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1.5 em. The deviation at the highest sulphide concentration, 2.4 mi.1, 

froc an otherwise 1 inear relationship between concentration and dif­

fusion current is in agreecent with Canterford who reported deviations 

from linearity above 2 mM. 

With increasing concentration, the first and second waves shift 

towards less anodic potentials. At a sulphide concentration of 1.4Li tl!.I 

(curve c) a third and fourth waves appear with half wave potentials of-

0.632 and -0.56 respectively. The presence of these waves is in accor­

dance with Canterford's observations of 1.5 mH sulphide solution. At 

1.92 mM sulphide (curve d) the fourth wave shifts towards, and merges 

with, the third wave and a fifth wave is visible atE= -0.416 volts. 

The fifth wave shifts, by nearly 130 mV, with an increase in the sul­

phide concentration to 2.44 mr.I (curve e). The fifth wave has not been 

previously reported. 

The polarogram shown in Figure A3~2.3 was recorded for 12 m~ 

sulphide. The fifth wave has receded anodically and assumed a curvature 

that approximately matches the prewaves to the hydroxide peak. The 

gentle wave atE= -0.122 volts is not visible in this polarogram. 

The shift of the fifth wave to more anodic potentials, with increa­

sing sulphide concentration, and the overall shape of the 12 m~ curve, 

including all irregularities and inflections, is consistent with tl:e 

deposition of ITgS and all the growing pains associated with the thicke­

ning of this layer. That the mercury drops are coated with ITgS is 

immediately obvious from the spent drops which collect in the bottom of 

the ce 11. These do not coalesce as mercury normally does, but 

accumulate as a growing 'pool of beads'. 



Figure A3.2.3 The polarogram of 12 mU Sulphide ion with 

Triton X-100. 
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The deposition of HgS at the Dl•1E should- either inhibit, or retard, 

the electrochemical response of thiosulphate. On the contrary, the 

addition of as little as 0.6 mM thiosulphate causes a considerable 

increase in the current· flow in the vicinity of the thiosulphate wave 

(curve b Figure A3.2.4). Increasing the thiosulphate concentration t'o 

1.8 mH yields a discontinuously starting, but otherwise well defined, 

thiosulphate wave exhibiting a sizable diffusion current. By comparison 

with curve d, which is the polarographic response for 1.8mM thiosulphate 

alone, it is evident that there is an enhanced discharge of thiosulphate 

in the presence of sulphide. 

The composite of polarograms shown in Figure A3.2.S shows the 

response for sulphide ion in with sucessive additions of thiosulphate 

ion. In the presence of sulphide, every thiosulphate wave starts dis­

continuously from on top of the sulphide wave and undergoes the same 

short steep rise preceding the development of a current plateau. The 

constant plateau current increases in equal steps (linearly) with thio­

sulphate concentration. That the enhancement of the thiosulphate dis­

charge occurs only once suggests that this is not a simple electro­

catalysis. 

The composite of polarograms shown in Figure A3.2.6 depicts the 

influence of successive increases in sulphide concentration on the 

enhanced response in the vicinity of the thiosulphate wave. The 

enhanced wave responds 1 inearly with sulphide concentration. Ey COJ';l­

parison of Figures A3.2.S and A3.2.6 it is evident that the increase in 

the diffusion current for 6 mM sulphide in the presence of either 3.68 

mU or 9.2 mM thiosulphate are identical. 



Figure A3.2.4 A composite of Polarograms for 12 mM sulphide 

and various thiosulphate concentrations. 0 (a), 0.6 

(b), and 1.8 m?.~ (c). The response of 0 (d) and l.S mr.I 

(e) thiosulphate ion in the absence of sulphide ion is 

shown. 
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Figure A3.2.5 The diffusion currents of 6 mr.! sulphide ion 

with sucessive thiosulphate spikes. The polarographic 

waves for 3.68 mM thiosulphate (a), 3.68 mf.i thio­

sulphate + 6 mH sulphide (b), and with sucessive 

increases in thiosulphate concentration in steps of 

3.68 mM: (c,d,e,f, and g). 
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Figure A3.2.6 The diffusion currents of 9.2 mM thiosulphate 

with sucessive sulphide spikes. Curve a shows the 

response of 9.2 mM thiosulphate with 6 mM sulphide ion. 

The remaining curves depict the response for successive 

3 mM increases in sulphide concentration up to 15 mhl. 
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An enhanced response for sulphide ion is not confered solely by 

thiosulphate ion. Similar responses are observed in the presence of 

cyanide ion {Figure A3.2.8), sulphite ion (Figure A3.2.7), and on the 

hydroxide plateau {Figure A3.2,9). Similar effects were observed with 

vanadium {IV) ion, but these were not entirely reproducible. 

In addition, equal concentrations of sulphide and polysulphide ions 

show virtually identical enhanced waves. The phase selective AC polaro­

gram of the enhanced waves (not shown) indicates that the response is 

faradaic in nature. The polarographic responses of polysulphide ion are 

shown in Figure A3.2.10. 

A3.2.4 Discussion 

The enhanced response for sulphide ion was first observed on the 

hydroxide plateau at potentials more anodic than 0.34 volts (vs Ag/AgCl, 

sat.KCl). The current flow on the plateau was found to vary with 

sulphide, cyanide, sulphite and thiosulphate ion concentrations. This 

was not identified in the 1 iterature search. On further investigations, 

the isolated enhancements were found to be coincident with the half-wave 

potentials for the individual ions. This was also as not identified in 

the 1 i tera ture search. 

The anions which confer an enhanced response for sulphide share a 

conmon property -they anodically discharge at mercury to form slightly 

soluable mercury salts. These salts provide a zaechanism with which to 

explain the phenomenon. The slightly soluable salts allow mercury to be 

anodically dissolved from the.mercury drop surface into the electrolyte. 

There it reacts with sulphide ion to forru mercuric sulphide. The 

mercuric sulphide formed in this canner ~oes not passivate the DUE. 



Figure A3.2.7 The sulphite enhanced wave for 12 rni.i 

sulphide 
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Figure A3. 2. 8 The cyan ide enhanced wave for 12 mi,i sulphide. 
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Figure A3.2.9 The hydroxide enhanced wave for 4 rni,i 

sulphide ion increments. 
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Figure A3.2.10 The polarographic responses of polysulphide. 
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This mechanisc can be summarized in the following fom: 

2-= HgS + 2s2o3 

llg + s2- = IIgS 
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The formation of mercuric sulphide in the solution surrounding the 

mercury drop may explain why equal concentrations of sulphide and poly-

sulphide give similar responses. The sulphide or polysulphide diffusion 

layer at the mercury surface will be dependent on concentration. but the 

diffusion coefficients for the mercuric cocplex and the isolated anions 

from this conplex must influence the electrochemical response more than 

the sulphide and polysulphide diffusion coefficients. It should be 

noted that the cyanide and sulphite anions are unsuitable for enhancing 

polysulphide discharge since these species rea~t with polysulphide to 

form thiocyanate and thiosulphate ions by the following reactions: 

S 2- + SC!·l-
x-1 

s 2- + so 2-
x 3 

Furthermore sulphite is generally unsuitable since the plateau currents 

are insufficiently developed before nerging with the hydroxide assisted 

mercury dissolution wave. Hydroxide ion is also an unsuitable reagent 

since it gives rise to large plateau currents. 

There are two requirements necessary to support the propo~ed 

me chan i sn. The sucession of new mercury drops allows the dissolution 
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reactions to start on clean mercury surfaces at the requisite 

potentials. Heavily passivated mercury drops formed at lower potentials 

should be less reactive. Second, the formation of soluable sulphite, 

thiosulphate, or cyanide complexes of mercuric ion must be kinetically 

prefered over the deposition of mercuric sulphide at the mercury drop 

surface. 

This type of polarographic mechanism for sulphide discharge should 

be observable with electroactive reagents which form soluable mercuric 

complexes. Two potentially useful reagents that were not investigated 

were EDTA, E(1/2) = -0.112 volts, and thiocyanate ion, E(1/2) = -0.18 

volts. Citrate, carbonate, and bicarbonate anions may play a role in 

the dissolution reactions but are not electroactive at mercury. 

The reduction maxima for polysulphide ion (Figure A3.2.10) may be 

attributed either to the reduction of polysulphide sulphur to sulphide 

or the reduction of chemically oxidized mercury. The reGuction maxima 

should be investigated. 

A3.2.S Analytical Uethod 

The proceedure used in the polarographic analysis of sulphide ion 

was derived from the method of Standard Addition. The response for 

sulphide is determined by measuring its combined response with thiosul­

pha te, then subtracting the response of thiosulpha te a 1 one. 

The diffusion wave height for the thiosulphate wave is measured, at 

a potential of -0.14 volts (Ag/AgCl, sat. KCl). This value was chosen 

as one closest to the half-wave potential of most of the enhanced thio­

sulphate waves. An arbitrary potential was chosen because of the 
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irregular wave shape, even though it was recognized that ~he half-wave 

potential for thiosulphate is not a constant [42]. The current at this 

potential was taken as the difference between the extrapolated linear 

plateau of the enhanced wave and the current extrapolated from before 

the sulphide wave. The current flow prior to sulphide discharge is 

identical with the current flow in a carbonate citrate buffer in the 

absence of depolarizers. 

A stepwise procedure for obtaining sulphide concentrations 

from polarographic data is described below: 

Record the polarogram of an unknown sulphide solution. An enhanced wave 
verifies the presence of thiosulphate in the sample. (sensitive to 
approx 1 mM thiosulphate). 

Record the diffusion wave. id 1. for the unknown sulphide solution with 
a measurable quantity of thiosulphate ion. 

Record the diffusion wave. id 2. for the unknown sulphide solution with 
twice the measurable quantity of thiosulphate ion. 

Record the diffusion wave. id 3. for the unknown sulphide solution with 
a measurable quantity of thiosulphate ion and a known quantity of 
sulphide ion (spike). 

The difference in wave heights between id 1 and id 2 corresponds to the 
response of the measurable quantity of thiosulphide. 

Subtracting the measurable quantity of thiosulphate from id 1 and id3 
gives the response for sulphide present in the unknown and the 
spiked unknown respectively. 

Tlle sulphide concentration can be calculated using the following 
equation: 

[S2-]= ---!~~ls_:_i~~2s_:_~~lsll_Es-~s-----­
(id3s - id1s> Vcell + Vs(id3s) 



where 

= 

= 

Cs= the concentration of the spiking solution 

Vcell= volumein polarographic cell 

Vs = volume of spiking solution 
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idls = diffusion current for unknown with thiosulphate spike 

idzs = diffusion current for unknown with two thiosulphatc 

spikes. 

id 3 s = diffusion current for unknown with sulphide and 

thiosulphate spikes. 

A3.2.6 Summary 

The study revealed a previously un-reported catalytic response for 

the determination of sulphide and polysulphide anions. The catalytic 

response arizes from the anodic dissolution of mercury by cyanide, 

sulphite, or thiosulphate anions which forms slightly soluable mercuric 

salts and mercuric complexes in solution. These complexes are thoucht 

to react with sulphide or polysulphide ion to form mercuric (poly) 

sulphide and regenerate the complex anion. 

The thiosulphate is the anion most suited to reveal the true 

response of sulphide since cyanide and sulphite ions are consumed in the 
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presence of polysulphides. The analytical range of sulphide parallels 
. 

that of thiosulphate. By the same mechanism, thiosulphate concentra-

tions of approximately 2 mn1 can be detected in the presence of sulphide 

ion. 

It must be noted that there was a tendency for sulphide and thio-

sulphate solutions to react with elemental mercury which accumulates in 

the polarographic cell. For this reason, the solutions were de-

oxygenated then placed at the DhlE station for analysis. 

The anions which confer an enhanced response for sulphide share a 

common property~ they anodically discharge at mercury to form slibhtly 

soluable mercury salts. These salts provide a mechanism with which to 

explain the phenomenon. The slightly soluable salts allow mercury to be 

anodically dissolved from the mercury drop surface into the electrolyte. 

There it reacts with sulphide ion to form mercuric sulphide. 

In retrospect, it is apparent that Canterford's four wave analysis 

of sulphide is an ad hoc approach to a complex problem. The discharge 

of sulphide at mercury procedes with the autosuppression of the 

response. Any substance which discharges on the surface and leads to a 

dissolution of mercury will remove the suppression. It is ironic that 

the Canterford's attention to improving sulphide solution purity de-

creased the likelihood of observing the enhanced responses. 

A3.3 Vanadate Polarography 

A3.3.1 Introduction 

The polarographic oxidation of vanadium (IV) ion is well documented 

w i t h rep o r ted h a 1 f -w a v e pot en t i a 1 s o f - 0. 51 to - 0. 2 2 v o 1 t s (S.C. E. ) in 
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different media (Table A3.3.1). The electrode reaction has been 

attributed to the oxidation of vanadium (IV) to vanadium (V). 

The polarographic responses of vanadium (V) are more diverse. The 

reduction potentials for vanadium (V) vary with the electrolyte, the 

presence of complexing reagents, and the reduction product. In most 

media, the vanadium (V) is reduced sucessively to vanadium (IV) then tho 

vanadium (II) at potentials more negative than -1 volts. In 1 II 'NaOII, 1 

M KCNS, or 0.3 M triethanolamine+ 0.1 It! KOll, vanadium (V) is reduced a 

potentials of -0.39, -0.49, and -0.34 volts (Ag/AgCl, sat KCl) respec­

tively [54]. 

the final oxidation state for the cathodic reduction of vanadium 

( V ) w a s report e d by F il i p o v i c, e t a 1. to be v an ad i um (I I ) [ 5 3 ] • Th i s 

was infered, in part, from the enhancement of the -1.1 volt wave by 

nitrate ion. Specifically the enhancement was attributed to the 

rrcontinuous oxidation of +2 vanadium (produced by electroreduction).rr 

It should be noted that Selbin (9] has attributed the unsucessful syn­

thesis of nitrato vanadium (IV) salts to the nease with which the oxida­

tion of vanadium (IV) by nitrate ion occurs.rr The ramifications of this 

inconsistency to vanadium polarography are difficult to access. 

The final product in the polarographic reduction of vanadium (V) 

has been identified in a number of ways including the comparison of the 

reduction waves for vanadium (IV) and vanadium (V) ions. In the 

majority of the tabulated [59,60] reduction potentials. the apparent 

reducibility of vanadium (IV) may be attributed to the lack of pre­

caution against aerial oxygen and the presence of vanadium (V) in solu­

tion. The vanadium (IV) ion is not reducible in sodium hydroxide or 
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carbonate buffers, but the existence of a double wave for vanadiuo (V) 

or a single wave for vanadium (IV), near -1.1 volts, in amoonia/anunonium 

buffers apparently confirms the reduction to the vanadium (II) ion [61]. 

A3.3.2 Results and Dis~ussion 

The voltamograms recorded for vanadium (V) in 0.24 M carbonate 

buffer, pll 9, show well defined diffusion waves at -1.06 volts (Ag/AgCl, 

sat KCl) in Figure A3.3.1. In 1 H carbonate buffer the half-wave 

potentials are shifted to -0.869 volts. The addition of Triton X-100 is 

necessary to supress a polarographic maxima. The linear variation of 

diffusion wave height with vanadium (V) concentration and the negligible 

effect of the vanadium (IV) ion on the wave confirms the usefulness of 

the response in vanadium (V) analysis. 

The observation of a current maxima, with a half-wave potential of 

0.3 to 0.35, in front of the vanadium (V) reduct ion wave is in agreement 

with the observations of Fil ipov ic, et al. The magnitude of the current 

flow in the current maxima varies with vanadium (V) and carbonate con­

centrations. The maxima is shifted anodically at the higher carbonate 

concentrations and can be entirely suppressed with thiocyanate ion 

(although thiocyanate ion has a minimal effect on the wave at -1.06 

volts). The maxima may be attributed to the electrocheoical reduction 

of mercuric ion formed from the chemical oxidation of mercury by 

vanadium (V) [12,61,58]. 

It is quite suprising that the polarographic response of added 

vanadium (IV) should terminate and blend so smoothly with the vanadiur:~ 

(V) maxima as shown in Figure A3.3.3. (In tl:e absence of vanadiur.t (V), 
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the vanadium (IV) wave terminates at the buffer only baseline). This 

may imply that the vanadium (IV) oxidation wave arises from the assisted 

oxidation of mercury and not the formal oxidation to vanadium (V). 

Further study is required to resolve this conflict. 



Figure A3.3.1 Successive 5 ml\! additions of vanadium {IV) in 

0.24 tl buffer. 
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Figure A3.3.2 Successive 5 mt.I additions of vanadium (IV) in 

1.2 ~~ buffer. 
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Figure A3.3.3 25 mr.I vanadium (V) with successive 5 mf.I 

additions of vanadium (IV) in 1.2 r.I buffer. 
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Table A3.3.1 

Polarographic studies of Vanadium (IV) and (V) 

Species Product E(l/2)· Comments 

v(IV) v(V) -.432 1 U NaOII [61] 

-.22 Hi bicarbonate pH 7~6 [58] 

-.41 0.25 M tartrate, 2 U NaOH [60] 

-.342 0.5 M carbonate, o.s f,I bicarbonate 

pH = 9.4 [62] 

-.30 1 M NaOII, 0.08 M sulphite, 1 ?.i KSCN [62 

-.32 1 M NII3/1 H NII4CL 0.08 f.! sulphite [61] 

-.38 1 M malonate, 0.2 M carbonate, 

0.2 M bicarbonate, pH=lO.O [59] 

-.44 1 M malonate, 1 M NaOII [59] 

-.51 1 ~!Lactate, 1 !>1 NaOH [59] 

v(IV) v(II) -1.2 1 f.l NH3 I 1 M NII4 Cl, 

o. 08 M sulphite [61] 

-1.17. (prewave) 1 I.I ma 1 ona te, 0.2 ff 

-1.59 carbonate, 0.2 M bicarbonate, 

pH=10.0 [59] 

-1.68 1 M malonate, lf.I NaOII [59] 

-1.70 1 U lactate, 1 1.i NaOII [59] 
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Table A3.3.1 continued 

Species Product E(1/2) Comments 

v(V) v(IV) -1.8 

-1.86 

-1.3 

v(V) v(II) -1.071 

-1.22 

-1.18, 

-1.59 

-1.67 

-1.71 

v(V) v(IV) volts 

-1.11, 

-1.29 

-1.09 

-1.18 

-1.00 

-1.10 

-0.39 

-1.02 

-0.49 

-0.34 

1 r.I NaOH [61] 

o. 25 r,i tartrate 1 2 H NaOH [60] 

Carbonate buffers, pll 9 to 12 [58]. 

1 f,I NH3/1 M NH4Cl [61] 

Stepwize reduction to V(II) 

1 r.i malonate, 0.2 !.1 carbonate, 

2 r.1 bicarbonate, pH=10.0, 

stepwize reduction to v(II) [59] 

1 M malonate, 1 M NaOH [59] 

1 M Lactate, 1 M NaOH [59] 

vs Ag/AgCl, sat. KCl _[52] 

1 U KCl 

1 M KCN 

1 I.r NaF 

1 M HCl 

1 M NaOll 

0.1 M KN03 

1 B! KCNS 

0.3 M triethanolamine, 0.1 U KOD 



APPENDIX 4 

THE DETEPJHNATION OF VANADATE BY COULOr.IETRIC TITP-.-\TION 

This section describes the a~f~r.atus used in the coulometric 

titration of vanadate ion. This was section was extracted from the 

second and third year analytical chemistry laboratory manuals used at 

r.IcMaster. 



Appendix 4 

A4 The Determination of Vanadate by Coulometric Titration 

A4.1 Apparatus 

Figure A4.1.1 presents a schematic diagram of a simple coulometric 

titration apparatus. The generator circuit (left-hand side) in-

corporates a constant current power supply that is activated by a 

double-throw switch that simultaneously activates a timer. As current 

flows through the sample solution in the titration cell, Cu+ is 

generated at G2• The Cu+ reacts with vanadate anions (the analyte) in 

the solution. After all the vanadate is consumed, the concentration of 

Cu+ begins to increase 1 inearly with time. The indicator circuit is 

used to measure the concentration of Cu+ in solution. The current 

measured by the ammeter is proportional to [Cu+]. 

A4.2 Computer Control 

An additional feature of this apparatus is the use of an Apple 

microcomputer. It is used to perform the titration in three stages. 

Warm-up: The magnetic stirrer and indicator circuit voltage will be 
turned on and allowed to stabilize. 

Start titration: The generator circuit switch will be closed to apply 
constant current to the titration cell. 

Data acquisition: Current in the indicator circuit and time elapsed in 
the titration will be read and stored in the computer memory. 

Stop titration: The generator and indicator circuits and the magnetic 
stirrer are shut off when the titration is complete. 

Data interpretation: Data stored in the memory of the computer will be 

205 



206 

analysed interactively with the aid of the graphics display 
capability of the computer. 

Stages 1. 2, and 4 are accomplished by the computer opening anu 

closing relays. These relays ate turned on by a high signal of 5V. and 

turned off with a lo\'1 signal of OV. These high and low voltages are 

generated with a digital~to-analog (DAC) that resides within the 

computer. During the analysis the computer dispatches digital signals 

of either 0 or 255 to any one of the three channels available of the 

DAC. A signal of 255 to the input side of a particular channel will 

result in 5 volts appearing on the output side. This voltage is held 

until a signal of 0 causes it to drop to and remain at 0 volts. 

Data is aquired by the computer using an ana 1 og-to-d ig ita 1 con-

verter (ADC) to measure the current in the coulometry indicato~ circuit. 

This is accomplished indirectly by first converting the current to a 

voltage by placing a 200 ohm resistor in the indicator circuit. Since 

the current in the indicator circuit is in the range of 0 to 50 

microamps, the potential drop across the 200 ohm resistor will be 0 to 

lOmV. This value is too low for the the ADC to measure. so an amp! ifier 

is used to boost the potential to the 0 to 5 volts range. The resulting 

potential is then presented to the ADC for conversion to digital values. 
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