2MP-0,

ie: 2MP-0OH+.
The four compounds
forms. 2-Mercaptopyridine

in the cyclic thioamide

I-hydroxypyridine-2-thione.

4

exist in eit
and the 2-m
form [32],

It is a

her thiol or thione tautomeric
ercaptopyrimidines exist mainly
and 2MP-0 also exists mainly as

Iso known that the anionic form

of 2MP-0 predominately exists with the negative charge on the sulphur

atom [3]-
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An attempt was made to discover the pKg value for the
association of a proton to 2MP-0 by examining the UV spectra over the
pH range 0-2. An Isobestic point was found at 205 nm and a new peak
resulted at 195 nm as the pH was reduced below pH 1.0. However its
pKa value was not determined. For the spectrophotometric
determination of pKg values in highly acidic regions ie: pH<l, an
acidity function, HQ, should be used Instead of the pH value [42].
Jones and Katritzky [43] determined the UV spectra of 2MP-0 in its
anionic form at pH 10, in its neutral form at pH 1.8 and in its
cationic form in 20 N H2S04. The HO values of the sulphuric
acid was wused and the pKa value was calculated at 299 nm from the
three UV spectra.A pKg value of -1.96 was reported. This pKa

value was outside the pH range studied here.

OH H

pKa values for the mercaptan disociation were determined from the
plots of absorbance vs pH at selected wavelengths. This s
illustrated in the case of 2MmPr in Fig. 9. The results of this study

are collected in Table 1.



2-0

Fig. 8 UV spectra of 2MraPr over the pH range 5.0 to 10.0

01

Fig. 9
Plot of absorbance vs pH
8340 nm used to evaluate

the pKa value of 2MmPr.
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1.2. Direct current Polaroaraphy

Sampled DC polarograms were recorded for each compound over the
pH range 2-12. Typical sampled DC polarograms for 2MP are shown in
Fig. 10. This study was undertaken to ascertain the pH dependance of
parameters such as half-wave potential (E”~ ) and wave height. The
pKa values were also determinable from plots of E"/2 vs P"-

Each compound gave rise to a single, well-defined oxidation wave
using sampled DC polarography. These waves are due to the catalytic
oxidation of mercury in the presence of the mercaptan, and the
formation of a mercuric thiolate film which 1is adsorbed at the
electrode surface. The sampled DC polarographic behaviour of the
compounds studied are Jlimited by the vrate of diffusion of the
mercaptan to the electrode surface. The diffusion current for each
compound remains almost constant for each of the examined compounds
over the pH range studied. This is illustrated for 2MP in Figure 11.
The current values were measured to an accuracy of + 0.0ljjA.

According to Zuman, one single wave 1is observed on polarographic
curves for a rapidly established acid-base equilibrium. The height of
this wave corresponds to the number of electrons transferred and does
not change with pH [36]. However, one exception arose for 2MP-0. The
limiting current for 2MP-0 was consistently higher at pH 4.0 than at
any other pH. It was noted later, in the CV study, that there was

stronger adsorption of 2MP-0 mercuric salt at pH 4.0 compared with

other pH"s.
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The electrochemical reaction at pH"s below the pKa value can be

described by

Hg+ + RSH f— » HgSR + H+

and the E ~ value Is dependent on pH.

For pH"s above the pKa value the thiolate anion 1is present In

excess and the electrode reaction can be described by

Hg+ + RS" f=» HgSR

In this case, the E ~ value is independent of pH.

The plots of Ej/2 vs PM ~or eac” coipound are illustrated in
Fig. 12 and the pKa values determined froa these plots are given in
Table 1. The pKa values determined by both UV spectroscopy and DC
polarography can be seen therefore to be In good agreement.

The differences in the pKg values of each compound are due to
substituent effects. The pKg value of 2MP-0 is lower than that of
other compounds because Its hydrogen atom is less strongly bound to

the sulphur atom due to hydrogen bonding with the oxygen atom.



2MP-0 Is also more stable In Its anionic form than the other
compounds due to the electron withdrawing effect of the oxygen atom
and the resonance stablisation of the negative charge on the sulphur

atom

\{A. \,‘A \,‘0\-

The pKavalues of the two pyrimidines are very similar . The
methyl group 1is weakly electron donating and Itls four bonds away
from the sulphur/hydrogen bond of 2HmPr and so has little effect on
Its dissociation constant. It may cause a slight destabilisation of
the anionic form so that the pKa value of 2MmPr Is slightly higher
than that of 2MPr. The pKa values of the pyrimidines are lower than
that of 2MP because their anionic forms are probably stabilised by
the extra nitrogen in the ring.

The differences in the half-wave potential values exhibited by
each of the compounds (Fig.12) are also a result of substituent
effects. Ej/2 values are linearly dependant on the lowest
unoccupied molecular orbital (LUMO) energy. Therefore, differences in
the E~/2 values reflect the effect of substituent on the LUMO
energy of the compound. In a solution of pH below 6.0, 2MP-0 is

oxidized at a lower potential than the other compounds due to the
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S-H bond being weakened by hydrogen bonding with the oxygen atom . At
pH*s > 8.0 it 1is oxidised at higher potentials than the other
compounds, probably due to the relative stabilisation of its anionic
form by the oxygen atom. Similarly, 2W, at pH"s above its pKa
value, is oxidised at potentials lower than those of the other three
compounds because its negative charge on the sulphur 1is less

delocallzed by substituents and so it forms a mercury salt more

readily.

Compound pKa {a) dK (b)
2-Mercaptopyrild ine 9.7 #0.1 9.5 #0.1
2-Mercaptopyrld ine-N-ox ide 4.4 0.1 4.6 0.1
2-Mercaptopyr imid ine 7.3 #0.1 7.6 0.1
2-Mercapto-4-methylpyr imid ine 7.8 #0.1 8.0 #0.1
Table 1.

The pKa values determined for mercapto compounds wusing (@) UV

spectroscopy and (b) sampled DC polarography.
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pH

Fig. 11 Plots of diffusion current vs pH for each mercaptan
studied, 2MP (X), 2MP-0 (0), 2MPr (=), 2MmPr (-).

Fig. 12 Plots of half-wave potential vs PH for each
mercaptan studied; 2MP (X), 2MP-0 (©), 2MPr {e),
2MmPr  (»).
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2. Studies of the Electrode Process

2.1. Reversibility of the electrode process

The reversibility of the respective electrode processes was
assessed from the sampled DC polarograms by plotting?
(i) EM2 vs PH (Fig.12), and

(i1) Edme vs In[i/(ijp4)] for each compound (Fig.13)

2.1.1. Ej/2 vs PHplots

The EM/2 values for each of the compounds were shifted in a
negative potential direction with increasing pH when the pH was less
than the corresponding pKa value.

The slope of the graph, where E ”~ *s dependent on pH, for a
reversible system depends on the number of electrons (n) and on the
number of protons (p) transferred during the electrode process [36].
Assuming a l-electron 1l-proton reaction, a slope of 59 mV is expected
for a vreversible vreaction. It can be seen from Table Il that the
slopes for three of the compounds correspond to a quasi reversible
electrode reaction. The slope for 2MPr, however, indicates that its

electrode reaction was almost reversible.

2.1.2. Plots of EpMg vs In(i/Zij-1)

Plots of EDME vs Ind/ij-1) curves were obtained for each

compound from their sampled DC polarograms recorded at pH 6.0
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Fig. 13 Plots of Edhe vs In[i/(id-i)] for each mercaptan at
pH 6.0
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Table 11

Slope of Ejy? vs pH curves.

Compound slope
2-Mercaptopyr id ine 70.0
2-Mercaptopyrld ine-N-ox ide 71.0
2-Mercaptopyrlnidlne 61.0
2-Mercapto-4-methylpyr imldIne 71.0

Table 111? Slopes obtained from the EDME vs In(i/id-1)

plots.
Compound Slope (WV)__ r
2-Mercaptopyridlne 32.0 0.9991
2-Mercaptopyridlne-N-oxide 32.4 0.9995
2-Mercaptopyrimidine 28.6 0.9996
2-Mercapto-4-methyl-pyrimidine.HCl  30.2 0.9965

r is the regression coefficient.
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(Fig.13). Points along the main sloping part of the curve were taken,
while points near the base-line and the diffusion limiting current
were considered to be less accurate [44]. The range plotted was
approximately 0.0151» to 0.851~. The slope for a reversible
reaction should equal 23.5 mv [35],

The vreversibility of the reaction corresponds to the rate of
electron  transfer in the oxidation of the mercaptans. The
reversibility in this case was measured with respect to the time
domain of a sampled DC polarographic experiment, which was a drop
time of 1 second. It canbe seen from Table 11l that none of the
compounds exhibit complete reversibility, their slopes being larger
than that for a reversible reaction. The electrode reaction of 2MPr
was the most reversible of the four compounds studied, which is iIn
agreement with the vresults from the slope of the E“/2 s

curves.

2.2. Electrocapillary Curves

Electrocapillary (EO) curves  were recorded for
2-mercaptopyridine and 2-mercaptopyridine-N-oxide for various
concentrations of each compound in BR buffer pH 6.0 . These curves
were used to give some information about the adsorption of these
compounds at mercury electrodes. The adsorption of other mercaptans

has previously been demonstrated by other authors using EC curves

[6,9,10,13].
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Electrocaplilary curves for 0.5x10-4M and 6 .Ix10-4M
concentrations of 2MP are shown in Fig.1l4a. There is little
difference between the curve due to the buffer and that due to 2MP at
the 5x10_5M concentration. At this Jlow concentration very little
2MP  diffused to the mercury drop surface during its lifetime of about
2 sec, to form an adsorbed film. However, as the bulk concentration
of the mercaptan was increased to 6.1x10-4M, more of it diffused to
the electrode surface and the amount of adsorption increased. This is
evident from the -electrocapillary curves In Fig.l4a, where the the
mercury drop time decreased over the electroactive region (-0.4 V to
-0.2 V) as the concentration of 2MP was Increased.

A comparison of the electrocapillary curves for equal
concentrations of 2MP and 2MP-0 is shown In Fig. 14b. Both compounds
show appreciable adsorption at the electrode at potentials between
+0.2 V and -0.4 V. However, since the drop time was shorter for the
2MP  solution than the 2MP-0 solution over the reaction potentials
+0.20 V -“wm-0.40 V, it is felt that either more 2MP mercuric salt was
adsorbed at the electrode surface or that it formed a more compact
film than the 2MP-0 mercuric salt. A more uniform film formation for
the 2MP salt Is also evident later from the larger peak currents
found for 2MP using DP and DPCSV analysis. The potential region where
the drop time was reduced corresponds to the current-voltage waves
exhibited on sampled to DC and DP polarograms. This potential region
expanded at higher concentrations (cf: 6 .IxI0_4M), and this Iis
reflected in the appearance of two peaks in the DPP scans run at this

concentration. Both peaks were due to the formation of adsorbed

mercury thiolate.
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Fig. 14a  Electrocapillary curves
(i) buffer pH 6.0 (X)
(ii) 0.5x10-4M 2MP (0)
(iii) 6.1x10"4M 2MP (A)



Volt

Fig. 14b  Electrocapillary curves
(i) buffer pH 6.0 (X
(ii) 2.5x10-4M 2MP-0 (0)
(iii) 2.5x10-4M 2MP ()



The reduction in drop time was due to the effect of adsorption
increasing the charge on the drop surface, resulting ina lowering of
the drop®"s surface tension. Anson [39] reported that the charge on
the electrode at +0.30 V was actually smaller than at -0.20 V due to
the adsorption of HgiSCN”, thus demonstrating the capacitive

nature of the adsorbed Tfilm.

2.3 Plot of limiting current (i]) vs reservoir height (h)

An attempt was made to determine whether the electrode reaction
for 1x10“4m 2MP at the DME was either diffusion or adsorption
controlled by plotting i vsh. A [linear plot of ij vs h*"?
indicates diffusion control whereas a Jlinear plot of ij vs h
indicates an adsorption controlled process. Neither plot gave
conclusive evidence that the electrochemical reaction was adsorption
or diffusion controlled, since each vyielded a fairly linear curve
(r=0.9935 for i vs h, and 0.9895 for i vs hl//2).

Three possible reasons are given why the results were
inconclusive ; (i) a calculatederror of (+5nA) was mainlydue to the
shape of the limiting portion of the DC polarogram. Thismeant that
all points on both graphs could be fitted onto a straight line within
their error bars, (ii) the curvature of one of the i1j vs h plots
may have been revealed if it had been possible touse a greater
range of resevoir heights c.f. a small portion ofa parabola often
seems linear; (iii) neither adsorption nor diffusion may have had
complete control over the electrode reaction. For current to be

proportional to h, the drop surface is assumed to be fully covered as
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soon as the drop 1is formed, which did not happen 1iIn this case. The
electrocapillary curves showthat adsorption of 2MP increases with
concentration, and from the DP polarograms it can be seen that
concentrations of 2.5x10-4M are needed before peak splitting occurs
due to multi-layer formation. So it was assumed that at this
concentration the drop was not fully covered with adsorbed product
during the drop"s life, and so adsorption should not be the complete

controlling factor.
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3. Cyclic Voltammetry

Cyclic voltammetry (CV) is used for the study of both the anodic
and cathodic steps in an electrochemical vreaction. It is also
possible to study electrode reactions at scan rates far in excess of
those possible in DC polarography. The potential of a stationary
electrode, such as a hanging mercury drop electrode (HMDE), 1is
varied, and a peak rather than a sigmoidal wave results due to

depletion occurring in the diffusion layer during mass transfer.

3.1. 2-Mercaptopyridine

2-Mercaptopyridine was studied in greater depth using cyclic

voltammetry than the other three compounds because its behaviour was

less complicated. The paramaters varied were (1) pH,(2) scan rate,(3)
concentration, and (4) holding potential.

The peak separation between the oxidation and reduction peaks was

not used as an indication of the compounds® reversibility, since the

peak potentials shifted with concentration and scan rate, due to the

formation of insoluble products.

3.1.1. Effect of pH

Cyclic voltammograms of 1x10-4M 2MP  were recorded in BR
buffers of pH 2-12 (Fig. 15) at a scan rate of 100 mVs-1. There was
a shift in peak potential to more negative values as the pH was

increased to pH 10, while the peaks obtained in solutions of pH 10
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and 12 had the same peak potential. The dependence of peak potential
on pH can be explained by the fact that since 2MP exists in its
protonated form (RSH) below pH 10, hydrogen ions are involved in the
electrode reaction; while above pH 10, no hydrogen ions are involved
in the reaction since 2MP exists in its anionic form (RS-). The
reduction scans resulted in higher peak currents than the oxidation
scans. This enhancement in reduction peak current was due to the
reduction of the adsorbed mercury thiolate salt [Hg(RS)23 [37],

As the pH was increased, more adsorption characteristics were
seen, with the appearance of a "pre-peak®™ on the oxidation scan and a
"post-peak* on the reduction scan. These pre- and post-peaks
correspond to the greater thermodynamic stability of adsorbed
oxidation product to non-adsorbed product [37]. Therefore oxidation
of thiol to adsorbed product and reduction of adsorbed product occur
at more negative potentials than the diffusion controlled redox
couple. At pH 2.0 there was no pre-oxidation peak. However, as the pH
was increased, this pre-peak appeared and the pre-peak potential
separation from the main peak also increased. This was indicative of
an increase in the vrelative stability of the adsorbed product with
respect to the non-adsorbed product at higher pH®s. This increased
separation of the oxidation peaks with pH resulted in the decrease in
the main peak™s current due to the reduced overlap of the two peaks.
However the reason for the overall decrease in peak current from pH
10 to 12 s not known; there 1is a similar decrease in diffusion
current measured from DC polarograms at these pH"s (Fig. 11). It may
be due to the repulsion of the anion by the negatively charged

electrode. At pH 12, 2MP exists mainly in its anionic form and the
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Potential (\Volt)

Fig. 15 Cyclic voltammograms of Ix10_4M 2MPover pH 2-12,
scan rate 50 mV/s, pH: (A) 2.0, (B)4.0, (C) 6.0,
® 8.0, (E)10.0, (A 12.0
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repulsion of anions from the electrode may reduce the overall

current.

3.1.2. Effect of Scan Rate

The scan rate was varied iIn order to examine whether the peak
current  was diffusion or adsorption controlled. Under ideal
conditions, diffusion-controlled peak current is proportional to the
square root of scan rate, whereas an adsorption peak current is
linearly dependent on scan vrate [37]. Graphical analysis was
carried out on the oxidation peaks, while analysis of the reduction
peaks was not possible because of the variation in the background
slope with scan rate.

Plots of current versus scan rate and the square root of scan
rate were constructed for the oxidation peak for 2MP obtained from
cyclic voltammograms. The peak current varied |linearly with the
square root of scan rate (v1//2) for a 4x10-5M 2MP solution over
the scan rate vrange of 20 mVs-l to 200 mVs-! (Fig 16). Therefore,
over this scan rate range and concentration, the electrode reaction
was predominantly diffusion controlled. A concentration of 4x10 M
was chosen because no pre-peaks appear on the oxidation peak at this
low concentration. Variation of anodic peak current was examined over
the scan rate vrange of 0.9 Vs-1 to 20 Vs-1 for 1x10_4Mm 2MP and
0.15 Vs-1 to 10 Vs-| for  4x10_4Mm 2MP. For the 1x1074M
solution, both ip vs v* 2 and 1ip vs v plots were found to
reasonably linear (r=0.997 and r=0.990 respectively) for scan rates

above 4.5 Vs-~. The peak current for the 4x10-4M solution showed
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a greater linear dependance with the square root of scan rate
(r=0.996) than scan vrate (r=0.974), over a 0.15 Vs-! to 3.5 Vs-I
range (Fig.17). This is similar to the scan rate study from 20
mVs-+ to 200 mVs-~ shown in Fig.16, and it may be that the
higher concentration compensates for the faster scan rates, keeping
the reaction diffusion-controlled. At scan rates above 3.5 Vs-#
for the 4x10-4M solution, the slope of the 1ip vs vI*? curve
changed. Theip vs v curve was also fairlylinear above 1 Vs-1,
(Fig.17), however, its intercept Is far from zero and so the current
cannot soley Dbe due to adsorption of product. A cyclic voltammogram
of 2MP  recorded at 20Vs-1 is shown inFig.18

At these faster scan rates, one would have expected that there
would be little time for diffusion of the substance to the electrode
and that adsorption would be the peak current controlling factor.
However, in order for peak current to be adsorption controlled and
therefore proportional to scan rate, adsorption has to be the
predominant factor. This occurs at fast scan rates when there is
little time for diffusion to occur and adsorption is immediate, or
when the adsorption peak occurs at a different potential to that due
to diffusing species, as is the case with strong adsorption. The
adsorption in this casewas neither strong nor immediate. The
product adsorption was also time-dependent, because as the scan rate
was decreased, there was an enhancement of the reduction peak
current. "Weak®™ adsorption of an oxidation product is characterised
by higher reduction peak current than oxidation peak current [37].
Since there was a increase in reduction peak current relative to the

oxidation peak current as the scan rate was decreased (Table 1V),
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Plots of (&) peak current vs scan rate (X)
(b) peak current vs the square root of the scan
rate (O)
Fig. 16  4x10-5M 2MP over the range 0.02 V/s - 0.2 V/s.
Fig. 17  4xICT4H 2HP over the range 0.2 V/s - 10 V/s.
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Potential (Volt)

Fig. 18 Cyclic voltammogram of Ix10“"M 2MP, pH 5.0,scan rate
20 V/s.

Scan rate (Ms 1) ______ A-priipa
3.5 1.95
5.0 1.84
6.4 1.70
8.0 1.73
10.0 1.63

Table 1V; Results showing that the ratio of reduction peak current to

anodic peak current decreased with scan rate increase.
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the “weak" adsorption must also have been favoured by lower scan
rates and adsorption in this case was therefore time dependent.

What can be deduced from the variation of scan rate is that
diffusion seems to be the main controlling factor for the oxidation
peak  over the scan rate range of 20 mvs{ to 10 Vs \ and that

adsorption is also dependent on time for film formation.

3.1.3. Variation of Concentration

In measuring peaks obtained using CV a reproducible peak current
iIs desired. So the 3rc* scan on each CV was taken because there was
a slight increase in the oxidation peak current from the first to the
third scan and the peak current then levelled off on further
scanning, which was equivalent to recording the CVs when a steady
state was reached [45].

Peak oxidation current varied linearly with concentration , from
1x10~5M to 12x10 5M concentration (Fig 19). The peak current
then reached a limiting value, and another peak formed at more
positive potentials. This levelling off of the peak height Iis
interpreted as the completion of layer formation of product at the
electrode surface, and the new peak corresponded to the commencement
of the formation of a new layer (Fig. 20).

Oxidation peak current was [limited by adsorption because it
corresponds to the oxidation of dissolved 2MP diffusing to the
electrode to form adsorbed mercurythiolate at the electrode surface.
The oxidation of 2MP to form different film layers, which occurred as

the concentration was increased, resulted in different peak
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potentials, Dbecause the free energy of adsorption of the molecules
in each film was not the same.

A shift in peak potential from -0.9 V to -0.6 V occurred when the
concentration was increased from 5xI0-5M to 6xI0~"M. This peak
potential displacement may have been due to interaction between
adsorbed molecules when the electrode was partially covered. This
type of shift in peak potential occured for the adsorptive stripping
analysis of folic acid at 40% coverage [46]. Therefore this peak
potential shift was probably dueto some interaction of the
molecules In the film when it was being formed, which changedits
free energy of adsorption.

At concentrations greater than 2xI10_4M  the first and third
scans on the same drop differ greatly with respect to their
reduction peaks (Fig."s 20 and 21). On the first scan, there was a
sharp reduction peak characteristic of adsorption. These cathodic
current spikes, as seen iIn Fig. 21, have been reported by several
authors [5,14,15].

These “"spikes ”are explained as being due to formation of a more
compact structure of the adsorbed mercury salt. Stankovich and Bard
[15] suggested that for cysteine, the tight packing may involve
hydrogen bonding between the -NH2 group on one molecule and the
-COOH group of an adjacent molecule. However, as Birke and Mazorra
[5] have pointed out, the same type of spike occurs in the CVs of
other compounds, e.g. benzyl mercaptan, where hydrogen bonding could
not occur. Muller [16] also stated that different molecular
orientations occur for the adsorbed form of ferron and the more

compact film which results, leads to an (anodic) adsorption spike.
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Fig. 19 Plot showing the linear dependence of peak current on

2MP concentration. CV scan rate was 100 mV/s.
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Fig. 20

Fig. 21

-05 -0-3 -0-1 *0-1 Volt
Fig. 20 CV showing the adsorption limited oxidation peak @ -0.1 V

The 3rd scan on the electrode was recorded, 2MP: (@)
2.0x10“4M, (b) 2.5x10-4M, scan rate 50 mV/s, pH 4.0

Fig. 21 Initial CV scan on the electrode was recorded of

2.5X10-4M 2MP, pH 4.0,scan rate 50 mV/s.
nn



So it would seem that there is agreement that the current spikes are
due to compact film formation. The dissappearance of the spike by the
third scan would indicate that the spike was dependent on the
freshness of the drop surface. Under certain conditions, one can see
the decay of the spike, and the resultant increase in the main
reduction peak height with continuous scanning suggests that a change

in morphology of the adsorbed film occurred.

3.1.4. Holding Potential

Cyclic voltammograms were recorded where the potential was held
positive of the oxidation peak for different time intervals in order
to further investigate the adsorption characteristics of the thiols,
(Fig.22). The 2MP reduction peak shows a greater increase in peak
height with holding time than the reduction peaks of the other
compounds. It would appear, therefore, that more 2MP mercury salt was
adsorbed at the surface, i.e. that its orientation towards the drop
allows for a greater amountof salt to adsorb at the surface in a
single layer compared to the other compounds. It may also be that
there were stronger binding forces between 2WMP and the mercury
causing more of 1t to be adsorbed. After 45 s holding time, the
current due to the reduction peak at more positive potential, did not
increase further with longer hold times, indicating that a monolayer
had been formed. However, on increasing the hold time further,
another reduction peak was formed at a more negative potential and
this peak current increased with longer hold times . The new peak was

due to a new layer or a 3-dimensional multilayer of product being
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Volt

Fig. 22 CV of 4x10 *M 2MP pH 6.0, where the potential was held
at +0.07 V fort (@) Os, (b) 7s, (c¢) 10s, (d) 20s,
(e) 45s, (f) 120s. Scan rate 100 ®V/s
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formed after the first layer was completed.

3.2. 2-Mercaptopyridlne-N-oxide

3.2.1. Effect of pH

The peak potentials for 2MP-0 were found to be pH dependent up to
pH 4.0 which 1is approximately the pKa value for 2MP-0. Above this
pH, the Ep remains constant. The CV recorded at pH 4.0 had a redox
couple at a more positive potential than the main redox couple. This
redox couple was also seen at lower pH's (3.0 and 2.0) but with a
reduced peak current, and it was not present in solution of pH 6.0 or
greater. The enhanced size of the reduction peak of the redox couple
would indicate that it was due to weak adsorption of product.
However, it is not known why this feature predominates at pH 4.0, 1ies

near the pKa value of 2WMP-0.

3.2.2. Effect of Scan Rate and Concentration

A plot of peak currentvs scan rate was found to be linear for
the oxidation prepeak of a 3x10-4M solution of 2MP-0 (Fig.23),
indicating anadsorption-controlled peak. It was not possible to plot
current vs scan rate for the main peak because resolution between it
and the prepeak decreased at faster scan rates. Qualitatively
speaking, however, its peak height did not increase as much with scan

rate as the prepeak, implying its square root dependence with scan
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rate. The reduction peak potential varied with scan rate (0.1 V from
20 mVs-1-200 mVs-~) and this is indicative of reduction of a
solid film on the drop surface [38]-

Further evidence for the adsorption control of the prepeak was
seen by wvarying the concentration of the 2MP-0 (Fig.24). The
oxidation prepeak current at -0.32 V ceased to increase after
reaching a 2x10~4M  concentration limit, 1indicating adsorption
control and probably the completion of a layer of film. The oxidation
peak at -0.20 V was not limited by concentration and so is considered
to have been due to the formation of a mercury thiolate multilayer at
the electrode limited by the diffusion of 2MP-0 to the electrode. The
width of the reduction peak at half peak height was approximately 200
mV and this would seem to indicate that it was due to more than one
peak. The broad reduction peak may be due to either (i) the reduction
of both adsorbed and soluble mercuric thiolate salt, or (ii) the
reduction of adsorbed film which is made up of layers at different
adsorption energies. Both these possibilities would give rise to more
than one peak, however since the energy difference between the
different forms were so small, the resultant peaks appear as one wide
peak.

Some cyclic voltammograms were vrecorded for 2MP-0 at low
concentrations (2x10-5M) and slow scan rates (1-10 mVs-1). It was
felt that under these conditions, the CV behaviour would be less
complicated. However, the CV behaviour proved to be even more complex
due to the occurrence of an inverted peak on the scan in the
oxidation direction (Fig. 25). “lInverted® peaks are a characteristic

of adsorption. They have been described as being due to tangential
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current

scan rate (nwis)

Fig. 23 Plot of peak current vs scan rate for the 2MP-0

pre-oxidation peak, concentration 4x10“%M.



Fig. 24 Variation of concentration of 2WMP-0» (@) 1.3x10 4M
(®) 1.6x10-4M, (c) 2.0x10-4M, (d) 2.5x10_4M. Scan
rate 100 mV/s, pH 6.9

Fig. 25 CV of 1x10~5vM 2HP-0 at 1 mV/s, pH 1.8.
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movements of the mercury electrode surface [47] , which also results
in maxima in DC polarography. Uneven adsorption of a compound onto
the mercury drop results in differences in the surface tension of the
drop. The resultant motion of the mercury along the drop surface
stirs the solution so that more of the electroactive compound reaches
the electrodeand current maxima are formed. “"Inverted® CV peaks have
been reported for other systems where mercury thiolate salts have
been formed [45,13].

The inverted peak in this case would seem to be due to the
reduction of adsorbed Hg(RS)2, because of the similarity of the
inverted peak potential and the reduction peakpotential in the
negative scan direction. The inverted peak 1is enhanced at lower
concentrations because there 1is less competition from the oxidation
of diffusing 2MP-0. It is not clear however, how Hg(RS)2 was formed
at such negative potentials. It is possible thatthe 2MP-0 reacted
chemically rather than electrochemically with the mercury forming
this adsorbed HgiRS”, which 1is reduced on the oxidation scan.
Motion of the drops surface may have aided in bringing 2MP-0 to the
electrode surface where it could react. Florence [14] has reported
the chemical reaction of thiols at Ilow concentrationwith waste

mercury in electrochemical cells.

3.2.3. Holding Potential

2-Mercaptopyridine-N-oxide also exhibits weak adsorption at most

pH*'s, even for high concentrations and long hold times (Fig 26). The

width and height of the major reduction peak increased as the
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Volt

Fig. 26
Potential of 3x10-4M 2MP-0 held @ +0.07 V for (&) Os,
(b) 1min, (c¢) 2.5min, (d) 4min, (e) 7min. pH-6.9

Fig
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27 Potential of 1x10"4H 2MP-0, pH 4.0, held @ +0.05 V for
(@ 0s, (b) 55, (¢) 10s, (d) 30s, (e) 60s.



potential was held for longer periods of time. However, the
reduction peak height was not as large as that for 2MP, indicating
that the adsorption of the 2MP-0 mercury salt resulted in a less
compact film than that of 2MP. A small sharp adsorption spike
appears at more negative reduction potentials which 1is indicative of
compact film formation.

At pH 4.0, 2MP-0 exhibits greater adsorption than at other pH"s.
This can be seen in Figure 27, where a 1x10-4M 2MP-0 solution
resulted in a higher vreduction current than a 3x10-4M solution at
pH 6.9, (c.f. Fig.26). The reduction peak at -0.06 V is only present
from pH 2.0 to 4.0 vreaching i1ts maximum height at pH 4.0 . This
peak is clearly adsorption controlled, because of the enhanced
reduction to oxidation peak current. It also reached a limiting peak
current after 10 sec, while the current due to the reduction peak at

-0.43 V increased with longer hold times.

3.3. 2-Mercaptopyrimidine and 2-Mercapto-4-methylpyrimidine.HCI

The effect of pH on the electrode reaction of 2MPr and 2MmPr was
not investigated, since their pKa values were known already, and
changes in pH were not expected to cause any change on the electrode
reaction, as seen from the DC polarograms recorded at different
pH*s. The CV behaviour of 2MPr and 2MmPr were almost identical, with
only slight differences in peak potentials, showing how little the

4-methyl group affected the electrode reaction. At concentrations of

about 2x10-4M, the prepeaks were not as well resolved from the
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main peak compared with the pre- and postpeaks of 2MP, indicating
that the adsorbed mercury thiolate films were not as strongly
adsorbed. These pre-oxidation peaks gave rise to post-reduction peaks
which were also badly resolved from the main reduction peak, but
which could be seen more clearly when the potential was switched
before the main oxidation peak. As with 2MP these pre-oxidation peaks
and post-reduction peaks were due to the formation of different film
layers. As the concentration was increased, the prepeak current
leveled off indicating the completion of a layer. The main peak
current continued to grow since it was due to the diffusion of the
pyrimidine to the electrode surface, to form more mercury thiolate
salt. The |linear relationship between prepeak current and scan rate
(Fig. 28), also suggests that the prepeak was adsorption controlled.
At higher scan rates the peaks were badly resolved. The main peak
current could not be measured accurately, because it was not known
how much the prepeak current contributed to its current. However the
main peak®"s current did not increase as much as the prepeak®s current
with faster scan rates, suggesting that it was dependent on the
square root of scan rate and therefore diffusion-controlled. This is
similar for each of the other compounds.

Another difference between the pyrimidines and 2MP was that a
small redox couple was vrecorded for both pyrimidines at potentials
positive of the main peak (Fig 29). This redox couple was
symmetrical, especially at lower scan rates (20 mVs-1), indicating
that it was due to adsorption. This couple appeared at concentrations
greater  than  1x10-sM. However, it could also be seen for a

5x10~"M concentration of 2MPr, when the potential was held at
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-0.03 V for more than 5 seconds before recording the reduction scan.
The peak vreached 1its limiting current for a hold time of 30 sec.
This limiting of 1its current with holding time confirmed its
adsorption control. These type of sharp reduction peaks are said to
be due to compact film formation [5,15,16]. When the potential for a
2.9x10~4M  solution of 2MmPr was heldat +0.07 V, this spike

dissappeared and some small similar reduction spikes were formed at
more negative potentials than the main peak. This may be due to a
change in structure of one compact film to form another compact film.
For both compounds the reduction peakcurrent did not increase as
quickly with longer hold times as the reduction peak of 2MP. It is
believed that the orientation of adsorbed 2MP mercury salt allows for
its greater adsorption. It also formsa stronger adsorbed film on
the electrode than any of the othercompounds examined , indicated by
the greater separation of prepeak and main peak. Like 2MP-0, the
reduction peak of 2MPr broadened and grew 1in peak height, indicating
the presence of more than one reduction peak. However, these peaks
could not be resolved and may have been due to slightly different
structures of adsorbed film, as well as reduction of solution

species.
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scan rate (mV/s)

Fig. 28

Plot of peak current vs scan rate for the
pre-oxidation 2MmPr peak, conc 3x10-4M.



Potential vs Ag/AgCI

Fig. 29 CV of 3x10~4M 2MPr, 50 mV/s, pH 6.0.



4, Coulometry

A controlled potential coulometric experiment was carried out to
verify that the reaction of mercaptans at a mercury electrode is a !
electron, per molecule of mercury, reaction. It seemed possible that
it could have been a two electron reaction, since the overall

reaction equation given by several authors was

Hg2+ + 2RS" Hg(SR)?

In this coulometric experiment, 10 ml of BR buffer pH 6.1 was
electrolysed for a half an hour at +0.16 V vs SCE to determine a
stable background charge. Then 5x10-~ moles of 2MP was added to the
buffer and the charge due to 1its reaction at the mercury pool
electrode was recorded. Electrolysis was stopped when the charge
built-up had Jleveled off to the background Ilevel, i.e. after
approximately | hour.

The expected charge for a one electron reaction is given by the
number of moles of 2WMP added to the cell, multiplied by Faraday®s
number. This was equal to (5x10_7M).(96487C), i.e. 4.824x10 2

coulombs.

Final charge 4.055x10-2C
Background charge 0.100x1Q~2C
Total charge 3.955x10-2C

No. of electrons =4x10-2/5x10-2 =0.8"1
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5. Chronocoulometry

Chonocoulometry was considered as a method of calculating the
surface coverage of the mercuric salts of 2MP and 2MP-0. It was felt
that a quantitative comparison of each compound®s adsorption would
lead to a more conclusive understanding of why greater ip values
were  found for 2MP  than 2MP-0. The design of an accurate
chronocoulometrlic method proved too difficult. The examples of
chronocoulometric experiments found 1in the [literature dealt with
reactant adsorption [39,48-51]. In this case it was intended to
calculate the surface coverage of the reaction product. Therefore,
when a pulse 1is applied, the initial potential EJ 1is 1iIn an
electro-inactive vregion and the final potential Ef results in the
formation of the adsorbed layer. A plot of charge versus the square
root of time would not result in a straight line, with an intercept
which corresponds to the charge due to the double layer charging and
removal of film from the electrode, because adsorbed film is not
being removed from the electrode.

It may however, be possible to apply the initial potential Ej
at a value where the mercuric salt is formed and adsorbed onto the
electrode, and at the final potential E” the salt would be stripped
off the electrode. In thiscase there would be no term due to the
diffusion of Hg (SR)2 to the electrode, because its bulk
concentration would be zero.

It was noted by Ansonthatthe double layer charge Qdj should

be measured by the “dropextrusion® which Anson has described [39].
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He reported that it was absolutely essential to correct for Qdj by
"drop  extrusion® for the chronocoulometric anodic oxidation of
mercury in the presence of thiocyanate ion. The anodic oxidation of
Hg in the presence of mercaptans 1is similar to the oxidation of
thiocyanate. Attempts were made to measure Qdj for a 2MP solution.
However, results were not reproducible due to the continuous build up
of charge when the potential was set at relatively positive values
where the mercuric salt was adsorbed onto the electrode.

The quantity of adsorption of these mercuric thiolate salts is
time  dependent, as is seen from the CV “potential holding®
experiments. Therefore it would be necessary to set the potential at
Ej for a certain length of time before applying a pulse. This would
be similar to a fast scan cathodic stripping voltammogram, except

that charge instead of current 1is being measured.
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6. Reaction Mechanism

The mechanism of reaction of mercaptans at a mercury electrode
has been reported by many authors [3,5,6,9-11,14,15,18]. It involves
the catalytic oxidation of mercury in the presence of the mercaptan,
followed by the formation of a mercury thiolate salt, which is
adsorbed at the mercury electrode. It Is widely believed that the
reaction is a one electron, one proton process, according to

mechanism 1 .

Mechanism 1
Hg - e~ Hg+

RSH + Hg+ HQRS + H+

This mechanism has the character attributed to a thiol anodic
wave, eventhough the compounds studied exist mainly in their thione
tautomeric form. The mechanism proposed for thiones such as
thiourea (TU),(not capable of tautomérisation to thiols), 1is a two

electron process as shown in mechanism 2
Mechanism 2
Hg «— 7 Hg2+ + 2e“*

Hg2+ + 2[TU] ~ =5.Hg[TUu]22+

This two electron process written for the mercaptans studied here,

would occur accordingto mechanism 3.
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Mechanism 3
Hg Hg2+ +2e"

Hg2+ + 2RSH *m=* Hg(RS)2 + 2H+

The product in this case is a mercury (Il1) complex.
However, Birke and Mazorra [5] report that the one electron, one
proton vreaction forming the HgRS salt is probably followed by a

disproportionatlon reaction

2HgSR Hg + Hg(SR)?

They say that the HgSR complex is soluble, whereas the Hg(SR)?2
complex 1is insoluble and adsorbed at the electrode surface. Krivis
and Gazda [3] isolated and analysed the electrolysis product of 2MP-0
and established 1its formula as the mercuric dimercaptide Hg(SR)2-
They also stated that compounds of the form HgSR are unstable in
aqueous solution and decompose to Hg(SR)2 and Hg. The one electron
per molecule vreaction they say, is supported by their controlled-
potential electrolysis experiments. However, they do not mention
whether it is one electron per molecule of 2MP or Hg. The controlled
potential electrolysis experiment which was carried out here in the
study of 2MP, showed that oneelectron per molecule of RSH was
transferred in the electrode reaction . This 1is consistent with the
mechanisms 1 and 3 shown above.

The slope of the E*/2 vs curves (Fig.12) approximated to

0.059 V, which indicated that an equal number of protons and
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electrons were Involved in the electrode reaction. In investigating
the reversibility of the mercaptan®s electrode reaction, plots of
eDME vs In[1/(ig-1)] were drawn. This equation is deduced from
the Nernst equation, assuming that mechanism (1) occurs, (see
Appendix). It also follows that the slopes of these plots should
equal RT/F for a reversible reaction and that is independant
of the mercaptan concentration. If the reaction followed mechanism
(3, (or if the product of mechanism 1 wasinsoluble), then a plot of
EDME vs h(i— ) would be [linear with a slope of RT/F ,and
El/2 wou”~ wvar7 linearly with 1n (1/[RS3).

However , it has been suggested by Birke and Mazorra that the
actual mercury (1) species may be the condensed ion HgZOL and not
Hg+, for which there is little evidence in solution. If this iIs so,

the mechanism would be:

Mechanism 4
2Hg (Hg2)2+ + 2e-~
(Hg2)2+ + 2 R S H - * Hg2 (SR)2 + 2H+
followed by disproportionation

Hg2 (SR)2 *=7 Hg(SR)2 + Hg

The dependence of potential on current, derived from the Nernst

equation, 1is given by equation 16

EDME - E= + ST/Z2FInl-1/(1-id)2].k -... 16

88



and the half wave potentialvaries with the log of the mercaptan

concentration, as shown in equation 17?

El/2 =e=+ RT/2F.In(k*/[RS]) -.-... 17

where k and k" are constants.

The plots of EDME vs In(i/id-1) for each compound are linear,
with slopes which approximate a reversible [ electron mechanism,
(Table 111)

A plot of Eghjt +s In(i-id), which corresponds to mechanism
(3, was constructed for 2MP at pH 6.0 and found to be curved. Its
correlation coefficient equalled 0.9839. According to Bond [35], such
a logarithmic  plot which vresults in a curve may indicate a
qguasireversible reaction. However 1its limiting slope should be RT/F
(iei  25.7 mV), which was not the case for the above plot, where the
limiting slope was 34.0 mV. It is therefore felt that mechanism (3)
can Dbe discounted as a possible mechanism. This can also be taken as
an indication that the product of mechanism lis soluble,otherwise
the eqpe vs In(i-id) plot would be linear.

A plot of Edme s In[-i/(i-1d)2] for 2MP was linear with a
correlation coefficient of 0.9967. 1Its slopewasequal to 18.9 nv,
which is greater than 12.8 nmV, (the slope of a two electron
reversible reaction), and less than 25.7 mv, (the slope of al
electron reversible reaction). The linearity of this plot seems to
indicate thatmechanism (4) is possible. However, its slope may only

be described as that due to a two electron irreversible reaction,
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with a transfer coefficient 66 equal to 0 .68.

The variation of Ep with concentration was also examined for 2MP
over the concentration range 1-13x10-"M. There are large shifts in
Ep at certain concentrations above 13x10 M, however, these have
been described previously In the CV study as being due to changes in
the nature of the adsorbed film. Over the concentration range
3-13x10“"M there is little noticable shift in Ep, and so it would
seem  that mechanism (1) prevails. However, on calculating the
expected Ep shift due to mechanism 4, it was found that only a 0.02
V shift was expected. This would seem to agree with the results for
peak potential vs concentration reported in Table V , but the overall
change of Ep 1is considered too small and difficult to measure
accurately enough, to say for definite whether mechanism 1 or 4
prevails.

The potential/current relationships for each mechanism are

derived in the appendix, having referred to both Bond [35] and Crow

[55].
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Table Vs Variation of Ep with 2MP concentration.

Conc.xIQ Ep Volt
.480
-0.490
-0.495
-0.510
.510
-0.525
-0.520
-0.520
10 -0.520
13 -0.515

[N
1
o

© 00 N o b~ w PN
1
o
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7. Development of an Analytical Method
7.1 Differential Pulse Polarography

Calibration curves of current vs concentration were constructed
for each compound wusing DPP. Calibration curves can be used to tell
whether the electrode reaction is diffusion or adsorption controlled.
A linear calibration curve 1is indicative of diffusion control.
Adsorption controlled reactions can be recognised by the independence
of the peak current with concentration after a certain concentration
has been reached, which corresponds to a layer of product having been
formed on the electrode surface.

The limit of detection (LOD) of the method was limited by the
detection of impurities in the background, and for each compound
concentrations of just under IxI0-“M could be detected.

In . the concentration range 1-10x10 EM the DPP current due to
each compound was roughly the same, each showing a linear dependence
with concentration over most of the range (Fig.30a). The change
which occured with further increase in concentration is shown in
Figure 30b. Above concentrations of [Ix10-4M the slope of the
current vs concentration curve due to 2MP was larger than that due to
the other compounds. The reason why 2MP gives rise to a larger peak
current than the other compounds at an equal concentration is not
fully understood. It is felt, however, that it may be due to the more
uniform orientation of the adsorbed 2MP  mercuric saltthan the
electrode reaction products of the other three compounds studied.

This would allow more 2MP mercuric salt to be adsorbed in a single

92



layer, which would give rise to a single peak. On examining the peak
width at half the peak height Wi/2”~ ~ was discovered that the
WAf2 value for 2MP  was less than those due to the other compounds.
For example, at IxI10-4M, for 2MP << 100 mV, while the Wy?2
values for the other three compounds were approximately 130 mV. The
W1/2 value for 2"P approximatelyequals 90 mv, the theoretical
value for a reversible 1-electron reaction. The larger values of
WA/2  for the other mercaptans indicates that their DPP peaks were
due to the occurence of more than one peak, which were not resolved.
As seen from the CV study , adsorbed films of slightly different
morphology can give rise to peaks at slightly different potentials,
due to their differing free energy of adsorption. The overall charge
transfered in the electrode vreaction of equal quantities of each
compound was probably the same. However, the more uniform adsorption
of 2MP electrode reaction product results in a larger peak current.
There was a  shiftin the Ep values for 2MP (1.4-1.6x10_4M
from -0.09 to -0.19 V at pH6 .8) which was followed by the formation
of a second more positive peak at +0.07 V for concentrations above
3x10~4M.  The initial peak current reached a limiting value and
decreased with further increase inconcentration (Fig.31). The
levelling off in the peak current with increase in concentration
corresponds to the completion of alayer being formed at the
electrode surface. However, the decay of this peak"s current on
further increase in concentration indicates that there was a greater
contribution to the diffusion controlled oxidation current at higher
bulk concentrations of 2MP. The new peak increased linearly with

concentration. The separation in the peak potentials of these two
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DPP calibration curves of each mercaptan» 2MP (0)
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Fig. 31 Differential Pulse polarograms of 2-mercaptopyridine.

95



peaks is indicative of the difference in the free energy of
adsorption of the different layers. The separation of the pre and
main peak potentials was larger in the case of the two mercapto-
pyridines studied than for the two mercaptopyrimidines. This
corresponds to the “prepeak separation® which occurred in the CV
study. The greater the separation of the prepeak from the main
diffusion controlled peak, the stronger the adsorption. The more
positive peak was then assumed to be due to multilayer formation.
There was a similar splitting of peaks for 2MP-0. However, for
2MmPr there was a slight shift in slope of the calibration curve at
2.5x10-4M, which corresponded to a shift in peak potential at this
concentration. The reason for this was, that the current due to the
peak at -0.35 V, levelled off as the 2MmPr concentration was
increased beyond 2.5x10-4M. A second peak was subsequently formed
at a potential of -0.28 V, and this peak®s current increased linearly
with concentrations greater than 2.5x10-4M. However these two peaks
were not completely vresolved due to the proximity of their peak
potentials. The formation of this second peak as the concentration
was increased beyond 2x10-4M  yet again indicated multilayer

formation.
7.2 Differential Pulse Cathodic Stripping Voltammetrv
DPCSV is the most sensitive of the techniques used here for the
analysis of mercaptans. It has also been used by other authors in the

analysis of similar mercaptans [5,14,52,53], and other organic

compounds of biological interest [19,21-26]. It involves holding the
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electrode at a potential, where mercury thiolate is formed on the
electrode. The solution is stirred while the electrode is held at
this potential for a chosen length of time during which, there is a
continuous accumulation of species at the electrode surface. When the
accumulation time 1is completed, stirring is stopped and the mixture
is allowed equilibrate for about 30 seconds. The potential is then
swept cathodically and the film is “stripped” off the electrode i.e.
the film 1is reduced. The measured current is due to this reduction
reaction, but the peak current height depends on the amount of film
adsorbed onto the electrode.

The electrochemical reaction for the compounds studied is

Hg(SR)2 * mi Hg2+ + 2RS~. The peak potential of the CSV wave
is given by Ep = (RT/2F).In[Hg2+]. Using the acid association
constant Kg - [RSH]/[H+]-[RS-] and the solubility product Ks

[Hg2+].[RS- ]2, the -equation for the peak potential <can be

written as:

Ep = E= +0.030(logKs + 2logK -2pH -21og[RS-]) -..-18

The main feature of this equation is that the peak potential should
become more negative with increasing pH.

Florence [14] states that the lower concentration limit for an

anion [RS~Jnin  has been shown to be approximately given by
2(KS)”~2. So the LOD for mercuric sulphide [HS~] at pH 9.2
should be equal to 10-22M. However, for [HS-] concentrations
below 7x10-8M, no CSV wave was found. He explains the high LoD as

being due to the presence of sulphide-binding heavy metals at
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concentrations of 10-@M - 10-7M In the borate buffer used.
Similarly an LOD of IxI0O"*M was attained for DPCSV of the
mercaptans studied here. This may also be explained to some
extent, by the presence of sulphur-binding heavy metals in the
buffer. However, interference resulting from the detection of
some of these metal impurities in the buffer was another factor
in raising the detection limit of these mercaptans.

Calibration curves were constructed for each of the
compounds over a concentration range of 1-17x10-"M (Fig. 32).
The current due to 2MP was greater than that due to the other
three mercaptans. This 1is yet again due to the 2MP mercuric salt
having formed a more uniform film, which was more strongly
adsorbed onto the mercury drop than themercuric salts of the
other three mercaptans. On examining the peak widths at half
peak height ~1/2~ ~ was discovered that the W!/2 value
for 2MP was less than the WA/2 's other three compounds.
For example, at a concentration of 6x10“"M, WA/2 ~or 2MP was
115 mv, while for the other three mercaptans ~1/2 was
approximately 140 mV. The peaks due to 2MP were almost
symmetrical and  their Ep values varied little with
concentration. On the other hand, the other mercaptans® peaks
often appeared like two wunresolved peaks and their Ep values
also shifted a few millivolts anodically at certain
concentrations. It would seem therefore that the overall charge
transferred during the reaction of each compounds at the
electrode was probably equal, and that a more uniform 2MP

mercuric salt results in the larger peak currents.
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In order to optimize the DPCSV conditions, the deposition
potential was varied for 2MP and 2MmPr. A deposition potential of
+0.07 V resulted in the largest peak current (Table 1V). The
calibration curves for each compound were linear over the
concentration rangel-6x10 W At concentrations above 7x10 "
the peak current levelled off. This limiting of DPCSV current has
been reported by other authors. Florence [14] reported that it was
apparently due to the fact that only the layer immediately adjacent
to the mercury suface is reducible, even though multilayer formation
can occur during deposition. He calculated the the limiting CSV
current to be 50 fiC/cnm for mercuric cysteinate, which corresponded
to values for monolayer formation given by Stankovich and Bard [15].
Blanco et al. [46] reported that the folic acid stripping peak ceases
to grow, becoming broader and distorted at a surface coverage close
to 80%. In the present study, the current was either limited by layer
completion, or by the kinetics of the film formation, 1i.e. thatno
more Ffilm could have been formed in that deposition time regardless
of the bulk concentration.

The deposition time was varied for a 1x10-6M concentration of
2MP  using linear sweep CSV. The peak current increased with
deposition time (tdep), until tdep-300sec, after which the peak
current reached a limiting value. It is therefore probable that layer
formation has occured after 300 sec deposition time for a bulk
concentration of 1x10-6M. According to the calibration curves, peak
current also levelled off for concentrations above IxI0~"M. It
would also seem reasonable to conclude that the limiting of the peak

current in DPCSV calibration curves, where tdep=180 sec, was also

due to completion of a layer of film on the drop surface.
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peak current (pA

Fig.

32

DPCSV calibration curves determined for each mercaptan.
Deposition potential 0.07 V, deposition time 180 s, scan
rate 5 mV/s. 2MP (0), 2MP-0 (X), 2MmPr (wd), 2MPr (*).
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Table VI
Current vresulting from the variation of deposition potential, Edep,
1x10_6M 2MP, pH 6.0

_dep— L L nA

+0.22V -0.30 275

+0.12V -0.29 330

+0.07V -0.29 365

+0.12V -0.28 345
Table VII

Current vresulting from the variation of deposition time for 1x10_6M
2MP in phosphate buffer pH 6.9%,. EAp - +0.07V

t™p (sec) current (ud)

60 1.35

120 3.50

180 5.80
240 6.00
300 6.40
360 6.60
420 6.50
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7.3 Resolution of Mixtures

From the graph of E1/2 Vs pH, (Fig.12), the best separation in
the Ei/2 values of each of the compounds is in solutions of pH
2.0-4.0. DPCSV was wused to separate a mixture of three of the four
compounds. The two pyrimidines were not separable. Using a deposition
potential of +0.17 V and a deposition time of 3 min ,a 2x10°7M
mixture of 2MP, 2MmPr, and 2MP-0 at pH 4.0 gave separate peaks at
-0.07 Vv, -0.17 V and -0.31 V respectively, (Figure 33a)

Using DPP, 2MP and 2MP-0 can be separated satisfactorily, as seen
in Figure 33b, where [Ix10-4M solution of 2MP and 2MP-0 results In

peaks at -0.12 V and -0.38 V respectively.
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Fig. 33a, 33b
Determination of equi-molar mixtures of mercaptans using both DPCSV
and DPP, (1) 2MP, (2) 2MP-0 (4) 2MmPr.
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8. Application of Polarography to the 0lin Plant Process

8.1 DPP of NaOm and 2PC1-0 at pH 2-12

Differential pulse polarograms of NaOm and 2PC1-0 were recorded
over the pH range 2-12 In order to ascertain the pH at which plant
samples should be analysed. Plots of ip and Ep versuspH have
been constructed for both compounds (Fig. 34 and 35). The DP
polarograms of NaOm at pH 4.0 resulted 1in a peak of increased
current. This also occurred for 2MP-0 at this pH. This was therefore
investigated further using DC polarography and cyclic voltammetry. It
was noted that for 2MP-0 at pH 4.0, a prepeak maximum was present in
the DC wave and CV showed that it adsorbed more strongly at this pH
than at any other pH. The same mercury salt is formed from NaOm and
2MP-0;  therefore Increased adsorption at pH 4.0 isthe reason for the
increased current. The peak current due to NaOm was constantfrom pH
6.0-12.0. No -cathodic wave attributable to an N-oxide reduction was
found for NaOm at any pH level.

The DPP determination of 2PC1-0 resulted in a reduction peak at
negative potentials, slightly positive of the hydrogen evolution
wave. This peak®"s current decreased with increase in pH and the Ep
value shifted to more negative potentials. The peak was attributed to
the  reduction of the N-oxide. At pH 2.0 its peak height 1is
approximately twice that due to a similar concentration of NaOm (at
pH 6.0-12.0) . The NaOm reaction 1is a one electron per molecule of
NaOm reaction, which suggests that the 2PC1-0 reduction is a two

electron reaction. The decrease in peak height with pH indicated



a need for protonation in order for the reaction to take place. The
slope of the Ep vs pH curve for a reversible electrode reaction is
given by -0.059.(p/n) where p and n are the number of protons and
electrons involved in the reaction. The slope of the Ep vs pH curve
for 2PC1-0 is -0.106. This implies that 3-4 protons per molecules of
2PC1-0 are Involved in the reduction, assuming a two electron
reaction. The  mechanism for the reduction of pyridine-N-oxide

reported by Baizer also seems to apply to 2PC1-0 [54].

+H\ * 2e>2H+
CBHE5N-0 ¥ 8 c5h bn+oeh c5hbn+h + h 2o

He reports that it Is the protonated N-oxide which is reduced. This
is substantiated by the similarity of its reduction potential in acid
solution, with that of the N-methoxy-pyridinlumion. This protonation
step also accounts for the decrease In the electrode activity of
2PC1-0 as the pH was increased. The above reaction is a 2 electron 3
proton reaction.

At pH3 10 and 12 there was another reduction peak due to 2PC1-0
which also occurred at highly negative potentials (-1.65V). This peak
also occurs at pH 8.0 and appears as a prepeak on the hydrogen
evolution wave. The peak current and peak potential of this wave did
not vary over the pH range 8-12, implying that hydrogen ions are not
involved in the electrode reaction. The peak current of this peak is
approximately equal to the peak current due to the reduction of the
N-oxide function at pH 2.0, for equal quantities of the compound.

This would suggest that the reaction was also a two electron
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reaction. No peak was found for pyridine-N-oxide at pH 10-12. This
would seem to indicate that the 2PC1-0 peak is due to the chlorine
reduction rather than the N-oxide reduction. This peak does not occur
at lower pHs, Dbecause the N-oxide functional group is reduced first
and the compound at the electrode surface is then 2PC1 which 1is not
polarographical ly active over the pH range 2-12. It may be possible
that a two electron vreduction of 2PC1-0 occurs resulting 1in a

chlorine 1ion and a pyridine-N-oxide radical anion.

It was felt that a solution of pH 6.0 was the best pH for analysis
of a mixture of both compounds. At this pH the peak current of NaOm
was stable and the 2PC1-0 peak current was still quite large. It was
also possible to purge off any hydrogen sulphide H2S present in the
plant samples at this pH because the pKg value due to the first
dissociation of H2S (ie: H2S ~ HS"™ +H+), is approximately
equal to 7.0 . The addition of 2PC1-0 to a polarographic cell
containing NaOm had no effect on the NaOm peak current when almost
equal quantities of each compound were used. Similarly NaOm had no
effect on the 2PC1-0 peak current. The peak potentials of both

compounds were separated by over 0.7 volts, therefore no interference

occurred.
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Fig. 34
Plot of peak potential vs pH for 2PC1-0 and NaOm.
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Fig. 35
Plot of peak current vs pH
for 2PC1-0 (0) and NaOm (X).
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8.2 Electrochemical Behaviour of Compounds Similar to 2PC1-0

The electrochemical behaviour of some compounds similar in
structure to 2PC1-0 was investigated over a 2-12 pH range to find out
the similarities and differences of their reaction to that of 2PC1-0.
It was found  that neither the N-oxide of  2MP-0 nor
2-hydroxypyridIne-N-oxide were reducible. The alcohol and thiol
groups must  stabilise the N-oxlde from being vreduced. This
stabilisation 1is not thought to be due to any inductive effect of the
thiol or alcohol groups on the electrons of the N-oxide since
chlorine is slsllarly electronegative. Resonance stabilization can
also be ruled out since 2PC1-0 and 2MP-0 have the same resonance
structures. It is felt however that the thiol and alcohol structures
are stabilized by a 5 membered ring formation outside the pyridine
ring due to hydrogen bonding between the hydrogen and the N-oxide.

This is equivalent to the existence of tautomers.

. VA

The reaction of pyridine-N-oxide at the electrode requires a
pre-protonation step. This would seem to be fulfilled by the thiol
and alcohol forms due to their existence as tautomers where the
N-oxide is protonated. However, the differences between this

protonated form and that of 2PC1-0 is that the thiol and alcohol
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forms are uncharged while the 2PC1-0 form has a positive charge of

the nitrogen atom facilitating reduction.

OH OH

It was found that pyridlne-N-oxlde was electroactive over the pH
range 2-8, thus differing from 2PC1-0 which was reducible at pH 10
and 12. 2-hydroxypyridlne was electro inactive over the pH range 2-12,
while 2-chloropyridine was electroinactive over most of the pH range?
It did however give rise to a sharp adsorption peak at pH 6.8
(Ep—1.12v), and at pH 8.0 a rather broad peak at Ep—1.6V very

close to the 2H+ —* H? reduction wave.

8.3 Analysis of Plant Samples

Samples were taken from the plant mercaptization reaction at
approximately 20 minute intervals, over the two hour reaction period.
Each reaction sample was quenched, as indicated in the Experimental
section. The DP polarograms were recorded in BR buffer pH 6.0. The
qualitative decay of 2PC1-0 and increase in NaOm can be seen from the
DPP curves. The reaction was completed in less than an hour since no
2PC1-0 was detected after that time? while in the factory, 2 hours Iis
allowed for the reaction. It would be possible to stop the reaction

earlier and thus speed up the plant process, if DPP was used as a
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quick analytical technique to judge 1if all the 2PC1-0 had fully
reacted.

Analysis of sample 2 resulted in a third peak, apart from the
NaOm and 2PC1-0 peaks, which occured at -0.48V. It was thought that
this peak was due to H2S from the sample®s foul odour and the fact
that this peak decayed on purging. It was conclusively shown that
this third peak was due to H2S, by analysing a sample of H2S
produced from ferrous sulphate sticks andHCl. It had an Ep value
of -0.53V in BR buffer pH 6.1, and when itwas analysed along with
NaOm its EF shifted to -0.48V, the same potential as the third peak
in sample 2. In the plant process it is necessary to get rid of all
H2S in the NaOm solution produced during mercaptization, before
forming the NaOm metal derivatives. Polarography could also be used
here as a highly sensitive analytical technique in the assurance that
all H2S was vremoved from the NaOm solution. In the plant, presence
of H2S in the reaction samples 1is detected either by moist lead
acetate paper, which changes colour from white to black, or by a
H2S sensor.

It was not possible to quantify the amounts of NaOm and 2PC1-0
present in the plant reactor during the reaction , because the volume
of the reaction mixture was not known at each sample time, due to the
continuous addition of NaOH to the reaction mixture to maintain a pH
of 9.3 . Therefore ifthe concentration of both NaOm and 2PC1-0 in a
reaction sample were calculated via calibration curves of the
mixture, it would still not be possible to relate this to the
quantity of NaOm and 2PC1-0 in the reactor when the sample was taken,

because the volume of the reaction mixture at the sample time was
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not known. A mass balance could be carried out, to find the yield of
the reaction by sampling the 2PC1-0 solution before mercaptization
and the NaOm solution after the mercaptization. The total volume of
each of these solutions can be measured. The concentration of each
solution could be calculated from calibration curves of 2PC1-0 and
NaOm , and then the vyield found. In the plant the yields are
calculated wusing titration techniques, which would probably be more
economical on time than the polarographic method , if it was found
that calibration curves of 2PC1-0 and NaOm had to be repeatedly run

in order to get accurate results.



Fig. 36 DPP of samples taken from the 01 in plant mercaptlzation
reaction, (@) sample 2 (b) sample 3 (c) sample 4.
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Mechanism 1

Hg+ + RS" * HgSR

The potential at the DME for this reaction is given by
E = EHg+/Hg + Bli:.ln[Hg+]O Al

The stability constant K s, for the electrode reaction product is written
as follows;

Ks = [HgSR] A2
[Ho+]1-[R-

Substituting for [Hg+"in equation Al results in;

E - EA+/H, + ~L2I [HBSR1° A3
F K s[RS-]0

The anodic current flowing at the electrode is proportional to the diffusion
of RS " ions to the electrode and HgRS molecules from the electrode.

k. ( [RS-]1* [RS-10)

i =-id -k[RS"]O RS0 = Ad
also
i - k ( [HgSR]O- [HgSR] ) — [HgSR]O:_ZkL A5
therefore
E = BEQ%my Eg:k bk InK A6
(i-id).k1 .

Ej’? >s constant , ie: independent of [RS]

Mcchanism 2.

Mechanism 2 in section D.6. describes the polarographic reaction of thiourea.
Its equivalent thiol reaction is outlined in mechanism 3.
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Mcchanism 3.

Hg2+ + 2RS* F= Hg(SR)2
The potential at the DME for this reaction is given by

E = E~Hg + RJ-In[Hg2+P A7
2F

Hg(SR)2 is a solid salt adsorbed at the electrode. Its solubility product K

B written as follows;

K = [Hg2+]-.[RS '}2 Ag

Substituting for [Hg2+ in equation A7 results in;

E = EK2+,Hr + RT.INnJS- aq
2F IRS']g 9

The anodic current flowing at the electrode is proportional to the diffusion

of RS " ions to the electrode.

kK( [RS-]1~ [RS-10)

-id -k[RS*]0 ---—— [RS-]0 = A10

By substitution of current into equation A9 , The potential at the

electrode becomes;

E = EHY+MHg + RTINK _  RT Inl »d All
2F F K

EI/2 - EHg2+/MHs RT InK RT In it A
2F F 2k

Since - d = K[RS“] , E]/2 is proportional t In[RS ]
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Mechanism 4.
Hg,%zifu + 2RS- v Hg2(SR)2

The potential at the dme Tof this reaction is given by

Eo= + RTIN[H 8% 0 A3

Hg2(SR)2 is soluble, and its stebility constant Ks is written as follows;

Ks = tHg2(SR)2]
[Ho2+].[RSR

Substituting for [Hg2+R in equation AI3 results in;

E - + M 11" IH82(SR)2]0 ALl
F  KJRS'g

The anodic current flowing at the electrode s proportional to the diffusion

of RS * ions to the electrode and Hg™{SR)2 molecules from the electrode.

-i = k([RS*] - [RS10)
- id —K[RS0 -——— [RSP=LUId A16
e -i = Kk([Hg2(SR)2P_ [Hg2(SR)2D *ri - [Hg2(SR)2p A 17

k,

By substitution of current into equation A!5, the electrode potential

becomes;
e rr = - Alis
Fk.(i - d)2 Ks
El/2 = + 5LIn —-¢ A19
F k.-id

Since-1d = K[RS], E j/2 s dependent on In[RS ]
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