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Abstract

This thesis discusses diverse electrochemical strategies for the determination of the
concentration of the gases hydrogen sulfide, ammonia and halothane.

The chemical tagging of sulfide by a variety of structurally diverse substituted
benzoquinone species was studied over a wide range of pH (2<pH<10). Each
derivative was found to respond to increasing concentration of sulfide (typically over a
range 10-200 uM). The electrochemically initiated reaction of N,N-diethyl-p-
phenylenediamine (DEPD) with sulfide in N,N-dimethylformamide (DMF) was next
examined with quantitative detection of sulfide (linear range=28-3290 pM,
LoD= 22 uM) achieved by analysis of the increase in the second oxidation wave. This
is consistent with the sulfide attacking the doubly oxidised species in a 1,4-Michael
addition. The direct oxidation of sulfide at a nickel hydroxide film on a nickel
electrode in alkaline solution has provided the basis for the design of a simple and
inexpensive sensor for monitoring H,S in the range 20-200 uM. More sensitive
(LoD= 1 uM) amperometric detection of sulfide was obtained at modified nickel
electrodes in acidic media in which sulfide was stripped from the nickel oxide layer.
This approach was exploited further by using nickel modified screen printed carbon
(Ni-SPC) electrodes as economical and disposable sensors for sulfide.

Next, two different strategies for determining gaseous ammonia in the ionic liquid
1-ethyl-3-methylimidazolium bis(trifluromethylsulfonyl)imide, [EMIM][N(Tf),], and
in DMF are described. The first approach exploits the effect of ammonia as a proton
acceptor species on the anodic oxidation of hydroquinone, resulting in a linear
detection range from 10 to 95 ppm ammonia (LoD= 4.2 ppm). The second approach is
based on the direct oxidation of ammonia in either DMF or [EMIM][N(T¥),].

The possibility of photochemically induced electrocatalytic processes within
microdroplets containing p-chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone, TCBQ)
was examined as a means of detecting the anaesthetic gas halothane.

Finally, two of the more promising routes for sulfide detection were studied at
elevated temperatures (up to 70 °C) with a view to developing H,S sensors capable of

meeting the demands of oilfield applications.



Acknowledgements

Acknowledgements

First I would like to thank my supervisor Richard Compton for giving me the
opportunity to carry out a D.Phil in his group and for his help, advice and supervision.
I would next like to thank Schlumberger Cambridge Research for providing fundings
to support this research, and I am particular grateful to Li Jang and Tim Jones for their
invaluable assistance and suggestions.

Of my colleagues in the group to whom I owe a special debt Dr. Nathan Lawrence has
my especial gratitude for his substantial contribution to the work on sulfide detection
and for his tremendous help and encouragement over my first two years.

I am also indebted to some other members of the RGC group with whom I have been
working for the duration of my PhD. Thanks to Marisa, for the help with experiments
with ionic liquids (Chapter 9 and 10), to Greg and lan for carrying out the
experimental work detailed in Chapter 14 and 15 respectively, to Oleksiy for the
mathematical modelling for the simulation study in Chapter 5, to Neil for the
high-speed channel electrode experiments in Chapter 5, to Trevor for the
computational work reported in Chapter 11, to Craig for making the nickel microdisc
electrodes and finally, to Dr. Shelley Wilkins for undertaking the surface imaging
presented in Chapter 8.

I would like to express my gratitude to all the other members of the RGC group,
notably to Marisa for being such a lovely person, Mike for knowing just about
everything you ever needed to known about computers, Neil for always being willing
to help, Russ for recording all those tapes and for tips on ionic liquids, Trev for
introducing me to the finest British comedy and for the Cooperative Fantasy Compton

League wooden spoon.



Acknowledgements

From previous years, I would like to thank Dr. César Prado for his help and contagious
enthusiasm and Dr. Victor Climent for being characteristically calm and supportive.
Many thanks also to Ben, Camilla, Matt, Mike, James and Simon for the jokes at tea-
time and the evenings spent in the pub.

I conclude with a big thank you to my friends outside the lab who don’t care about the
thesis, who won’t read the thesis, and who had to put up with me while I was writing
it. Thanks also to the many friends I met over these last three years which I have spent
in England for giving me so many happy memories which I shall cherish always; I will
not mention you all by name but I will remember all of you fondly.

Finally, I would like to thank my family and my friends back home in Italy for being
always there for me and I would like to dedicate this thesis to my father: Papa, spero

che tu sia orgoglioso di me. Ti voglio bene.

X1



Contents

Contents

Part 1: “Introduction and Experimental” .......cccceeeiieiiinncnnccenneeeel

AIMS ANA SCOPE . .o e e |
Chapter 1: “Electrochemical Background” .........c.cccceiiiiiiiniiniiniiiiiiiinianan. 2
1.1 Dynamic Electrochemistry..........oooiniiii e 2
1.2 The Electrical Double Layer........oooiii e, 2
1.3 Electron Transfer Kinetics. ... ...ooouiiiiiii e 5
1.4 Mass TranSport. . ......ooo e e 10
L4 1. DIiffusiON. ... 11
| R N0 Ge) ¢ Vo] 4 1 ) 4 12
N Y 1 e 10 T ) 13
1.5 Potential Sweep Methods. ... ..o 14
1.5.1 Linear Sweep Voltammetry (LSV)......ooii i 15
1.5.2 Cyclic Voltammetry (CV). ..o, 17
1.5.3 Square Wave Voltammetry (SWV).....oo 20
1.6 The Testa-Reinmuth Notation for Electrochemical Processes........................ 22
L.6.1 CE REACHION. ..ottt e e 22
L.6.2 EC REACHON. .. ceiiiiit i e e e 23
L.6.3 EC" REACHON. .ottt e e 24
1.6.4 ECE and ECoE Reaction. .. ..ot e, 24
1.7 MICTORIECITOAES . .« ettt e e e e e, 25
1.8 Rotating Disk Electrode. ... 27
1.9 Standard Addition Plot and Detection Limits...............cocoiiiiiiiiii i s, 29
1.10 Chapter I References. .. ...c..oouiiiiiii i e 31
Chapter 2: “Experimental”.......cccccveeiiiiiuiiiiiiiiiiniiiniiniiieiiistiiisrnssssconncnns 33
2.1 ChemiCals. ..., 33
2.2 Electrochemical Equipment. ..., 33
2.3 Rotating Disk Electrodes...........cooooiiiii 34
2.4 Atomic Force Microscopy (AFM).......cooiiiiiiii 34



Contents

2.5 Scanning Electron Microscopy (SEM)......ccooiiiiiiiii 34
2.6 UV / Visible SPeCtrOmMEIY. ....uoiiine ittt e 35
2.7 Chapter 2 References. ......oouiuiiiie e 35

Part 2: “Electrochemical Detection of Hydrogen Sulfide”................36

AIM ANA SCOPE. .. cvte ittt 36
Chapter 3: “A Review of the Analytical Detection Strategies for Sulfide”......... 37
CI B 0315 (e a Lol Lo s D PPN 37
3.2 Analytical Detection Strategies for Sulfide.................o 39
3.2.1 Titration Methods........ooiiii 42

3.2.2 Spectroscopic Methods. ..o 43

3.2.3 Chromatographic Methods. ..o 45
3.2.4. Electrochemical Methods.........cooooiiiiiii 46
3.2.4.1 The electrochemical analog of the methylene blue reaction.......................... 49

3.2.5 Solid State SYSIEIMIS. .. .v ittt 51

TG I ©70) 0 Ted 11 1S3 o ) o P 51
3.4 Chapter 3 References. .. .....ooeviiiiiii i 52
Chapter 4: “Electrochemical Characterisation of Sulfide Tagging via its Reaction
with Benzoquinone Derivatives™....c.coveeeiiiiiiniimiiiiiiiiiiiiiiiiiiiiiiiiice 56
720 [ 09T 8 0 6 1015 o) Y 57
4.2 Results and DiSCUSSION. .. .uuuttte ettt 59
4.2.1 Reaction of p-Benzoquinone with Sulfide...................... 59

4.2.1.1 Square wave voltammetric response of p-benzoquinone to increasing additions of

SUITIAC . . oo e e, 59

4.2.1.2 Effects of time on the voltammetric response of the p-benzoquinone sulfide

SOLULION. - oo e e e e e e e e e e 60

4.2.1.3 Spectroscopic examination of the reaction process of p-benzoquinone with

SULTIAC . . oo 63

4.2.1.4 Voltammetric response of p-benzoquinone to increasing sulfide from pH 3 to

SUITIAE. ..ottt e 67
4.3 CONCIUSION. ..ttt ettt et 70
4.4 Chapter 4 References..........ooooiiiii 71

II



Contents

Chapter 5: “The Electrochemically Initiated Reaction of Sulfide with
N,N’-Diethyl-p-phenylenediamine (DEPD) in N,N’-Dimethylformamide (DMF)

Part I: a Mechanistic Study”....coiiiiiiiiiieiieiiiiieirieeieresnresinseecencensssssosens 72
ST INITOAUCTION. ...t 73
5 2 T RO Y . e 75
5.3 Theoretical ReSUILS. ........oiuiiii e 79
5.4 Experimental: “Hydrodynamic Cell Arrangement” ...................ccoiiiennnnn 87
5.5 Results and DisCUSSION. ......cooviiiiiii i 88

5.5. 1 Experimental ReSults.........cooooiiiiiiiiii e 88

5.5.2 Fitting Experimental Data to Theoretical Results......................oooe 94
5.6 CONCIUSION. ..ot e 96
5.7 Chapter 5 Re ereNCeS. .. vttt e 97

Chapter 6: “The Electrochemically Initiated Reaction of Sulfide with
N,N’-Diethyl-p-phenylenediamine (DEPD) in N,N’-Dimethylformamide (DMF)

Part II: Implications for Sensing Strategies”........cccevviiiiiiiiiniiniiicinnrnenncenns 99
6.1 INtrodUCHION. ... e 100
6.2 EXPEIIMENTAL. .. ..ottt e e 101
6.2.1 Hydrogen Sulfide Delivery Assembly...............c.oooiiiiiii i, 101
6.3 Results and DiscusSION. ......ooiiiii e 102
6.4 CONCIUSION. ... e e 112
6.5 Chapter 6 References. ... ....vviiniii 112
Chapter 7: ‘“Detection of Sulfide at Nickel Modified Electrodes in Alkaline
Media: a New Electrochemical Sensor”........cccoiivviiiieiiiiiiiiiniiiiiinerecnnnen 114
7.1 The Electrochemistry of the Nickel Electrode in Alkaline Media................... 115
7.2 EXperimental........oooi i 119
7. 2.1 Manufacture of the Ag/AgCl Electrode......................oooo i 119
T.2.2 Cell DeSIZN. ... 119
7.3 Results and DiSCUSSION. ......uiiiii e 120
7.3.1 Formation of the Nickel Hydroxide Layer................................ ... 120
7.3.2 Response of the Nickel Hydroxide Layer to Sulfide......................... 122
7.3.3 Comparison of the Electro-oxidation of Sulfide at a NHMN Electrode with
other Electrode Substrates. ..o 125
7.3.4 Sensor ReSponSe. ....coooiniii 129
A e 376 113 (o o U 130
7.5 Chapter 7 Reference. ... ..o 131



Contents

Chapter 8 “Detection of Sulfide at Nickel Modified Electrodes in Acidic Media:

the Development of a Reagentless Sensor”.......ccccceveuveennnn. ceveeees ceecsessanees 133

8.1 Detection of Sulfide at Nickel Oxide Modified Nickel (NOMN) Electrodes in
Acidic Media................. Ceeeectseerttittenttctanntctrancannans ceresccsecnnsans crenennneenal34
8.1.1 Experimental: Nickel Determination Protocol..............ccovviviiinnennes 135

8.1.2 Results and DiSCUSSION........eiuiie it 136
8.1.2.1 Formation and stability of the nickel oxide layer.........................cce. 136

8.1.2.2 Response of the NOMN electrode to HyS......ooooiiiiii e 138

8.1.2.3 Effect of the pH (3<pH<7) on the response of the NOMN electrode to

H S e 140

8.1.2.4 UV/VIS SPECIIOSCOPY - -« vetettntetetatee ettt et et 143

8.1.2.5 Analytical performance.............cooi i 144

B.1.3 ConCUSION. ...ttt e 145

8.2 Detection of Sulfide at Nickel Modified Screen Printed Carbon (Ni-SPC)
Electrodes in Acidic Media........cccceeevenvennnn.. ereesecratecestcnacaraases cecanase ....147
2. 1 Experimental..........ooi i e 148

8.2.1.1 Manufacture of the Screen Carbon Printed (SCP) Electrode........................ 148

8.2.1.2 Nickel deposition protocol...........oouiiuiii i 148

8.2.2 Results and DiSCUSSION. ... ....c..oviiiiiiii e 149

8.2.2.2 In-situ response of H,S at a passivated nickel oxide layer on glassy
o1 107 o T O 150
8.2.2.3 Optimisation of the electro-deposition conditions.......................cooea L. 151

8.2.2.4 Analysis of the surface morphology of nickel and nickel oxide

10 0 153

8.2.2.5 Response of sulfide at passivated nickel oxide layer at a SPE

05 T3 0 155

8.2.2.6 Ex-situ determination of sulfide.................... . 156

8.2.2.7 Increasing the SENSItIVITY . ....ouutt i e 158

8.2.3 ConClUSION. ..ot e 160

8.3 Chapter 8 References..........cooviiiiiiii e, 160

IV



Contents

Part 3: “Electrochemical Determination of Gaseous Ammonia”.....162
AIM ANA SCOPE. ..ot
Chapter 9: “Determination of Ammonia based on the Electro-oxidation of

Hydroquinone in N,N-Dimethylformamide or in the Room Temperature Ionic

Liquid, 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide”....... 163
9.1 INtrodUCTION. ...t e 164
9.2 Experimental SeCHON. ... ...t e 166
9.2.1 Chemical Reagents. .........oovuiviiiiii e 166
9.2.2. INStrUMENTALION. .. ...ttt e e 166
9.3 Results and DisCUSSION. ...ttt 168

9.3.1 Voltammetric Response of Hydroquinone in DMF in the Presence of
AINIMONIA. ... ettt et et e 168

9.3.2 Elucidation of the Effect of Ammonia on the Voltammetric Response of

Hydroquinone. ... ... e 169
9.3.3 Reversibility of the Response of Hydroquinone to Ammonia in DMF...171
9.3.4 Analytical Utility. ..o 172
9.3.5 Interference StUdies. ... ..coovuiiiiiiiiii 174

9.3.6 Voltammetric Response of Hydroquinone in the Ionic Liquid

[EMIM][N(Tf);] in the Absence and in the Presence of Ammonia............... 176
S 0] 4 (o2 1113 T o 180
9.5 Chapter 9 References. ....ooviiei e e 181

Chapter 10: “Elucidation of the Electrochemical Oxidation Pathway of Ammonia
in Dimethylformamide and the Room Temperature Ionic Liquid, 1-Ethyl-3-

methylimidazolium  bis(trifluoromethylsulfonyl)imide and Application to

Ammonia SensSing” . ...cc.oiviiiiiiiiiiiiiiiiiiiniiiiiieiiiiiiiiieiiiitisittientstisstcsennsns 182
10.1 INtrodUCHION. . . ..ot et e 183
10.2 EXperimental. ... ..o e 184
10.3 Results and DiSCUSSION. ... ..uuetiiit et 184
10.3.1 Voltammetric Response of Ammoniain DMF............................. 185
10.3.1.2 Oxidation of ammonia in DMF at different electrode substrates.................. 185

10.3.1.3 Steady state linear sweep voltammetry for the oxidation of ammonia in DMF at

platinum microdisk electrodes.................... 187
10.3.1.4 Cyclic voltammetry at platinum microdisk electrodes........................... ... 189
10.3.2 Voltammetric Response of Ammonia in [EMIM][N(Tf),]................ 190
10.3.2.1. Oxidation of ammonia in [EMIM][N(T),]...cooo 190

A%



Contents

10.3.2.2 Elucidation of the oxidative proCcess.............oooiiiiiiiiiiiii i 193

10.3.2.3 Reduction of ammonium hexafluorophosphate in [EMIM][N(Tf),] and In

DM 194
10.4 ConCIUSION. ...t e 196
10.5 Chapter 10 References.......o.viiniii i e 197

Part 4: Halothane Sensing Based on Photo-electrochemical Processes

in Microdroplets Containing p-Chloranil........c.ccccecviiieineneeeen. 198
AIM AN SCOPE. . oot e 198

Chapter 11: “Voltammetry of Immobilised Microdroplets Containing p-Chloranil

on Basal Plane Pyrolytic Graphite Electrodes”........ccccceiiiiiiiineiiiiiiicinnne 199
| 695 (e Ta 11 Lot o) o VP 200
L1.2 Experimental.......cooooii i 202
11.2.1 Chemical Reagents..........cccoviiiiiiiiiiiiii e 202
11.2.2 Electrochemical Assembly..........ccoooooiiiii i, 203
11.2.4 COMPULALION. ...ttt et ettt e e 204

11.3 Results and DisCUSSION. ....iiiiiie ittt 204
11.3.1 Homogeneous Voltammetry............o.ooiiiiiiiiiiiiii e 204
11.3.1.1. Electrochemical reduction of TCBQ in benzonitrile (BN) at glassy carbon (GC)

and basal plane pyrolytic graphite (bppg) electrodes.................ooiii 204

11.3.1.2 Comparison of the electrochemical reduction of TCBQ at GC in BN with other

aprotic solvents (DMF, DMSO and PrCN)..............o 207

11.3.2 Heterogeneous Voltammetry..........ooooiiiiiiiiiiiin i, 209

11.3.2.1. Determination of the average size of microdroplets deposited on a bppg
L (e 10 16 [T U 209
11.3.2.2 Voltammetry of unsupported microdroplets of TCBQ deposited on a bppg
electrode immersed in aqueous 0.1 M Y'CI (Y = Li", K*, Rb*, TMeA", TPrA", TBuA” or

TP A 213
11.3.2.3 Effect of increasing the aqueous phase proton concentration on the voltammetry
of TCBQ Microdroplets. ... .. oviuieit i 222
11.3.2.4 Voltammetry of purposely supported microdroplets of TCBQ deposited on a bppg
electrode immersed in aqueous 0.1 M Y*CI' (Y = Li*, TPeA" or TBuA™)................... 225
11.4 Photochemically Induced Electrocatalytic Processes.....................c.oooe 229

11.4.1 Photochemical Reduction of the Anaesthetic Gas Halothane within
Femtolitres Droplets Containing TCBQ Deposit..............oooii 230
IR I 00 ¢ 1o 1013 (o) 1 D 232



Contents

11.6 Chapter 11 ReferenCes. ..o uviiineii it e 234

Part 5: “Electrochemistry at High Temperatures and Pressures”...236

AN AN SCOPE. ... ne it 236
Chapter 12: ”High Temperature Electrochemistry: a Review”.......c.ccccevuunen. 237
121 INtrOdUCTION. .. .ottt e e e e e ee e 238
12.2. Heating MethodOlOZIES. ....covuuiiiii i e 239
12.2.1 Isothermal Heating Methods.............c.ooiiiiiii 240
13.2.2 Non-isothermal Heating Methods....................oo 245

12.3. Reference Electrodes..........oooueiiiiii 252
12.4 Kinetic and Analytical Applications..................oo i 257
12.4.1 Temperature Effects on Mass Transport Phenomena...................... 257
12.4.2 Effect of Temperature on Reaction Kinetics........................o 257
12.4.3 Application of Temperature Effects to Electrochemical Analysis........ 260

12,5 CONCIUSION. ..ttt ittt et et 263
12.6 Chapter 12 References. ........cooueviiii 264
Chapter 13: ‘“High Pressure Electrochemistry: a Review”.........cccceeiieenn..n.. 267
I3.1 INtrOdUCHION. .. .ottt et ettt et e 268
13.2 High Pressure Experimental Setup...................oo. 270
13.2.1 Pressurisation Methodologies...........ccooiiiiiii i 271
13.2.1.1 Thermal expansion of the material.......................... 272

13.2.1.2 Pressure generation by the intrusion of a piston into a cylinder.................... 272

13.2.2 Electrochemical Cells........ ... i 274
13.2.2.1 Conductivity CellS..........ooommee ettt 25

13.2.2. 2 EME CellS. .ot e e 276

13.2.2.3 Three electrode cells. ... 277

13.2.2.4 Polarography measurements at high pressure............................... 285

13.3 High Pressure Electrochemical Measurements. ..., 285
13.3.1 Conductance Measure€ments. .. ........uevureeennnneeeaeeiieeiieeenne. 285
13.3.2 EMF MeaSUIEImMENLS. ... .vvennnnttteeaiteeteaatt et e et e 288
13.3.3 Electrode ProCesSes. . .uuuieennitteiaie i 289
13.3.3.1 Diffusion-controlled electrode processes...............ooveiiiiiiiiiiii .. 289

13.3.3.2 Effects of pressure on electrodeposition and stripping analysis.................... 293
13.4 Volumes of Activation and Electrode Potentials.....................cooiii . 294
1341 ThCOTY et 294



Contents

13.4.2 Pressure Effects on the Redox Potential of Metal Complexes............ 295
13.4.3 Pressure Effects on the Kinetics of Electrode Reactions of Metal
167011115 15 (=1 SN 300
13.4.4 Effects of Solvents Dynamics at Elevated Pressures..............ceoueen 302
13.4.5 Effects of Pressure on the Electrochemistry of Proteins................... 303

13.4.6 Effect of Pressure on the Electrochemistry of Self-Assembled Monolayer
(SAMs) and Quaternised Poly-4-VinylPyridine (QPVP) films.................... 304
13.5 Application of Pressure to Specific Electrochemical Systems..................... 305
13.5.1 Electrochemistry of Superoxide at Elevated Pressures (up to 10 atm)...305

13.5.2 High Pressure Electrochemical Promotion of Ammonia Synthesis over an

Industrial Iron Catalyst..........oouiiiiiiiiiii e 306
13.5.3 High Pressure Sono-Electrochemistry.............ccooiiiiiiiiiii. 307
13.6 Voltammetry at High Temperatures and High Pressures........................... 308
G TR A 0 Tod 113 T T 311
13.8 Chapter 13 References. .......cooueiiniiii e, 312

Chapter 14: “Electrochemical Determination of Sulfide at High Temperatures via

Its Electrochemically Initiated Reaction with diethyl-p-phenylenediamine (DEPD)

in N,N’,-dimethylformamide (DMFEF)”...cccciiiiiinniiiiiiiiiniiiiiiineciinnnecinnene 316
L14.1 INtrodUCtiON. ..o e 317
14.2 Experimental........ooouiiii i 318
14.2.1 Electrochemical Equipment.............cooooiiiiiiii i 318
14.2.2 Uniformly Heated Cell......... ... 318
14.2.3 Heated MicrodisC Set-Up.......ooviiiiiiiiiiiiiiiii i 318
14.3 Results and DiSCUSSION. ......ue et 319

14.3.1 Electrochemical Oxidation of DEPD in DMF at Elevated
131118155 100 1 319

14.3.2 Electrochemically Initiated Reaction of Sulfide in DMF at Elevated

TeMPEIALUIES . .. .e e 326
14.4 CONCIUSION. ..\ttt e e 327
14.5 Chapter 14 References...........oooviiiiiiii i 328

Chapter 15: “Elevated Temperature Electrochemical Studies of Nickel Oxide
Modified Nickel (NOMN) Electrodes in Acidic Media in the Presence of

QUL AL . s e vvrereeeenceeeneceeseecascsceesasasessssssossssssssasssssasssssssassssssssaasessssssse 329
ST BB (110 40 16 L0 T15 (o) | PR 330
15.2 EXperimental..... ..o 330



Contents

15.3 Results and DiSCUSSION. .. ...uitie ittt ettt et ie e ias e e einenees 330
15.4 ConCIUSION. ...t 337
15.5 Chapter 15 References. .....oooiiiiiii e 337
Appendix 1: “Derivation of Fick’s Laws”....c.ccceiiviiiiiiiiiiniiiiiiiieiiiciieccnann 338
Appendix 2: “Chemicals and Suppliers”......ccceevieeiniimriniiniiiiiiiniiiiececaienss 341
Appendix 3: “The Wilke-Chang EXpression”.......ccceeeeiiiiiiiiiiiiiiieisacenniae 342

IX



Part 1: Electrochemical Background

Part 1: “Introduction and Experimental”

Aims and Scope:

This thesis is divided into five parts and each part is sub-sectioned into individual
chapters. Part 2 examines various methodologies for monitoring hydrogen sulfide.
Part 3 illustrates two strategies for determining gaseous ammonia in organic solvent
and in room temperature ionic liquids (RTILs). Part 4 looks at the possibility of
photochemically induced electrocatalytic processes within microdroplets containing
p-chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone, TCBQ) as a mean of detecting the
anaesthetic gas halothane. Finally, Part 5 discusses the application of high temperature
at two of the more promising routes for sulfide detection identified in Part 2. First, in
Part 1 the background to the electrochemistry and the experimental techniques utilised

in the results section i1s discussed.
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Chapter 1: “Electrochemical Background”

The work presented in this thesis deals primarily with electrochemical measurements
carried out away from equilibrium (that is there is passage of current) with
amperometric sensors as a means of measuring the concentration of the gases
hydrogen sulfide, ammonia and halothane. The techniques used are mainly potential
sweep methods (Section 1.5). These consist in the application of a continuously
time-varying potential to the working electrode to drive oxidative or reductive
processes at the electrode-solution interface. Concentration changes occur in response
to redox reactions at the electrode of interest. These changes in concentration follow
Faraday’s laws, so the analytical variable during measurements is current, where:
I o< Canalyte

This chapter aims to provide an overview of the fundamental electrochemical
principles and of the electrochemical techniques utilised to carry out the experimental
work described in the result sections; wider discussions can be readily found in various

textbooks [1-9].

1.1 Dynamic Electrochemistry

This section discusses electrochemical systems which are not in equilibrium.

1.2 The Electrical Double Layer

In dynamic electrochemistry a potential difference is applied between an electrode and
a solution containing an electrolyte. The electrode|solution interface has been shown
experimentally to behave like a capacitor. The metal possesses a charge density q
which arises from an excess (q" negative) or deficiency (q™ positive) of electrons at
the electrode surface and resides in a very thin layer (0.1 A, [1]). In order for the

interface as a whole to maintain electrical neutrality however, at all the times, qM = -qS
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(Where q” is the charge in solution made up of an excess of either cations or anions in
the vicinity of the electrode surface). The charges qM and -qS are often divided by the
electrode area and expressed as charge densities, such as, om =q" /A. The whole

array of charged species and oriented dipoles of ions in the proximity of the
metal[solution interface is called the electrical double layer. Several double layer
models have been described. In 1879 Helmholtz [10,11] proposed the first simple
model where positive and negative charges were ordered in a rigid fashion on the two
sides of the interface, comparing the problem to that of a parallel-plate capacitor. The
potential drop between the two charged layers is linear.

There are two main limitations in this model. Firstly it neglects interactions that occur
further from the electrode than the first layer of adsorbed species (the so called Outer
Helmholtz Plane, OHP) and secondly, it does not take into account any dependence on
electrolyte concentration.

At the beginning of the 20™ century, an improved model was independently suggested
by Gouy [12] and Chapman [13], in which the electrostatic attraction forces attracting
or repelling ions from the electrode are counteracted by Brownian motion in solution
which tends to disperse the ions. Hence the excess charge density in solution is not
exclusively situated at the OHP and the double layer would not be compact as in
Helmholtz’s description but of variable thickness. This is called the diffuse double
layer. In this diffuse double layer the net charge density decreases with distance away
from the electrode|solution interface and the potential drop is shared across the whole
region.

In 1949 Stern combined the Helmholtz, Gouy and Chapman models and described a
double layer formed by a compact layer of ions next to the electrode followed by a

diffuse layer extending into bulk solution. In terms of the potential distribution across
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thermal agitation nonspecifically adsorbed ions are distributed in a three-dimensional
region called diffuse layer, extending from the OHP to bulk solution. The sum of
charge density accumulated between the region of the metal and IHP (¢') and charge
density accumulated between the THP extending to the diffuse layer (c%), is termed o>

and is equal in magnitude, but opposite in sign, to the charge density on the metal "

as expressed by:
oc’=0 +0'=-0oM (1.1)
The thickness of the diffuse layer depends on the total ionic concentration in solution

and for concentration greater than 0.01 M is less than ~ 100 A.

1.3 Electron Transfer Kinetics

Consider the electron transfer at a metallic electrode (m) accompanying the simple,

general reaction [9]:

O (ag) + ¢ (m) === R (aq) (1.2)

The current for the forward (reductive), I, and reverse (oxidative), I,, processes can be

written as:
I. = FAk,,[O], (1.3)
I, = FAKk_ [R], (1.4)

where A is the electrode area, F is the Faraday constant (96485 C mol™), Kreq and ke,
are the rate constants for the electron transfer and finally [O], and [R], are the
concentrations of species O and R at the electrode surface. For the reaction, the net

current flowing (I) is a sum of the anodic and cathodic contributions, hence:

I=1 +I  thus I=FA(k,[R], -k,[O],) (1.5)
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By transition state theory, TST, the species O, equation (1.2), which gain an electron
go through a transition date as shown in figure 1.2. The energy barrier to forming R is

called AG* 4.

Free
Energy

R(aq)

Reaction Coordinate

Figure 1.2: Free energy vs. reaction coordinate diagram for one electron process illustrated in equation
(1.2).

We can write the Arrhenius equation for the rate of reduction and oxidation (v, and v,

respectively):

~AGE

e
" Sred —AG,

v.=k [Ole ¥ and v, =k [R]e * (1.6)

where R is the gas constant (8.315 J K™ mol™), T is the temperature and the quantity
kra[O]o or kox[R]o 1s the pre-exponential factor and accounts for the rate of collision
between the species with the electrode surface. At equilibrium, the rate of reduction

and oxidation are equal, hence:

-AGH

¥
red - AG,,X

v =v. and k_[Ole X =k [R] e ¥ (1.7)

which can be rearranged as:

~4G,,
kred [0]0 — € KT
kox[R]o :é_Grlj

eRT

(1.8)

and taking logarithms of both sides:
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inkalO), _ _AG;, | AG,

(1.9)
k, [R], RT RT
From figure 1.2, it can be seen that:
AG = AG] -AG?, (1.10)
hence:
k
In a O, =—AG (1.11)
k, [R] RT
Finally, substituting the relation AG = -nFE:
nKeet _ 1o 101, _ nFE (1.12)
o [R], RT
which can be rearranged to form:
E = RT In Kred + RT In 0], (1.13)
nt"  k, nF [R],
and at equilibrium, this gives:
E=E0+Eln 0], (1.14)
nF [R],

Equation (1.14) 1s the Nernst equation derived using a kinetic consideration [8].

We will now look at the variation of the free energy barrier as a function of applied
potential, E. In irreversible systems, no appreciable currents flow when the potential is
set to E° (where E° is the standard electrode potential, measured relative to the normal
hydrogen electrode with all species at unit activity). Therefore to effect the flow of

additional current from the reduction of Oq), an overpotential () must be applied

where:

7=E-E° (1.15)

In such cases, the magnitudes of AGired and AGiOX are modified as a result (for n = 1),
giving:

AG?, =(AGS)* +aFn and AG], =(AG,) -(-a)Fn (1.16)
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where AG°.eq and AG® are the free energy changes when the applied potential is

equal to E° and the quantity o is known as the transfer coefficient which relates to the
symmetry of the energy barrier and has a value between 0 and 1, but is often taken to
be 0.5. The effect of the applied 1 is two-fold: it is used to assist the cathodic process
and the remainder is used to retard the anodic process. This can be seen more clearly
in the diagram below (Figure 1.3). The whole (dark lines) show the energy barrier
when the system is at equilibrium as no potential has been applied (this is the situation
depicted in figure 1.2). When an overpotential is applied, the free energy of reactants
(O + ne’) is raised by an amount oFn where m is the applied overpotential. The
reaction coordinate changes to the dotted line and it can be seen that the energy
required to reach the transition state is lowered. Overall this has the effect of

increasing the magnitude of AG and therefore to promote the formation of products.

Free G*
Energy 5

A I------’-‘\---------“

AGtred T

! AG?
f.—.--‘ ox
4

 J
R<aq)

Reaction Coordinate

Figure 1.3: Change in the free energy (AGired and AG*,,) through application of a cathodic
overpotential, 1.

The modified values for AG™q and AG*, can be again written in terms of the

Arrhenius expression, leading to equations (1.17) and (1.18):

(AGY Y +aFn
RT

y = kred[O]oe[

C

(1.17)
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(AGY, )‘—(l—a)Fn}

v, '=km[R]oe[ “ (1.18)

In this case, the rates of the cathodic and anodic reactions are not equal, we therefore

have a net current flowing. The rate can be expressed in terms of current flow using

the form:
I

v.'=—% and va':I—“ (1.19)
F F

and substituting into equations (1.17) and (1.18):

_(AGD, ) +aFn
RT

I = Fkred[O]oJ

(1.20)
{ (AGf,i)z—(l—a)Fr/}
I, =Fk_[R] e o (1.21)
and by expanding the exponent gives:
_(AGOd) } __aF_r/
I =Fk_, [O]oe[ ” e[ 4 (1.22)
{_(AG{g) } {(l—a)Fn}
I,=Fk,[R] e " Jeb R (1.23)
Equations (1.22) and (1.23) can be simplified to:
e e
I.=1¢ 7 and I =1e (1.24)

where I, 1s known as the exchange current. For the reaction scheme posed in equation
(1.2), when an overpotential is applied, the net reductive current will be I=1. - I,

hence,
- L) 029

Equation (1.25) is known as the Butler-Volmer equation, named after the two
electrochemists who contributed to its formation [16] and experimental test [17]

respectively, and very important in understanding electrode kinetics.
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Fick's second law describes the variation of the concentration of a substance as a

function of time:

dC, (x,1) 9°C, (x,1)
——=D,| ——— 1.29

ot 0 ox’ (1.29)
The derivation of Fick's laws are included in Appendix 1.
The magnitude of electrolytic current will be dependent on the diffusion coefficient of

the species D, which is itself dependent on the solvent medium, composition,

temperature and the physical characteristics (size, weight) of the electroactive species.

1.4.2 Convection

A convective component to mass transport occurs when a mechanical force acts on the
solution, which can either be natural or forced in its origin. Natural convection arises
from the presence of local thermal/density gradients. Thermal gradients can be set up
if the electrochemical reactions involve exo- or endothermic processes whereas density
differences can occur if a species is produced at the electrode with a density different
to that of bulk reagent. The effects of natural convection are difficult to predict and
undesirable. However, more important in the present context is forced convection
which 1s the deliberate movement of solution normally achieved through pumping,
bubbling, stirring or through hydrodynamic flow. This has the effect of effectively
swamping out the convective transport that 1s occurring naturally. Usually the forced
convection is set up so that it operates with well-defined hydrodynamic behaviour. It
can be useful applied in some electrochemical experiments such as the channel flow
cell, where solution is forced over stationary electrode, and the rotating disc electrode,
where the electrode 1s moved relative to the solution (Section 1.8). This facilitates a

quantitative model of the solution flow, permitting the mass transport to the electrode

12
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to be accurately predicted. Mathematically, the one-dimensional convective flux is
given by:

J.o(x,)=Cy(x,0) v, (1.30)

where J. o is the convective flux and v is the velocity of solution.

The convective analogue of Fick's second law can be therefore written as:

9C :—(v ac‘?j (1.31)

ot * ox

1.4.3 Migration

When a potential is applied to a solution, an electric field, d¢/dx, is set up at the
electrode-solution interface and results in a potential drop across the phase boundary.
This has the effect of exerting an electrostatic force on charged species and induces
movement of ions from the bulk solution to the electrode surface, and vice-versa. The
magnitude of flux due to migration is directly proportional to the electric field gradient

as illustrated below:

F 0
I, o(x0)= —;—T DOCO(x,t)d—f: (1.32)

where Jp, 1s the migratory flux in the x-direction and z is the charge on the ion.

The coupling of migratory processes with electrolysis experiments gives rise to
complex mass transport properties in the solution which can be difficult to interpret.
In order to minimise such problems, experiments are often conducted in conditions
where the migrational component to the flux of the electroactive substance is made
negligible. This is achieved through the addition of an excess of ‘“background
electrolyte”, a chemically and electrochemically inert substance, usually an alkali
metal salt such as KCl or NaNO; in aqueous solution, added in concentrations of
0.1-1M [22,23]. Excess is broadly defined as the quantity of electrolyte that is

required to ensure the migratory flux is 100 times smaller in magnitude than the

13
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diffusional flux, and values of 33-fold excesses are commonly used [22]. The
abundance of conducting ions at the electrode interface will effectively prevent the
build up of localized electric field and hence eliminate the migratory transport effects.

Background electrolyte provides further benefits. First, added background electrolyte
increases the conductivity of the solution allowing charge transfer processes to be
limited by electrode kinetics rather than the solution’s resistance to the passage of
current. Secondly, the size of the double layer (section 1.2) is reduced so that the
change in potential (¢x-0s) occurs in a very small region (typically of 10-20 A for ca.
0.1 M concentration). This distance allows charge transfer via quantum mechanical
tunneling between the metal and the electroactive species in solution [8]. Thirdly, as
the ionic strength of the solution remains effectively constant due to the high
concentration of electrolyte with respect to the reactants and products in solution, the
activity coefficients (y) of all species similarly remain constant throughout electrolysis,
allowing the Formal Potential (E°) to be related to the Standard Electrode Potential E°

by the following equation:

Er=E 4 2Ly | L (1.33)
nt ared

where Yox and Yrq are the activity coefficients of the oxidised and reduced species,

respectively.

1.5 Potential Sweep Methods

This section describes the electrochemical techniques used to carry out the
experimental work presented in this thesis. It 1s assumed that the analyte solution is
unstirred, in order to ensure that mass transport by convection is absent, and that an

excess of ionic electrolyte has been added to the solution so that the migratory

14
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transport effects can also be ignored and the only mass transport remaining is

diffusion.

1.5.1 Linear Sweep Voltammetry (LSV)

The potential of the working electrode is ramped from an initial potential E; (where no
redox process takes place) to a final potential E; (where the kinetics of redox processes
are rapid) usually in a linear fashion with time, using sweep rates, v, ranging from

1 mVs™' to about 1000 Vs at conventional electrodes, as shown below in figure

1.6 (a).

(a) 'EEA (b) | ,pA reversiole

L)
a

2 . .
imreversible

Figure 1.6: (a) The potential sweep employed in linear sweep voltammetry (LSV) starting at E;. The
gradient of the graph is equal to the scan rate, v. (b) Linear sweep voltammogram for a reversible and
irreversible one-electron system.

The potential at any time, t, is given by:

E =E ~-v¢t (1.34)

The resulting voltammogram, plot of current against potential, for a reversible
one-electron process is illustrated in figure 1.6 (b). Initially no current flows since the
applied potential is not sufficient to induce an electron transfer. As the potential is
swept more positive, towards more oxidizing potentials, the oxidation becomes more
favorable and significant reductive currents begin to flow. When the potential is swept
past E°, the surface concentration of the electroactive species begins to drop rapidly,
increasing the flux of fresh material to the electrode surface. Here the current flow

increases exponentially as predicted by the Butler-Volmer equation (1.25). Eventually

15
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the surface concentration drops effectively to zero, and therefore the mass transport to
the electrode surface reaches a maximum rate. The current is a balance of electrode
kinetics and mass transport to the electrode. The flux of fresh material to the electrode
surface is eventually compromised by gradual depletion of available species within the
diffusion layer resulting in a decline in the observed current. These effects can explain
the presence of a peak current response observed in the current-potential profile (figure
1.6 (b)).

Randles and Sevéik were the first to consider the diffusion equations for the reversible
system and the peak current, I, for a reversible system, is given by the Randles-Sevcik

equation [1]:

3 1/2
Ip:0.4463(£—T) n?AD)*C, v\ (1.35)

where n, A, F, D, R and T are as described previously, Cpyi / mol cm” is the bulk
concentration of the electroactive species and vs is the scan rate. Similarly, the
difference between the peak potential, E,, and half-peak potential, E,», (i.e., the
potential at ;) 1s derived using:

=2.20£T—=56.5/n mV  at25°C (1.36)

’EP —Ep/2 F

Thus, for a reversible process operating under diffusion control, I, is proportional to
vs’* and E, is independent of scan rate. For potentials less than E; the system is said to
be under the direct influence of the electrode kinetics, however, at potentials greater
than E,, the processes are limited by the rate of diffusion of the electroactive species.

Also overlaid in figure 1.6 (b) is the voltammogram for the case of an irreversible
system. It can be seen that an overpotential has to be applied to drive the oxidation
reaction. Hence E; occurs at more negative potentials in irreversible systems. The

corresponding equations are:

16
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I,=(299x10°)a""*AD}*C,,, " (1.37)
RT

E,-E,,|= 1857—=477/amV  a125°C (1.38)
o

From the above equations two points of comparison between the electrode kinetics of
reversible and irreversible systems can be made. First, in the case of a reversible
process, at potentials near E° we observe large values for the heterogeneous rate
constant kg and kox. As a result, the concentrations of O and R at the electrode
surface are effectively in equilibrium, with their ratio predicted by the Nernst equation.
In contrast, in an irreversible systems electrolysis proceeds with negligible back
reaction. Secondly, in the reversible case, the peak potential E; is constant and
independent of sweep rate, whereas for an irreversible system the E,, shifts to more
positive potentials (in the case of an oxidation reaction) at faster scan rates.

In both systems, however, it is seen that I, increases linearly with vsl/2 and this can be
interpreted as follows. At potentials close to E,, the system is under the control of
diffusion and Fick's first law states that I, is a direct measure of the concentration
gradient of O near the electrode, which in turn is controlled by diffusion layer
thickness. If the scan rate is increased there is relatively less time for electrolysis to
occur and subsequently a thinner diffusion layer is present. This gives rise to a steeper
concentration gradient and hence increased flux. As a consequence, larger currents are
observed. Thus in equation (1.35) and equation (1.37) the value of I is related to the

scan rate.

1.5.2 Cyclic Voltammetry (CV)
Cyclic voltammetry is the most widely used technique in electrochemistry and is

especially popular for the initial characterization of new systems. It is relatively

17
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simple to carry out and results are highly informative. It was used extensively
throughout the experimental work presented in this thesis.

In this case the linear sweep voltammogram is extended back to the potential of origin,
E;, which, as shown in figure 1.7 (a) results in a triangular potential wave-shape with

time.

Figure 1.7: (a) Cyclic potential sweep starting at E,. (b) Cyclic voltammograms for a reversible
one-electron system as outlined in equation (1.2).

The scan rates used may range from 10 to 1000 mV s, however with microelectrode
rates up to 10° V s have been achieved [1,24]. The lower scan rate limit is restricted
by the onset of significant natural convection which leads to non-reproducible mass
transport. Capacitative charging restricts the upper scan rate limit as it can mask the
Faradaic current of interest.

Figure 1.7 (b) shows the voltammogram obtained for the one-electrode reaction
detailed in equation (1.2). The forward scan is essential identical to that recorded
using linear sweep voltammetry (vide supra), with the interplay of electrode kinetics
and diffusion properties of the electroactive species O. Once E; is attained, the
potential is swept back resulting in the re-oxidation of species R formed from the
forward scan. The anodic current increases as the potential moves steadily past E° as
seen previously, increasing the kinetics for the oxidation of R present in the diffusion

layer. The current then drops to zero as the concentration of R depletes.

18
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The shape of the CV will depend mainly on the reversibility of the O/R redox couple.
Figure 1.8 details the cyclic voltammetric response for electrochemically A) reversible,

B) irreversible and C) quasi-irreversible systems.

Decreasing rate constant

A

A)reversible
(C)quasi-reversible
*e 7 (B)irreversible

g
\
0
Q
»
U
Q
0

o
4
>
-
O o
.
o
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Figure 1.8: Cyclic voltammograms showing a (A) reversible, (B) irreversible and (C) quasi-reversible
electron transfer reaction.

For a process to be reversible it requires fast electrode kinetics compared to the rate of
mass transport. An example of this type of process is the oxidation of ferrocene to the
ferricenium cation in acetonitrile solution containing 0.1 M tetrabutylammonium
perchlorate, (C4Hg)sNClOy4, as supporting electrolyte [25,26]. In this type of process,
the oxidative, I,"*, and reductive, Ipred, peak heights are identical (deviation of the ratio
of peak currents from unity is indicative of homogeneous Kkinetics or other
complications 1n the electrode process, Section 1.6) and are separated by a potential of
59 /n mV (at 25 °C) (equation (1.36)) and are independent of scan rate [8].

Irreversible systems (figure 1.8, curve (B)) have slow kinetics compared to the mass
transport. An appreciable overpotential is required to reduce species O on the forward
scan and on the reverse scan the absence of any current due to the re-oxidation of
species R is noted because the electrode process does not occur at a measurable rate in
the potential range of interest. Unlike the reversible case, the size and position of the

reverse peak relative to the forward peak depends on the voltage sweep rate as seen in
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the case with LSV (equation (1.37)). This is in direct contrast with the reversible
system, whereby the peak potentials are scan rate independent.

Quasi-reversible systems (figure 1.8, curve (C)) are intermediate between the two

extreme cases discussed above.

1.5.3 Square Wave Voltammetry (SWV)

Square wave voltammetry (SWV) was first developed in the 1950s by Barker [27] and
transformed into a powerful analytical tool through the work of Ramaley and Krause
[28] and Osteryoung et al. [29-31].

Square wave voltammetry is normally performed at a stationary electrode and involves

the superimposition of a square wave pulse upon a slowly varying stepwise ramp

(figure 1.9).

Forward
sample™.

/
Reverse
sample

cycle, - cycle, 7 cycle,

time

Figure 1.9: The time-potential profile for SWV (adapted from reference [1]).

The key features of the square wave are defined by the pulse height, AE;, measured
with respect to the corresponding potential staircase (AEs), and by the pulse width t,,.

In turn, the pulse width is defined by the frequency of the square wave, f.:

L (1.39)
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The staircase increases by AE; at the start of each cycle and the scan rate, V, 1S

therefore equal to

(1.40)

The current is monitored twice per cycle at the end of each pulse and is attributed to
either the forward sample (If), which is the first pulse and in the direction of the
staircase scan, and the reverse sample (I;), which is the second pulse and in the
opposite direction. The difference between the currents obtained at the forward and
reverse samples, as shown in equation (1.41) given below, is normally recorded as a
function of potential.

Al =1,-1, (1.41)

A typical response of square wave voltammetry is shown in figure 1.10, where the
forward current, I; the reverse current, I, and their difference, Al, are plotted as a

function of potential.

Figure 1.10: Typical current response following the application of SWV.

SWYV affords several advantages. First, Al i1s larger than either Iy or I, so the height of
the voltammetric peak is usually quite easy to read, thereby increasing the accuracy. A
detection limit of about 10® mol dm™ is attainable under optimized conditions [32].
Second, the capacitive contributions are minimized so that scan rate up to 1 V s are
achievable, allowing faster analysis speed, lower consumption of the electroactive
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species and increased sensitivity. Third, dissolved oxygen need not to be excluded
from the analyte solution. Provided that the voltammetric peak of study is more
cathodic than that for the reduction of oxygen, then the magnitude of both Iy or I, will
incorporate an equal current due to the reduction of oxygen. Since both Ifoxgen and

L oxyeen) are equal, they cancel out and Al is seen to be independent of the oxygen

concentration in the sample.

1.6 The Testa-Reinmuth Notation for Electrochemical Processes

In this section we considered heterogeneous electron transfer reactions which are
followed or preceded by homogeneous reactions. This is the case, for example, of
neutral organic molecules which when undergo a one-electron reduction form radical
anions which are often unstable over the relevant time period. Testa and Reinmuth
notation dictates that the letter “E” denotes the heterogeneous electron transfer step
and the letter “C” the homogeneous chemical reaction step [33].

The following are examples of the Testa-Reinmuth notation for a range of important

mechanisms.

1.6.1 CE Reaction

In this case the electroactive species is generated by a chemical reaction which
precedes the heterogeneous electrochemical reaction as expressed by:

A=2B C

B+e = C E

An example of the CE mechanism is the reduction of weak acids, for example acetic
acid which has to release a proton, prior the proton being reduced at the electrode

surface to hydrogen [34] as given in Scheme 1.1:
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CH,COOH = CH,COO" +H"
H*+e = 1/2H,

Scheme 1.1

Another example of the CE reaction process is the oxidation of hydroquinone in

aprotic solvent which will be discussed in Part 3, Chapter 9.

1.6.2 EC Reaction

In this case the chemical reaction follows the electron transfer step and forms a product
which can then react further in a homogeneous reaction:

A-e= A" E

A" +X = AX C

It can be anticipated that in the case of a EC reaction, at fast scan rates the
electrochemical reaction is reversible, with well-resolved oxidative and reductive
waves, however at the slower scan rates the loss of the reduction peak suggests that the
electrochemically generated species A™ have undergone a chemical reaction (either
with the solvent, the parent species or other species present in the solution media). A
knowledge of the oxidative and reductive peak currents as a function of the scan rate
may therefore aids in the determination of the chemical reaction rate.

The EC mechanism is very common as the electrochemical oxidation or reduction will
often produce a very reactive species. An example of such mechanism is the oxidation
of p-aminophenol at a platinum electrode in aqueous media [1]. The p-aminophenol is
oxidised to the corresponding quinone-imine which can undergo hydrolysis to form
benzoquinone, which is electrochemically inactive within the potential region for the

oxidation of p-aminophenol (scheme 1.2).

23



Part 1, Chapter 1: Electrochemical Background

NH, NH O
2e oH' H.O
+2e, +2H"
|
OH o Cl
Scheme 1.2

1.6.3 EC’ Reaction

In this specific type of EC reaction the products of the chemical reaction step are the
electrochemically active starting reactants. Because the starting material are
regenerated through this type of mechanism, this is known as the catalytic reaction.
A+e = A" E

A"+X= A+X7 C’

An example of EC’ reaction is the electrochemically initiated reaction of ferricyanide
with sulfide [35] which will be discussed in Chapter 7, Scheme 7.2. Ferrocyanide is
oxidised at the electrode surface to ferricyanide which in the presence of sulfide is

subsequently reduced back to ferrocyanide whilst the sulfide is oxidised.

1.6.4 ECE and EC,.E Reaction

The ECE and EC,E mechanisms involves initially an electrochemical oxidation or
reduction, to form a chemically active species, which is then capable of undergoing a
homogeneous chemical reaction to form a new electroactive species. The latter can

subsequently undergoe further electron transfer thus:

A-e = A" E
A" -X — AX C
AX -e = AX" E
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The design of the microelectrode is such that it has significant advantages over
conventional macroelectrodes. Since the electrode area is small, significantly lower
currents are passed resulting in negligible electrolysis of the solution. This manifests
itself in thin diffusion layers and therefore steep concentration gradients which
enhance the rate of mass transport in comparison to macroelectrodes. The greatly
reduced double-layer capacitance of microelectrodes, associated with their small area,
means that electrolysis currents are less distorted. As a consequence, high-speed
voltammetric experiments can be performed on the microsecond timescale (scan rates
higher than 10° V s™), thus allowing probing of the kinetics of very fast electron
transfer and coupling-chemical reactions. The final benefit of microelectrodes comes
in the form of reduced “ohmic drop”, (iR), which permits electrochemical experiments
to be conducted in highly resistive media. Thus microelectrode experiments have been
reported in low-dielectric solvents (e.g., benzene, toluene), frozen acetonitrile,
low-temperature glasses, gaseous and solid phases, supercritical carbon dioxide,
ionically conductive polymers, oil-bases lubricants and milk [6]. In addition, more
conventional electrochemical experiments can be carried out with little or no
deliberately added background electrolyte, and with two-electrode systems. The
absence of electrolyte allows wider electrochemical window of investigation, making

possible studies of species with very high oxidation potentials.

1.8 Rotating Disk Electrode

The rotating disc electrode (RDE) consists of electrode material that has been
embedded in a shaft of insulating material, typically Teflon or epoxy resin, as
illustrated in figure 1.13. The electrode is rotated at a steady rate which allows a

steady supply of electroactive material to the electrode to be sustained.

27






Part 1, Chapter 1: Electrochemical Background

profile to the convective-diffusion equations, the limiting current is described by the

Levich equation [1] for laminar conditions:

1,,=0.62nFAD; *0"*v"*[0], , (1.45)

This equation predicts that the mass-transport limited current should vary linearly with
®'"”%. The current-potential profile obtained under hydrodynamic conditions are very
different from those obtained under diffusion-only conditions in stagnant solutions due
to the presence of a plateau or limiting current (ILim), predicted by equation (1.45),
rather than a peak.

The convective flux of fresh material has the effect of shrinking the diffusion layer as

expressed by the equation (1.46) below where the diffusion layer thickness is inversely

proportional to ®'?

161D, v

1/2

50
w

(1.46)

According to Fick’s first law (Appendix 1,[18,19]) the flux to the electrode is greater
when the diffusion layer is thinner and this is why greater currents are observed at

higher rotation speed.

1.9 Standard Addition Plot and Detection Limits

The majority of the results described in this thesis are of analytical nature and plots of
current response against analyte concentration are utilised to determine the analytical
parameters of the system, such as linear ranges and limits of detection.

The unknown concentration of a sample can be inferred through the standard addition
method. This method involves the analysis of a sample with unknown concentration
through spiking with aliquots of a standard, building up a standard addition plot as

shown in figure 1.15.
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value of the response (yp = a), and the limit of detection (LOD) for x corresponds to
the y-value y = yp + 3sg, where s is the standard deviation of the y-residuals from the

line of best fit. The limit of detection is then (3sg / b) as shown in figure 1.16.

A

y

y+3sy

a=Jg

A\ 4

LOD =3s,/b

X

Figure 1.16: Determination of LOD from a linear calibration plot.
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Chapter 2: “Experimental”

2.1 Chemicals

A detailed list of all the chemicals used can be found in Appendix 2. All solutions and
subsequent dilutions were prepared daily using deionised water from a Vivendi
(Vivendi, UK) UHQ grade water system with a resistivity of not less than 18 MQ cm.
Solutions were prepared by dissolving the appropriate analyte in either 3, 4 or 5 acetate
or Britton-Robinson (BR) buffer (comprising equimolar amounts of acetic, phosphoric
and boric acids adjusted to the required pH with NaOH) or pH 4 and 6 phosphate
buffer. In general, all the solutions were degassed and stored under nitrogen and used
within 12 hours to minimise degradation. Phenylenediamine stock solutions were kept
in the dark due to their photosensitivity. Stock sulfide solutions (0.05 M) were
prepared by dissolving the sodium salt in deionised water and used within one hour of

preparation to minimise losses due to aerial oxidation.

2.2 Electrochemical Equipment

Electrochemical measurements were conducted using a PG STAT 20 computer
controlled potentiostat (Eco-Chemie BV, Utrecht, Netherlands) with a standard three
electrode configuration. A platinum wire wound into a spiral provided the counter
electrode and a saturated calomel reference electrode (SCE, Radiometer, Copenhagen)
or a Ag/AgCl reference electrode completed the cell assembly. The reference
electrode was connected through high impedance circuitry (~10 M) which draws
negligible current so that its potential would remain constant and essentially equal to

its open circuit value. The working electrodes (see individual chapters) were polished
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between experiments with diamond pastes of decreasing particle size (6 um to 1 um,
Kemet, UK) or using 1.0 and 0.3 pm alumina (Buehler, USA) on soft pads.

All the microelectrodes were carefully polished prior to use, using 1.0 and 0.3 um
alumina (Buehler, USA) [1]. The microelectrodes were electrochemically calibrated
prior to use to obtain an accurate measurement of electrode radius. This was carried
out recording linear sweep voltammograms in solutions containing either various
concentration of ferricyanide (0.25to 2.0 mM, D =0.76 x 10° cm®s™! [2]) in 0.1M

aqueous KCl or 2 mM Cp,Fe in acetonitrile (0.1 M tetrabutylammonium perchlorate,

D=23x10° cm®s™ at 20 °C [3]).

2.3 Rotating Disk Electrodes

Rotating disk analysis was conducted using an Oxford electrode motor controller with
the three-electrode arrangement described above. The working electrode used was
sheathed in Teflon TM with a brass thread to allow connection to the motor. The

electrode was rotated at different speeds (2.5 — 40 Hz).

2.4 Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) images were obtained using a Park Scientific
Instruments Autoprobe cp atomic force microscope operating in contact mode with

100 wm scanner. These experiments were performed by Dr. Shelley Wilkins.

2.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images were obtained using a Jeol JSM6300

microscope. These images were recorded by Dr. Shelley Wilkins.
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2.6 UV / Visible Spectrometry

UV / Visible spectroscopy was carried out using a Unicam UV / Vis spectrometer

U/V 2, with a clear quartz cuvette of path length 1 cm.

2.7 Chapter 2 References

[1] T. J. Cardwell, J. Mocak, J. H. Santos, A. M. Bond, Analyst 1996, 121, 357.

(2] R. N. Adams, Electrochemistry at Solid Electrodes, Marcel Dekker, New York, 1969.
[3] P. Sharp, Elecrochim. Acta 1983, 28, 301.
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Part 2: “Electrochemical Detection of Hydrogen Sulfide”

Aims and Scope:

The aim of the work reported in this section is to explore various amperometric
possibilities for the detection of hydrogen sulfide and to identify the more promising
routes for the realisation of practical prototype gas sensors that can be used under
conditions akin to those to be encountered in the oilfield environment (notable high

temperature and pressure). The latter will be discussed in Part 5.
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Chapter 3: “A Review of the Analytical Detection Strategies for

Sulfide”’

This chapter is a brief overview of the toxicological effects of hydrogen sulfide and the

methods available to the analytical community for its detection.

3.1 Introduction

Hydrogen sulfide (H;S, S* pKa=14.15, HS pKa=6.88, T=20 °C, [1]) is a colourless
gas with a characteristic offensive odour suggesting “rotten eggs” [1-3]. Natural
sources account for about 90% of the total hydrogen sulfide in the atmosphere and
include crude petroleum [4-7], natural gas, volcanic gases [8], sulfur springs and
putrefying vegetable and animal matter. H,S is also found in groundwater and it is
emitted from stagnant or polluted waters and manure or coal pits with a low oxygen
content.

Hydrogen sulfide may also be released into the environment as a by-product of a
variety of industrial operations, such as petroleum refineries, natural gas plants,
petrochemical plants, coke oven plants, viscose rayon manufacture, sulfur production,
iron smelters, food processing plants and tanneries [9]. Another large potential source
of H,S is from kraft mills during the preparation of paper [10].

Comprehensive and excellent reviews on the toxicity of H,S have been published [11-
14]. Only some of the toxicological aspects of H,S are dealt with in this section.
Humans may be exposed to H,S both from exogenous sources and from its
endogenous production, the latter resulting from the metabolism of compounds
containing various forms of sulfur such as methionine, cysteine and glutathione by
bacteria present both in the intestine and in the mouth [15]. Human accidental

exposure to exogenous H,S is via inhalation.
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Typical symptoms which indicate H,S exposure include dizziness, weakness, nausea,
headache, loss of consciousness, confusion and somnolescence [16]. Adverse effects
are caused in human even in low concentration (ca. 50 ppm) and at concentration
greater than 140 mg m> (~ 100 ppm) olfactory paralysis occurs, making H,S very
dangerous because a few breath at 700 mg m™ ( = 500 ppm) can be fatal. Table 3.1

summarises the human health effects at various H,S concentration as reported in ref.

[11].

Table 3.1: Human health effects at various H,S concentrations (reproduced from ref. [11]).

Exposure* Effect / observation
/ mg m” / ppm
0.011 0.00781 Odour threshold
2.8 2.8 Bronchial constriction in asthmatic individuals
5.0 3.55 Increased eye complaints
7-14 497 -9.94 Increased blood lactate concentration, decreased skeletal
muscle citrate synthase activity, decreased oxygen uptake
5-29 3.55 - 20.59 Eye irritation
28 19.88 Fatigue, loss of appetite, headache, irritability, poor
memory, dizziness
>140 >99.4 Olfactory paralysis
>560 > 397.6 Respiratory distress
>700 > 497 Death

*The conversion factors for H,S in air (20 °C, 101.3 kPa) are as follows: 1 mg m™ = 0.71 ppm,
1 ppm = 1.4 mgm™.

The typical “rotten egg” odour of H,S is detectable by olfaction at very low
concentrations, between 0.2 and 0.13 ppm, and it 1s usually a safe and useful warning
signal. However, olfactory fatigue or paralysis of the olfactory nerve which rapidly
occurs where lethal concentrations of the gas are present can also occur gradually on
exposures to small amounts of H,S meaning that prolonged exposure even to low
concentrations can impair the perception of the gas.

Two major effects of H,S exposure in humans are known: (1) local inflammatory and
irritative effects on moist membrane including the eyes and respiratory tract resulting
from direct H,S action on tissues and, (2) H,S inhalated at sufficiently high

concentrations causing systemic intoxication which often results in death.
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The primary mechanism of H,S toxicity has been show to be the inhibition of
cytochrome oxidase (the final enzyme in the respiratory chain) in the mitochondria
[11,12,17,18]. This disrupts the electron transport chain and impairs oxidative
metabolism and thus affects the respiratory and central nervous systems and may
ultimately result in death from respiratory arrest.

The gas 1s particularly hazard for workers in the oil drilling and refining industries,
extruded rubber plants, sewage collection and treatment works, landfill sites and for
farm workers near manure holding tanks and pits. The current limit for a 10 minutes
exposure in the UK set by the government legislation is 10 ppm [19]. Ambient air
concentration of H,S are generally well below both the short-term (for exposure
duration of 1-14 days) and medium-term (for exposure duration of up to 90 days)
tolerable concentrations of 100 and 20 ug m”, respectively, set by the World Health
Organization [11]. However, the general population may be exposed to H,S by
accidental release from natural gas wells during drilling operations near residential
area.

As adverse toxicological effects of hydrogen sulfide in human are observed at very low
concentration, there has been a constant requirement for H,S sensors that are both
sensitive and rapid in their response and inexpensive so that they can be widely
deployed to protect the wellbeing of workers. Several methodologies for the detection
of the toxic gas have been proposed and these will be briefly reviewed in the following

section.

3.2 Analytical Detection Strategies for Sulfide
In two recent review articles, Lawrence et al. [20,21] have described the various
methodologies available for sulfide detection and they conclude that the high reactivity

of sulfide provides a plethora of detection strategies. In terms of number of
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publications, the most popular approaches for sulfide analysis use spectrocopic
methods [15,22-72] with electrochemical [21,73-115] and chromatographic [36,115-
139] techniques in second and third places, respectively.

A number of approaches which are not included in the formerly mentioned categories
include monitoring tapes [140], an elementar analyser [141], an electronic nose [142],
mass spectroscopic probe [143] and luminescent sorbent tubes [144].

The different strategies available to the analytical community for sulfide detection in
its different forms are shown in figure 3.1 (reproduced from reference [20]) and the
analytical characteristics (i.e., reaction medium, matrix and lower and upper limit of
detection) of the techniques discussed 1n this chapter are summarised in Table 3.2.

The use of the various methods employed in the detection of sulfide is next described.

Sulfur
Sulfate
Methylene Blue
(Reduced Form, Colourless)
0 Kinetic Techniques
4. Sulflde(aq)—> lon Chromatography
M™ //)@f/. Q Potentiometry
C Spectrose®
Methylene Blue Hvdroaen -

(Oxidised Forjm, Colouredy Sfllfidg(g)_’ \S/g;g %nrgetry
Visible Spectroscopy Molecular Absorption Spectrometry
Fluorescence Galvanic Electrochemical Cells
Chromatography Solid State Gas Sensing
Amperometry Fluorescence

Chromatography
Amperometry

Figure 3.1: Analytical pathway for the determination of sulfide.
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Table 3.2: Analytical characteristics of the techniques discussed in this chapter for sulfide monitoring.

Reaction Matrix Methodology Detection Range / ppb Ref.
medium lower upper
Aq. N/S Classical 200 4000 [145]
Aq Sediment UV/Vis N/S N/S [146]
Aq. Waste water UV/Vis 0.1 32 [34]
Aq. Air extraction U V/Vis 70 2000 [53]
Aq. Natural water UV/Vis 1 N/S [33]
Air Alr extraction Spectroscopic 0.3 mg N/S (32]
Aq. Blood Kinetic-UV/Vis 32 16 ppm [3]
Aq. Spring water Kinetic-UV/Vis 50 2000 [147]
Aq. Spring water Kinetic-UV/Vis 0.015 6000 [44]
Aq. Spring water Kinetic-UV/Vis 0.04 25 [45]
Aq. Spring water Kinetic-UV/Vis 50 2000 [50]
Aq. Spring water Kinetic-UV/Vis 20 500 [132]
Air Exhaled breath Fluorescence 4 ppb/v 200 ppb / v [15]
Air N/S Fluorescence 80 15 ppm [35]
Air N/S Fluorescence 1.792 640 [55]
Air N/S Fluorescence 2.24 141 [148]
Air N/S Fluorescence N/S 100 ppb / v [57]
Air Air Extraction Fluorescence N/S 25 ppm [56]
Air Air Extraction Fluorescence 10 N/S [31]
Air Mineral water Mol. Absorption 50 ppm 700 ppm [149]
Air Natural water Mol. Absorption 1 ppm 550 ppm [58]
Air Waste stream Mol. Absorption 0.13 ppm 100 ppm [60]
Air N/S Mol. Absorption 10 ppm 6000 ppm [61]
Aq. N/S Potentiometric N/S N/S [150]
Aq. N/S Potentiometric 3 ppm 32 ppm [151]
Aq. Steel Potentiometric 2 ppm N/S [74]
Aqg. Sol gel processing Potentiometric 1.92 640 [75]
Aq. N/S Potentiometric 32 320 ppm [76]
Aq. N/S Potentiometric 0.13 ppm 24 ppm [77]
Air Air Extraction Potentiometric 50 1000 [105]
Aq. N/S Potentiometric 0.l ygmL" | 30 ugmL" [152]
Aq. N/S Galvanic (g) 0.1 ppm/v | 300 ppm/v [82]
GS N/S Galvanic (aq) 96 3000 [84]
GS N/S Galvanic (g) 30 100 ppm [85]
Aq. N/S Amperometric 100 3000 [38]
Aq. N/S Amperometric 32 24 ppm [83]
Air N/S Amperometric N/S N/S [86]
Aq. N/S Amperometric 12 nM N/S [153]
Aq. N/S Amperometric 3uML? 150 uM L [94-96]
Ag. Sewage water Amperometric 24 uM L™ 48 uM L (101]
Aq. N/S Amperometric 4uM L’ 100 uM L™ [98]
Aq. N/S Amperometric 20uM L} 103uM L™ [97]
Aq. N/S Amperometric 75uML" | 165uM L’ [99]
Aq. N/S Amperometric 13.4uM L 8O uM L™ [154]
Air N/S Cathodic stripping 0.07ppm/v | 113 ppm/vVv [88]
Aq. N/S Cathodic stripping 0.32 3 [89]
Aq. Amino acids prep. Cathodic stripping 0.9 200 [90]
HS Drug formulation | GC-chromatography 5 340 [117]
Aq. Pore GC-chromatography 6.4 x 10* 0.004 [119]
water/sediment
Aq./HS Aqueous effluent | GC-chromatography 0.49 4900 [120]
Aq. Blood GC-chromatography 0.0l ug g N/S [139]
Aq. Blood HPLC 0.32 96 [124]
Ag. Sea water HPLC 12.8 25.6 ppm [125]
Aq. Dairy farm effluent Ion exchange 3.7 ppm 50 pppm [129]
Aq. Hot Spring water Ion chromatography 0.14 16 [115]
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Reaction Matrix Methodology Detection Range / ppb Ref.
medium lower upper
Aq. N/S Ion chromatography 35 50 [130]
Aq. Leather effluent Capillary 0.5 10 ppm [9]
electrophoresis
Aq. Paper processing Capillary 0.5 10 ppm [10]
effluent electrophoresis
Aq. Mining water Capillary 15 ppm 50 (131]
electrophoresis
Air N/S Solid State 00l ppm/v | 10ppm/v [155]
Air/HS N/S Solid State 50ppb/v 13.5ppm/ v [156]
Air N/S Solid State 0.05 ppm/v | 1000 ppm / [142]
v
Air N/S Solid State 0.2ppm/v 12 ppm/ v [157]

3.2.1 Titration Methods

A classical approach to sulfide determination is represented by its titration with iodine
[145,158]. An excess of iodine is normally added to the sulfide sample with the
remaining back titrated with thiosulfate as expressed by the following reactions:
HS+I, -2HI+S (3.1)
28,07 +1; —»S,07 +3T (3.2)
Direct titration with iodine is generally avoided due to loss of the sample through
volatilisation and/or aerial oxidation.

This is a simple method which, however, has significant limitations in terms of
sensitivity and selectivity when dealing with real world sample. It is however the
preferred method for standardisation of sulfide calibration samples used in many of the
other methodologies which are discussed further [9,45,50,53,55,61,76,77,83,115,125-
130,147-149].

A titrimetric method for determination of sulfide and of sulfur in steels with chloranilic
acid by biamperometric and automatic potentiometric end-point detection has also
been reported [151]. The results obtained agree with those of the iodine-thiosulfate

titration method.
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3.2.2 Spectroscopic Methods

The methylene blue method has been widely [22-26,28-30,32,34,35,38-41,116,158]
used since the original description in 1883 by Emil Fisher [22]. This involved the
reaction of aqueous sulfide with N,N-dimethylphenyl-1,4,-diamine (DMPD) in the
presence of a small quantity of ferric ions with gives rise to a characteristic blue
coloration. This corresponds to the production of the phenothiazine dye methylene

blue, MB, as shown in scheme 3.1:

NH, LHN
Q 6 FeCl, /Ej n 6 FeClz
> He
HLC~\ ?/CHs ~ NH,Cl
|
CHs H.S CHj CH3 4 HCI
2
(DMPD) (DMPD) (mBY

Scheme 3.1

The blue colour of methylene blue is measured at 670 or 650 nm [24,34]. This method
retains today significant value in term of simplicity, selectivity [24] and sensitivity
(detection limit obtainable of 0.01 ppm). A possible problem associated with this
method is however the presence of interfering coloured substances.

The methylene blue method has been applied to the determination of H»S in air and in
biological samples and in environmental studies [26,32].

Fluorescence [116] and high performance liquid chromatography, HPLC, [128]
techniques have also been used to detect the resulting sulfur heterocycle adduct.
HPLC of sulfide after conversion to methylene blue was found to be advantageous in
situations where sample turbidity might hinder the spectroscopic analysis and showed
to be very sensitive with a LoD = 0.8 ppb [128].

Under normal conditions the reduction of methylene blue by sulfide is a slow process

with low analytical utility. However, the reductive capability of sulfide can be
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significantly enhanced in the presence of trace quantities of certain metals. Several
rapid and sensitive catalytic spectroscopic methods for the determination of trace
amounts of sulfide based on its catalytic reduction of Methylene Blue (MB) in the
presence of metals such as Te [147], Cu [44] and Se [43] have been reported. It was
also shown that this type of reaction could be used for the detection of trace amount of
the metal, particularly selenium, [42,43]. This approach has also been applied to a
number of alternative chromogens (resazurin [44], aszurea [43], thionine [42],
toluidine blue [46]).

An optode film, coated on an overhead transparency film, was recently employed as a
sensing device for fluorometric detection of H,S [56]. The H,S-sensitive optode film
was fabricated by immobilizing tetraoctylammonium fluorescein Hg(Il) acetate
(TOFMA) and tri-Bu phosphate in a poly(vinyl chloride) (PVC) matrix.

Others spectroscopic protocols based on the irreversible reaction of sulfide with
chromogenic species leading to the production of a new absorption maximum or, more
commonly, the diminution of the existing peak without the requirement for metal ion
catalysis have also been reported [34,37,45,51-53,132]. Nitrosylpentacyanoferrate (II)
gives rise to a transient red-violet coloration (detectable at 574 nm) [34,37] upon
addition of sulfide, whereas the highly coloured Magenta ( 540 nm) [45] and Brillinat
Green (625 nm) [50] dye reagents are converted to a colourless form.
Iron-phenantroline [47], crystal violet [49] and para-rosaniline [51] have been
investigated along similar lines.

Fluorescence-based detectors have been incorporated to some of the studies with
methylene blue [35,52], thionine [52] and 2,7-dichlorofluorescein [53]. The reaction
of sulfide with the mercuric complex of 2,2-pyridylbenzimidzole results in the
formation of mercuric sulfide with the liberation of the fluorescent labels providing an

increase in signal intensity [54]. The use of similar other fluorescent labels exploiting
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the affinity for co-ordinated mercuric ions [55,57,148] have been studied and, the
resulting protocols for sulfide detection were found to be sensitive but still prone to
interferences when other thiols compounds are present.

Several spectroscopic quasi-direct methods for the determination of sulfide which use
molecular absorption spectrometry have also been described [58-63]. Finally, the use
of atomic spectroscopic [64,66], cheminulescent [67,68], infrared spectroscopic [70],
diode lasers [71] and simplified optical transmittance [72] techniques also feature in
the spectroscopic detection of sulfide.

Lawrence et al. [94-96] have recently devised an electrochemical analog of the MB
test in which oxidation via ferric ions is replaced by electron transfer at a glassy carbon

electrode. This will be discussed in more detail in section 3.2.4.1.

3.2.3 Chromatographic Methods

Gas chromatography [117-120,135,137-139,159-163] and HPLC [124,125,128]
techniques have been applied to the determination of sulfide in a number of samples
including pharmaceutical preparations [117], water samples [9,119,129,137,138], soil
samples [118], paper processing water [120] and biological samples [124,125,135,137-
139,159-163]. The separation capabilities of chromatographic techniques have proved
particularly advantageous when dealing with complex matrices providing good
selectivity between the different sulfur containing anions and thiol species.

End column detection has been utilised for conductivity [117], flame photometry [118-
120] and fluorimetric systems [124-126]. Precolumn derivatisation procedures based
on the methylene blue [52], thionine [120], [124] and the fluorescent label
monobromobimabe [125] have also been implemented.

Ion chromatographic systems range from simple exchange columns [36,115,129,130]

to gel base separation columns. Visible absorption spectrometry has been applied to
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the ion chromatographic/ion exchange system. Solid lead (II) chromate loaded
columns have also been utilised in sulfide ions removal and determination, however
interferences from other metal ions (i.e., Ca, Mg, Fe) and hydroxyl ions were reported
[129]. Gel based column [115] offered a more selective approach.

Inductively coupled plasma mass spectroscopy (ICP-MS) has been coupled to ion
chromatographic procedure to increase the specificity of the end column detection
[130].

With the advantages of less sample and solvent consumption compared to
conventional liquid chromatograpy, short separation time, inexpensive and robust
capillaries, capillary electrophoresis methods [9,10,131] have been recently employed
for the determination of sulfide in the leather [9] and paper industry [10] with clear
resolution of sulfide from other sulfur ions such as sulfite, thiosulfate and thiocyanate
and more commonly encountered ions such as nitrate, nitrite and halides. UV and

conductivity detectors are typically used as the end detection system [131].

3.2.4 Electrochemical Methods

Electrochemistry has been applied to the detection of sulfide for many years and as
such a large number of analytical strategies have evolved. These include
potentiometric [73-77,79-81,104-112,150-152,158], galvanic [82,84,85] coulometric
[87] and amperometric [83,86,88-90] techniques.

The most commonly exploited potentiometric system involves silver sulfide as the
main sensing element and have been successfully applied to a number of matrices. A
sulfide ion-specific electrode has been use for the determination of sulfide in various
biological samples [104-112]. The use of conventional sulfide electrodes has however

been limited because problems such as long response times, deviation from ideal
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Nemstian behaviour and poisoning of the reference electrode component by sulfide are
often associated with their use.

Alternative potentiometric techniques involve the use of modified electrodes by the
deposition of electropolymerised films such as binaphthyl-20-crown-6 [75],
N,N',N",N"'-tetramethyltetra-3,4-pyridinoporphyrazinocobalt (I) [76] and tetraamino
phthalocyanatocobalt (II) [77].

Kroll er al. [82] have described a galvanic sensor for H,S sensing based on a modified
Clark cell. The operation principle is oxidation of the gas molecules on a sensitive
platinum electrode connected with a counter electrode based on macrocyclic or
macrobicyclic polyaza cobalt(IIl) complexes as the catalysts. The sensor showed good
linearity and selectivity, comparatively high sensitivity (0.1 ppm H,S), perfect
stability, and an extremely long operating life of up to several years. Similar systems
utilising ferricyanide have also been employed for the development of galvanic devices
for H,S detection in the aqueous [84] and gas phase [85]. A gas porous membrane is
used to ensure selectivity.

The ferricyanide/ferrocyanide ions redox mediator system has also been implemented
in the design of an amperometric microsensor for detection of dissolved H,S in aquatic
environments [83,86]. The design of the microsensor is again based on the same
principle as the Clark-type oxygen microsensor. The sensor is equipped with a glass-
coated platinum working electrode and a platinum guard electrode positioned in an
outer glass casing (tip diameter = 20 - 100 mm). Both working electrode and guard
electrode are polarized at a fixed value in the range from +85 to + 150 mV with respect
to a counter electrode. The outer casing is sealed with a thin silicone membrane and
filled with a buffered electrolyte solution containing K;[Fe(CN)g] as redox mediator.
Hydrogen sulfide penetrates the silicone membrane and is oxidized by K;[Fe(CN)g],

resulting in the formation of elemental sulfur and ferrocyanide (K4[Fe(CN)g]). The

47



Part 2, Chapter 3: A Review of the Analytical Detection Strategies for Sulfide

latter is electrochemically reoxidized at the exposed end of the platinum working
electrode, thereby creating a current that is directly proportional to the dissolved H,S
concentration at the sensor tip. A wide dynamic working range of concentration from
1to 750 pmol L' H,S was accessible [83]. This approach is readily applicable to
portable sensing and can be used for continuous/remote monitoring application. A
further advantage of this amperometric microsensor is that oxygen does not interfere
with H,S, such as with potentiometric Ag/Ag;S sensors, because it does not react with
ferricyanide.

Lawrence et al. [101] have assessed the suitability of using boron doped diamond
(BDD) electrode as a sulfide sensing substrate through examining the electrocatalytic
oxidation of ferrocyanide to ferricyanide in the presence of sulfide using both cyclic
voltammetry and chronoamperometry. The high oxidation potential for the direct
oxidation of sulfide at a BDD electrode allows clear resolution of both the ferrocyanide
wave and sulfide oxidation wave producing a distinct analytical signal at the oxidation
peak potential of ferrocyanide. The procedure was applied to the recovery of a sulfide
spike in sewage effluents with a recovery of 102 + 4.5%.

Silver [88] and mercury [89,90] modified electrode have also been investigated in
amperometric systems.  Sulfide reacts with the metal surface producing the
corresponding metal sulfide, which is then reduced back to the metal by applying a
sufficiently negative potential at the electrode surface. The reduction current can be
related to the amount of sulfide initially present.

Modified screen printed carbon (SPC) electrodes with hexadecylpyridinium-
bis(chloranilato)-antimonyl(V), [SbVO(CHL)z]Hex [103] and cinder/hexacyano
cobaltate hybrid [153] have been recently applied to the determination of sulfide with
good sensitivity and selectivity. The high stability, low cost and easy preparation route

might offer scope for application in routine analysis.
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3.2.4.1 The electrochemical analog of the methylene blue reaction

Lawrence et al. [94] have recently devised an electrochemical analog of the traditional
spectroscopic methylene blue test (Section 3.2.2) in which oxidation via ferric ions is
replaced by electron transfer at a glassy carbon electrode. The chemistry is
aqueous-based (over a pH range of 3 - 6) and relies on the 1,4-Michael addition of
sulfide to the electro-generated quinone-imine resulting in the formation of the

corresponding thiol adduct which can be oxidised at the electrode surface to produce

the analytical signal as shown in Scheme 3.2:

NH, NH
e DMPD*
+2e, +2H
o |
-~ \\H /L\!\
H,S
DMPD
NH NH,
HS . HS
+2e,+2H
e, M
|
N Analytical N
RN PR
+ Signal \H
DMPD-SH ™ DMPD-SH

Scheme 3.2: Proposed reaction pathway for the electrochemically initiated reaction of DMPD and
sulfide.

The increase in oxidative current was found to scale linearly with sulfide concentration
within the range 3 uM to 150 uM (= 0.1 to 4.8 ppm) which compares favourably with
detection range of other electrochemical techniques described in this chapter (Table
3.2). Methylene blue was not formed on the timescale of the voltammetric experiment

but was detected spectroscopically at 460 nm only after prolonged electrochemical

oxidation of DMPD in the presence of sulfide.
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The reaction pathway has been shown to be generic in nature with a wide range of
similarly structured molecules (catechol, dopamine, hydroquinone and p-aminophenol
[96], diphenylamine (DPA), diphenylamine-4-sulfonic acid (DPS) and
4,4’-diaminophenylamine sulfate (DADPA) [95]) undergoing similar chemistry with
sulfide. Each derivative was found capable of forming a quinoid intermediate upon
oxidation and all responded to increasing concentration of sulfide in pH 4 buffer
(typically over a range extending from 10 - 300 uM sulfide). The relative merits of
each system are discussed and their analytical parameters (linear range, detection

limits, redox potentials etc.) are tabulated for ease of comparison in Table 3.3.

Table 3.3: Response of the different indicator species toward hydrogen sulfide [95,96].

Compound' pH Sensitivity’ N’ LoD? / uM Linear Range / uM
DMPD 4 3.94x 10° X 7 3 3-150
Hydroquinone 4 508x 10%X 10 10 10 -192
Hydroquinone 7 322x10° X 4 3 21-104
4-aminophenol 4 3.56 x 10° X 9 3 3-150
Cathecol 4 292x10%X 13 3 3-150
Dopamine 4 121x10%X 6 3 3-150
DADPA 4 7.94x 108X 8 3 3-150
DPS 4 1.60x 108X 8 3 3-150
DPA 4 N/A’ N/A® N/A® N/A’

'The concentration of each indicator species was 180 uM. ’X = concentration of sulfide / uM,
N = number of data points on regression line, *LoD = calculated limit of detection based on 3sy,
N/A’ = non applicable with no calibration data obtained.

The electrochemical oxidation of phenylenediamine and its subsequent reaction with
sulfide was employed as the main analytical signal in the realisation of a thin-layer
Clark-type amperometric sensor [98] and in the application of a dual flow
electrochemical cell [97] for the detection of the toxic gas.

The low solubility of a phenylenediamine derivative (N,N'-diphenyl-p-
phenylenediamine, DPPD) was exploited as a means of developing reagentless and
inexpensive sensors for sulfide in which DPPD is mechanically incorporated into

carbon-epoxy [154,164] or screen printed carbon electrodes [99]. The voltammetric
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response of the modified-screen printed electrodes was initially characterised in the
absence of sulfide and a suitable pathway proposed consistent with the reaction
occurring at the three-phase boundary between solid DPPD, C, and the aqueous
solution. In the presence of sulfide a decrease in both the oxidative and reductive
waves was observed, which was attributed to the sulfide effectively blocking the
three-phase boundary. The response obtained at pH 4 produced a linear range from 20
to 165 uM, and a limit of detection of 7.5 uM for sulfide.

The electrochemical initiated reaction of sulfide with molecules with a quinoid-type

structure was also successfully utilised for the quantification of thiols within biological

matrices [93,165] .

3.2.5 Solid State Systems

Numerous works have described the implementation of solid state materials, usually
involving metallic oxides, for the facile fabrication of sensors for detection of gaseous
H,S [155-157,166-168]. These systems are generally susceptible to temperature and
humidity variations and offer less selectivity when compared with many of the
methodologies described above. A more comprehensive assessment of their relative

merit and limitations is discussed in ref. [158] and ref. [166].

3.3 Conclusion

A wide range of different methods are available to the analytical chemist for detection
of hydrogen sulfide in both environmental samples, such as air, water sediment and
sludge, and in biological samples such as human breath, biological tissues and fluids
including blood and saliva. Most of these approaches provide adequate sensitivity and
can be effectively moulded to suit a given application. However, interferences from

other members of the sulfur family (anions or thiols) are still an issue in some
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instances. Selectivity can be improved by the incorporation of column separation
device or membrane systems. The latter approach has been successfully implemented
in a number of electrochemical methods as a barrier against interferences.

In the recent years there has been a change in emphasis towards fast, inexpensive and
on-site analysis. With the exception of some of the chromatographic techniques, many
of the systems discussed in this chapter (in particularly the electrochemical
approaches) hold significant promise for fulfilling such criteria.

In the next chapter we look at the electrochemically initiated reaction of sulfide with

various benzoquinone derivatives as a means of detecting hydrogen sulfide in aqueous

solution.
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Chapter 4: “Electrochemical Characterisation of Sulfide Tagging via

its Reaction with Benzoquinone Derivatives”

In the previous chapter (Section 3.2.4.1) it was shown that several molecules with
quinoid-type structure can undergo electrochemically initiated 1,4-Michael addition
with sulfide to produce an analytical signal [1-6]. In this chapter the determination of
sulfide is demonstrated by its electrochemically initiated reaction with a range of
structurally  diverse  substituted  benzoquinone  species  (p-benzoquinone,
2,3-dimethoxy-5-methyl-p-benzoquinone, 2,6-dimethoxy-p-benzoquinone and
3,5-ditert-butyl-o-benzoquinone). It is shown that by judicious choice of the pH of the
solution analytical signals can be obtained for each species; the relative merits of each
indicator are discussed and their corresponding analytical parameters are tabulated for
ease of comparison. The results detailed have been subsequently published in

Analytical Letters [7].
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4.1 Introduction

Recent reports have utilised the chemical reaction of various thiol species with
different benzoquinone derivatives as a means of producing an electrochemical label
for the benzoquinone-thiol adduct [5,6,8] which i1s then used to determine the
concentration of thiol present in the media under investigation. The addition of thiols
to quinone moieties 1s well established, forming the basis of numerous spectroscopic
[9-12] and pre-column chromatographic derivatisation protocols [13,14]. The basic
reaction pathway exploited in the proposed protocol is shown in scheme 4.1 with the
foundations of the approach relying on the ability of the electrochemical technique to
primarily differentiate between the unreacted quinone 1 (scheme 4.1), and the

consequent quinone-thiol adduct 2 and 3 (scheme 4.1).

: 0 OH !
1 1
i 1
: : Initiated before commencement
: | of reductive sweep
i o OH 1 12e'
i 1) <44 | Electrode .~
O AT L0070 sy
HS L7 - =S HS e - RN
0 OH 4 0] OH 4
HS HS HS. HS
SH SH
O OH O OH
)] ) 3)
+2H' N’ )
Electrode \_\\\ N\N\\\ Em\\\\
2e 2e”
Analytical signal: Analytical signal:
i.e, reductive wave at 0.25 V i.e, reductive wave at 0.50 V
for p-benzoquinone in pH 3 buffer for p-benzoquinone in pH 3 buffer

Scheme 4.1: Proposed tagging and detection pathway.

The generic nature of this reaction pathway has been demonstrated through the

electrochemically initiated reaction of hydroquinone with thiols as a means of
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electrochemically tagging proteins in which the product is detected using mass
spectrometry [15-17].

In the following report the generic nature of this reaction process is probed further and
used as a means of determining hydrogen sulfide via its reaction with benzoquinone
and its derivatives. Initial studies focus on the direct reaction of p-benzoquinone with
sulfide and it is shown that multiple substitution reactions arise as a result of the
adduct becoming re-oxidised by unmodified quinone 1 and 4 (scheme 4.1). As such a
range of structurally diverse benzoquinone indicator species have been examined
(scheme 4.2) in which blocking groups are placed around the benzene ring.

It can be foreseen the use of a low solubility benzoquinone species (i.e., 3,5-ditert-
butyl-o-benzoquinone (3,5DTBQ)) that could be incorporated into a carbon based
screen printed electrode [18-21] thereby allowing the development of a ‘reagentless’

sensor for sulfide.

O O
_OCHj
~N
H3C OCH3
O O
p-benzoquinone 2,3-dimethoxy-5-methyl-p-benzoquinone
(BQ) (2,3 DMBQ)
O
H3CO\ OCH 3 o
O
O
2,6-dimethoxy-p-benzoquinone 3,5-di-tert-butyl-o-benzoquinone
(2,6 DBQ) (3,5 DTBQ)

Scheme 4.2: Structure of the various benzoquinone derivatives studied.
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two-electron reduction of p-benzoquinone to its corresponding hydroquinone species

as expressed by:
Q+2¢ +2H" = QH, 4.1)

Upon the addition of low concentrations of sulfide (giving aliquots of 0.02 mM sulfide
up to 0.18 mM, figure 4.1(a)) to the solution a new voltammetric wave emerges at
+0.25V and the main reductive wave at +0.08 V due to the reduction of
p-benzoquinone decreases. The wave at +0.25 V continues to enhance until 0.14 mM
sulfide is present in solution after which the peak current stabilises. Upon subsequent
additions of sulfide (0.20 to 0.5 mM, figure 4.1(b)) a second new redox wave emerges
at +0.50 V, whilst the new wave at +0.25 V begins to decrease. Similar observations
were made when cysteine was added to a p-benzoquinone solution [5]. The first wave
to emerge at +0.25V can be attributed to the reduction of the mono-substituted
p-benzoquinone adduct (scheme 4.1) whereas the second wave to emerge at higher
concentrations of sulfide can be attributed to the formation and reduction of
di-substituted species (scheme 4.1). It is worth noticing that the second new wave at
+0.50 V emerges when the concentration of sulfide 1s approximately half the
concentration of p-benzoquinone, and it is to this observation that we next turn our

attention.

4.2.1.2 Effects of time on the voltammetric response of the p-benzoquinone-sulfide
solution

Figure 4.2 details the voltammetric responses obtained at a glassy carbon electrode
when placed into a solution containing 0.5 mM p-benzoquinone and 0.25 mM sulfide
(pH 3, 0.1 M acetate buffer). In this case the response is recorded every twenty
seconds after the addition of sulfide. Also overlaid is the response of a solution
containing only 0.5 mM p-benzoquinone.
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the new wave at +0.48 V corresponds to the reduction of the solution phase
di-substituted benzoquinone-sulfide adduct.

In order to elucidate the reaction mechanism, the same experiment was repeated for a
solution containing equimolar concentration of p-benzoquinone and sulfide
(=0.5mM). The corresponding voltammetric responses were found to be analogous
to those shown 1n figure 4.2. A new reduction wave was first observed at +0.25 V
after which a second reduction process occurred at +0.48 V. However, in this case the
time taken for the second wave to emerge at +0.48 V was found to be forty seconds
rather than sixty seconds.

This can be rationalised as follows: at lower concentrations of sulfide the initial
reaction to form the mono-substituted adduct will dominate and the rate of oxidation of
this adduct to its quinone form (step 1) will be the rate determining step. Therefore the
amount of di-substituted species will depend on this rate. However, when the
concentration of sulfide is increased then the time taken to form the di-substituted will
be decreased as there is more sulfide present in the solution to attack the oxidised
mono-substituted adduct to form the di-substituted species (scheme 4.1).

It was also noted that during the standard addition experiment the solution was seen to
physically change colour from colourless to yellow back to colourless at the higher
concentrations of sulfide. This will be further discussed in the next section.
Unfortunately due to the overlapping nature of the electrochemical waves obtained for
the benzoquinone species and the sulfide-benzoquinone adducts the kinetics of the

reaction are not elucidated.
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attributed to the formation of the oxidised and reduced forms of the mono-substituted
p-benzoquinone-sulfide adduct (scheme 4.1) in the solution.

Upon subsequent additions of sulfide (from 0.375 to 1 mM) the solution returns to
colourless and these waves diminishes and the spectra are characterised by a single
new wave at 306 nm which can be attributed to the formation of the di-substituted
p-benzoquinone-sulfide adduct (scheme 4.1).

It appears that when the sulfide concentration is equal to or less than half the
concentration of p-benzoquinone present, the waves at 416 nm or 373 nm are present
whereas at higher concentrations these diminish and the maximum at 306 nm
enhances. This behaviour is analogous to that detailed above in figure 4.1 for the
voltammetric response of p-benzoquinone to increasing sulfide concentrations. In this
case it is shown that at sulfide concentrations less than half of the p-benzoquinone
concentration present the voltammetric wave at +0.08 V dominates but at higher
concentrations this diminishes and a new wave emerges at +0.25 V.

UV / Vis were also recorded over time (from 0 to 60 minutes) for solutions containing
0.5 mM p-benzoquinone (pH 3 acetate buffer) each and increasing additions of sulfide
(0.25 mM, 0.5 mM and 1.0 mM). When the spectrum was recorded immediately after
adding 0.25M sulfide to the p-benzoquinone solution, a single maximum was
observed at 303 nm. However, when the spectrum was recorded after 10 minutes the
absorbance at 298 nm increased and a second absorbance maximum was seen at
373 nm, consistent with the observations above. The absorbance at 373 nm increased
with time and finally stabilised after 30 minutes.

When the sulfide was present at concentration greater than a half that of
p-benzoquinone, no absorbance maximum at 373 nm was observed and the spectra
exhibited a single absorbance maximum at 306 nm, consistent with only the

di-substituted p-benzoquinone being present in the solution.
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This behaviour can be rationalised by the reaction mechanism detailed in scheme 4.1.
Upon the initial addition of sulfide to the solution this reacts with p-benzoquinone to
form the hydroquinone-sulfide adduct. In order for this to react further with any
remaining sulfide, the hydroquinone-sulfide adduct has to be oxidised to the
benzoquinone-sulfide adduct. To achieve this one molecule of benzoquinone has to be
reduced for each molecule for the hydroquinone-sulfide adduct oxidised. Therefore
the maximum concentration of mono-substituted p-benzoquinone adduct is half the
concentration of the un-substituted p-benzoquinone.

When the ratio of sulfide to quinone is greater than 1:2, the sulfide immediately reacts
with the mono-substituted p-benzoquinone to form the di-substituted p-benzoquinone.
Unfortunately once again due to the overlapping nature of the spectroscopic signals
obtained for the benzoquinone species and the sulfide-benzoquinone adducts the
kinetics of the reaction are not readily elucidated. We next look at optimising the

experimental conditions for the analytical determination of sulfide.

4.2.1.4 Voltammetric response of p-benzoquinone to increasing sulfide from pH 3 to
10

The square wave voltammetric response of p-benzoquinone to increasing additions of
sulfide was examined over a wide pH range (from pH 3 to pH 10). The corresponding
current-potential profiles obtained at pH 5 and pH 7 for solutions containing 0.5 mM
p-benzoquinone and increasing additions of sulfide (0.02 - 0.2 mM) are detailed in
figures 4.4 (a) and 4.4 (b), respectively. It should be noted that in these cases the
sulfide concentration was kept low such that only the mono-substituted adduct should

be present in the solution.
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of the solution the analytical utility of monitoring sulfide by examining the peak
current attributed to the benzoquinone-sulfide adduct becomes compromised.

It can be predicted that the analytical capabilities of utilising benzoquinone as a redox
indicator for sulfide even under the optimised pH conditions becomes hindered by the
fact that p-benzoquinone can undergo multiple additions by sulfide (vide supra). This
complicates the voltammetric signal and may decrease the sensitivity for sulfide
detection. Therefore in order to overcome such problems the voltammetric response of
a range of sterically hindered benzoquinones to sulfide was examined and it is this to

which we turn next.

4.2.2 Reaction of a Range of Sterically Hindered Benzoquinones with Sulfide

The voltammetric response of three diverse benzoquinone structures (2,3-dimethoxy-5-
methyl-p-benzoquinone (2,3DMBQ), 2,6-dimethoxy-p-benzoquinone (2,6DBQ) and
the low solubility 3,5-ditert-butyl-o-benzoquinone (3,5DTBQ), (scheme 4.2)) to
increasing sulfide concentrations was next examined over a wide range of pHs (from
pH3 to pH7) as a means of optimising the experimental conditions for sulfide
detection. These conditions occur when the voltammetric signal of the parent
benzoquinone and the sulfide-benzoquinone adduct are well resolved in terms of peak
potentials.

The corresponding data obtained for each of the three substituted benzoquinone
species studied is detailed in table 4.1. This compares the peak potentials of the three
benzoquinone waves at each pH studied along with the peak potentials of any new
redox waves observed when sulfide was added to the solution. Also detailed for
comparison are the peak potentials of the waves observed when p-benzoquinone is the
indicator species. In this case only the reduction wave attributed to the mono-

substituted benzoquinone-sulfide adduct is shown.
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Table 4.1: The various voltammetric waves attributed to both benzoquinone and to the
benzoquinone-sulfide adduct when sulfide (0.02 - 0.2 mM) was introduced to solutions containing
different benzoquinones at different pHs.

pH3 pHS pH7
Compound BQ BQ-Su BQ BQ-Su BQ BQ-Su
2,3DMBQ -0.13V N/A -0.16 V -0.07V -0.22V -0.10V
2,6DBQ +0.05V N/A 0.12V N/A -0.22V -0.09 V
3,5DTBQ +0.08 V +0.45 +0.02 V +0.35V -0.05V +025V
p-BQ +0.08 V +0.25 -0.01V +0.15V -0.03V +0.10V

BQ = peak potential attributed to the reduction of the benzoquinone, BQ-Su = peak potential attributed
to the reduction of the benzoquinone-sulfide adduct. 0.5 mM 2,3DMBQ = 2,3-Dimethoxy-5-methyl-p-
benzoquinone, 0.5 mM 2,6DBQ = 2,6-Dimethoxy-p-benzoquinone, 0.25 mM 3,5DTBQ = 3,5-Di-tert-
butyl-1,2-0-benzoquinone, 0.5 mM p-BQ = p-benzoquinone.

Analysis of the data reveals that for each benzoquinone studied there is at least one pH
in which a benzoquinone-sulfide adduct wave is observed.

The corresponding square wave voltammogram obtained for each quinone structure to
increasing additions of sulfide under their optimised pH conditions are detailed in
figure 4.5. Figure 4.5 (a) depicts the voltammetric response of 0.5 mM 2,3DMBQ in
pH 7 phosphate buffer to increasing additions of sulfide (0.02 - 0.20 mM). These
show that in the absence of sulfide a single reduction wave at -0.22 V is observed
consistent with the two-electron reduction of the parent species to its hydroquinone
structure (equation (4.1)). Upon the addition of sulfide to the solution a shoulder
emerges at -0.10 V and continues to grow with increasing additions of sulfide, whilst
the reduction wave at -0.22 V begins to decrease in current. This voltammetric
behaviour is consistent with the sulfide reacting with the parent 2,3DMBQ to form the
mono-substituted sulfide-hydroquinone adduct. This is oxidised homogeneously 1n the
solution to the corresponding benzoquinone species which is then reduced at the
electrode to produce the analytical signal. It was observed that, in contrast to the
benzoquinone system discussed in section 4.2.1, only a single reduction wave emerges
when sulfide is present in the solution due to the loss in reaction sites of the 2,3DMBQ

compared to p-benzoquinone.
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Table 4.2: The analytical parameters obtained for sulfide detection when each benzoquinone derivative
was utilised at optimum pH conditions.

Optimum Linear Sensitivity
Compound pH Range / uyM AM! r’ LoD / uM
p-BQ 3 20- 120 0.0198 0.99 12
2,3DMBQ 7 40 - 120 0.0178 0.99 12
2,6DBQ 7 40 - 180 0.0025 0.99 15
3,5DTBQ 3 60 - 180 0.0013 0.99 16

LoD = Limit of detection based on 3s,. 0.5 mM p-BQ = p-benzoquinone, 0.5mM 2,3DMBQ = 2,3-
Dimethoxy-5-methyl-p-benzoquinone, 0.5 mM 2,6DBQ = 2,6-Dimethoxy-p-benzoquinone, 0.25 mM
3,5DTBQ = 3,5-Di-tert-butyl-1,2-0-benzoquinone.

4.3 Conclusion

The chemical tagging of sulfide by various benzoquinone species has been studied and
the analytical utility of each species has been appraised. The results show that when
p-benzoquinone is used multiple substitution reactions can occur and as such
compromises its analytical utility. The reaction process has been studied using both
electrochemistry and UV / Vis spectroscopy and a suitable pathway for the reaction of
sulfide with p-benzoquinone has been suggested (scheme 4.1).

To enhance the analytical utility of the approach the effects of increasing the
substituents on the benzene ring has been assessed. It was found that by blocking the
various reaction sites around the benzene ring the possibility of forming a
di-substituted benzoquinone-sulfide adduct decreased. The voltammetric responses
have been studied over a wide range of pHs (from pH 2 to pH 10) and the optimum
conditions for sulfide sensing for each species studied have been identified. The low
solubility of the 3,5DTBQ species promises the development of a screen printed
electrode (SPE) in which 3,5DTBQ is incorporated into the carbon working electrode.
This could then form the basis of a reagentless sensor to determine sulfide in aqueous
media in which a gas permeable membrane could be incorporated to remove possible

environment interferents.
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Chapter 5: “The Electrochemically Initiated Reaction of Sulfide with
N,N-Diethyl-p-phenylenediamine (DEPD) in N,N-Dimethylformamide

(DMF) Part I: a Mechanistic Study”

As discussed in Chapter 3, Lawrence et al. have recently devised an electrochemical
analog of the traditional spectroscopic methylene blue test (Chapter 3, section 3.2.4.1)
in which oxidation via ferric ions is replaced by electron transfer at a glassy carbon
electrode [1]. The chemistry is aqueous-based and relies on the 1,4-Michael addition
of sulfide to the electro-generated quinone-imine resulting in the formation of the
corresponding thiol adduct which can be oxidised at the electrode surface to produce
the analytical signal (Chapter 3, Scheme 3.2). It was desired to adapt this protocol in
non-aqueous media with a view to detect hydrogen sulfide in adverse conditions of
high temperature, as typically found in the oilfield industry. In this chapter the
mechanism of the electrochemical oxidation of N,N-diethyl-p-phenylenediamine
(DEPD) in organic solvents (i.e., DMF) is elucidated. The next chapter discusses the
response of DEPD in the presence of sulfide. Finally, exploration of the DEPD and
sulfide system at elevated temperature will be detailed in Chapter 14.

The results detailed below have been subsequently published in Electroanalysis [2].
The mathematical modelling for the simulation study was carried out by Oleksiy V.

Klymenko and the high-speed channel electrode experiments by Neil V. Rees.
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5.1 Introduction

The electrochemical oxidation of phenylenediamines in aqueous solutions has been
recently studied as a means of detecting hydrogen sulfide [1,3,4] and thiols [5,6]
(Chapter 3, section 3.2.4.1). The oxidative voltammetric response of N,N-diethyl-p-
phenylenediamine (DEPD) in aqueous media is thought to be two overlapping
electrochemical reversible processes and this has served as the basis for the detection
of sulfide, cysteine, homocysteine and glutathione as a result of the extra current flow
when these species react with the two electron oxidation product [5,6]. The transfer of
this amperometric approach into non-aqueous solvents could have significant
advantages in the detection of hydrogen sulfide under conditions of high temperature
as encountered in the oilfield industry [7]; by selectively choosing the solvent in which
to detect sulfide the temperature range can be significantly extended due to the
enhancement in the boiling point. The literature reveals that N,N-dimethylformamide
(DMF) produces good temperature versatility due to its relatively high boiling point of
153 °C [8], hence DMF was our solvent of choice. A second advantage will be shown
to be the increased solubility of hydrogen sulfide and of the phenylenediamine species
in the organic solvent; in aqueous media the linear range for sulfide detection was
found to be dependent on the concentration of the indicator species. By having a
higher solubility the concentration of phenylenediamine can be easily increased and
therefore a larger linear range can be achieved.

First however, the electrochemical oxidation of DEPD in DMF has to be studied. The
literature reports that this process is more complex than two sequential simple
one-electron oxidations. Several papers have speculated, on the basis of potential step
chronoamperometry and UV/Visible spectrometry, that the oxidation of
p-phenylenediamine (PPD) in acetonitile may undergo the reaction mechanism detailed

in scheme 5.1; PPD first undergoes a one electron loss to give the radical cation
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species PPD™, this species then undergoes a proton exchange with the parent (PPD)
[9,10] (or possibly with the solvent [11]) to give the neutral radical species PPD°,

which then undergoes further oxidation to the di-imine [9,10]. Coupling reactions then

ensue and the scope for the formation of oligomeric or polymeric products is evident.
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Scheme 5.1: Proposed reaction pathway for the oxidation of p-phenylenediamine (PPD) in DMF. *k,
may undergo proton loss to other bases within the scheme or the protons may be returned by the
products. A similar comment applies to the final step of the mechanism.

In this chapter the electrochemical oxidation of DEPD is studied at microdisc
electrodes of different radii as a means of understanding the complex oxidative
reaction process proposed in scheme 5.1. The ability of microdisc electrodes to

interrogate fast electrochemical reactions has resulted in a wide range of analytical,
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[12-17], semi-analytical [18] and numerical methods [19-34] to solve predominantly
first-order mechanisms (E, CE, EC, EC’ ECE, DISP1, DISP2, EC,E and EC,;xE). The
voltammetric responses of DEPD at different sized microelectrodes are examined and
the corresponding voltammetric wave shapes have been analysed. The level of
mechanistic detail of scheme 5.1 with three unknown rate constants and three different
redox events represents a previously unexamined level of complexity for steady state
microelectrode experiments. The following will show that the finite difference
modelling via the alternating direction implicit (ADI) method allows the prediction of
the voltammetric behaviour. Application of the theory to the experimental data for the
DEPD oxidation in DMF shows the reactions mechanism to be not inconsistent with

that suggested in scheme 5.1.

5.2 Theory
In this section we solve the problem of linear sweep voltammetry at a microdisc
electrode for the mechanism introduced in the previous section (see Scheme 5.1). The

latter can be summarised as:

A-e==2B

A+B‘IZ——+1 C+D

C-e=E

E+D—>F

F-26—G (5.1)

The time dependent equations for the mass transport of all the species to a microdisc

electrode of radius r, written in cylindrical coordinates are

%?_] =D, ( a;r[?] + % a;gf] + a(;z[?]j —k,[A]B]+ &, [c]D]

02 )l o
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where D,, D,, ... are the diffusion coefficients of species A, B,...; r is the radial

coordinate, and z is the coordinate normal to the surface of the disc.

Boundary conditions for this model are shown in the Table 5.1, where k} , k,, k7 and

k, denote forward and reverse rate constants for E-steps in the kinetic mechanism:

RT
k;'zkgexp( OI‘; (E E° D (5.3)

where k; and k, are standard rate constants for the A/B and C/E couples and

4 7”7

correspondingly @’ and ¢” are the transfer coefficients, and E° and E° the formal
potentials. The oxidation of F in the reaction scheme 5.1 is thought to possess
diffusion-controlled conditions under linear sweep voltammetry, because oxidation of
the species F takes place at more negative potentials than required for the oxidation of
C [9,10]; this will be assumed throughout the following, both in the theory and in the

assessment of the DEPD system.
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Table 5. 1. Boundary conditions for the mathematical model of ECreyECE process at microdisc.

Boundary region Equations

z=0,0<r<r, o[A] , , J|B] o[A]
D,— =\k,|A|-k,|B ;. D,——| =-D,—
4757 L (f[ ] b[ ])z=0 By, B 470, »

d[C] , , J[E] d[C]

D.—— =\k.|C|-k|F|| : D.—| =-D.—
29 ~ller-wte) 0, L) —-p %
M :O; [F]z=0 :O
aZ =0

=05, oA o] o] o] o] _aF
0z =0 02 =0 02 =0 02 =0 dz =0 07 |,

aer=0 o] o] _olc] _olo] _alg] _aF] _,
or |, Or|., Or =0 or |, Ooril. Oor|.

Z,F—> o [A]—=[Al,,: [B]—>0; [c]—0; [D]—>0; [E]>0; [F]-0

The current flowing at the electrode surface was calculated using the following

expression:

iZZEFI(DAM+DC-a—[—§—]+2DFMj rdr (5.4)
0 9z 0z 0z ).

The coordinate transformation developed by Amatore and Fosset [27] was used to map

an infinite area [O, oo)x[O, oo) in cylindrical coordinates r, z into a closed square

o, l]x[O, 1] in the transformed &, I -space:

. 2
R=~igj;z=9m{grj (5.5)

cos( I

r z : :
where R=— and Z =-—. This transformation allows one to remove the edge
Va Va

NN

singularity arising from the discontinuous boundary conditions and to improve
simulation efficiency due to the less number of the mesh nodes required to obtain the
desired level of accuracy.

The ADI method [23,34,35] was used to solve the mass transport equations (5.2) in

two-dimensional domain. Newton’s method [36] was used to solve systems of non-
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linear algebraic equations arising from the discretisation of the PDEs (5.2) [37]. The
generalised Thomas algorithm for banded matrices was used to solve linear systems.
All the programs for the simulations were written by Oleksiy V. Klymenko in Delphi 6
Professional Edition (Borland Software Corporation, Scotts Valley, California, USA)
and executed on a PC with Pentium III 1GHz processor and 256 MB of RAM.

In the following Oleksiy V. Klymenko investigated steady-state linear sweep

4 I{4

voltammetry corresponding to the case when E° <E° so that when the

current-potential curve has two waves as shown in Figure 5.1.
7.0x10° -

6.0x10° -

5.0x10° -

4.0x10° 4

3.0x10°

Current/ A

2.0x10° 1

1.0x10°

0.0 T T T )
-0.5 0.0 0.5 1.0 1.5

E/V

Figure 5.1: A schematic of a typical linear sweep voltammograms.

In order to check the accuracy of the numerical approximation of the current passed
(5.4), we performed a series of simulations with increasing grid size. Figure 5.2 shows
the convergence of the second wave current (see Figure 5.1) to the limiting value
versus the grid step size, shown as a logarithmic plot of the relative error |i-ijm|/itm
versus the grid step size h=1/NO=1/NT", calculated for “typical” ranges of rate
constants as indicated in the figure legend. The exact value of the second wave current
(iym) Was found by running simulations for a range of grid sizes and extrapolating the
data for the second wave current corresponding to the oxidation of C to the asymptotic
value corresponding to a fully converged simulation.
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Figure 5.2: Convergence plot for the second wave current calculated for the parameter values

r,=17um, (Al =1mM , D,=D,=D.=D,=D, =95x10°cm’s™, D, =6x10°cm’s™",

k;=kj=0.1lems™, a'=a"=0.5, 0<k /mol™ em’s™ <10°, 0<k, [k <107,

0<k,/mol™ em’s™ <10,

The rate of convergence was found from Figure 5.2 to be of the order O(ho'g), which 1s
fast for a strongly non-linear system of PDEs when compared to similar systems in the
literature [30,38]. It was also found that the grid of the size 50x50x3000

(NG x NI" x NT ) gives the value of convergence of less than 0.65% within 5 minutes

of CPU time.

5.3 Theoretical Results
To verify his mathematical model and the computer program written to solve it

Oleksiy V. Klymenko investigated several limiting cases. The first corresponds to the

absence of homogeneous Kinetics in the mechanism by setting k&, =0. In this case the

simulation results should be the same as these for an E-reaction only. In order to test
the results for this case, Oleksiy V. Klymenko simulated a linear sweep voltammogram
with a slow scan rate to obtain a steady-state response. The results of this simulation
were then compared with the limiting current expected from analytical theory and

published independently simulated results for a simple E-reaction [34]. Figure 5.3
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shows this comparison where the solid line represents the simulated linear sweep
voltammogram for EC,.,ECE mechanism with k; = O normalised with respect to the
predicted limiting current [39] and the dots correspond to the literature data for a
simple E reaction [34]. The error bars shown for the literature data points reflect
inaccuracies in reading the data values from the published paper. The agreement of

these voltammograms suggests that the first E-step in the mechanism is simulated

correctly.
1.0
0.8
0.6
E

= 0.4

0.2
—Simulation
00 = Data from Heinze & Storzbach [34]
-0.3 -Ol.2 -0l.1 0'.0 Ol.1 Ol.2 OI.3

E-E/V

Figure 5.3: Linear sweep voltammogram calculated for k) = 0. The dots represent published results for
the simulation of an E reaction at a microdisc electrode.

Second, we investigated the behaviour of the homogeneous kinetics by setting &, >0.

The three cases considered for the first homogeneous step were K, =k [k, —0,
Keq — o and K 0 = 1. The simulation was found to behave as expected in each case,

which we shall examine in turn. When K, — 0 we remove all homogeneous kinetics

and the case is a simple E-reaction, which has already been considered above as the

first limiting case (Figure 5.4 (a)). Simulations for K, — o have three most
informative limits when (i) k, — <o and k, =0, that is an EC mechanism with a fast

irreversible C-step, (ii) k, ==, k; #0 and k, =0 corresponding to an ECE reaction
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scheme and (iii) k, — e and k, — o=, which corresponds to fast irreversible chemical

steps, i.e. to ECECE mechanism. Figure 5.4 shows the simulated voltammograms for

all of these cases.

a) b)
1.0- 0.54
0.84 0.4
0.64 0.3
E E
= 0.4 = 024
0.24 0.1-
0.04 0.0-
05 0.0 05 1.0 15 05 0.0 05 1.0 1.5
Potential / V Potential / V
c) d)
1.0 3.0
25
0.84
204
0.64
£ E 154
= 0.4- =
1.0-
0-21 0.54
0.0 0.04——
0.5 0.0 05 1.0 15 05 00 05 10 15
Potential / V Potential / V

Figure 5.4: Linear sweep voltammograms for the four limiting cases identified in the text: (a) E
reaction, (b) EC mechanism with fast irreversible C-step, (¢) ECE mechanism with fast irreversible
chemical step, and (d) ECECE mechanism with fast irreversible chemical steps.

For case (i), the simulated limiting current of linear sweep voltammogram is a half of
that expected for an E reaction (Figure 5.4 (b)). The linear sweep voltammogram for

(i1) has two waves (Figure 5.4 (c)) corresponding to the assumed formal potentials of

4

E° =0V and E° =1V. The height of the first wave is a half of the pure one-

electron wave as well as the height of the second wave, which gives the total limiting
current corresponding to one electron transferred. This is as expected. Simulation of a
linear-sweep voltammetry for case (iii) gives the current-potential response with two

waves (Figure 5.4 (d)), first of which corresponds to a half-electron transfer resulting
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from the first two steps of the mechanism and the height of the second wave is 2.5 of

that for one-electron transfer at a microdisc. Again this was as anticipated.

Simulations with the value of K, around I give intermediate results. Figure 5.5 shows

a three-dimensional plot (“working surface”) of a normalised first-wave current

and

] 2
! ' ~ kAl
1 versus normalised homogeneous rate constant k, =—‘[ ]”“”‘ d

T 4FD, [A]bulk Ya D,

equilibrium constant K, .

8 o T
4
N 25 8
N
Nm-o)_
«

4.4985
5.0541
5.6096

Figure 5.5: Simulated working surface for the first wave current.

The plots shown in Figure 5.6 represent concentration distributions of species A, B, C

and D at the centre of the microdisc in the direction normal to the electrode surface

z . : : :
(Z=— is the normalised distance from the electrode) during the steady state
Va

2
Kol T (Al 7 =( (corresponding to the top of the first wave of the

A

electrolysis when k, =

linear sweep voltammogram). It can be seen from the graphs 5.6 (a), 5.6 (b) and

~

5.6 (c) that increasing the K, value while holding k, constant (increasing the
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irreversibility of the first chemical step in the mechanism) leads to a decreasing

gradient of concentration of species A and therefore to decreasing current. The first

wave current shows similar behaviour for all values of l:l (Figure 5.5). Next, we keep

the value of K, constant and change the value of I?l (Figure 5.6 (b), (d), (e)). When

I:l is small (Figure 5.6 (d)) the rate of the reaction between species A and B is not

sufficient to change the concentration gradients significantly and the value of Z 1S

~

close to 1. Increasing the value of k, results in the increasing rate of interaction

between A and B leading to lower concentration gradient of species A and lower value
of the current (Figure 5.6 (b)). With further increase of l;l (for fixed K, ) the back

chemical reaction (of C with D) becomes crucial for the current behaviour. The rate

with which species C and D react with each other in this area is sufficient to build up
the concentration of A for values of 1;1 beyond a critical threshold. Thus the

concentration gradient of A increases due to the zero boundary condition at the
electrode surface (Figure 5.6 (e)), which results in an increasing current. Hence the

working curve corresponding to a certain value of the equilibrium constant K, has a

~

minimum, which moves to higher values of the normalised rate constant k, as K,

increases. Note that for all the cases shown in Figure 5.6 the concentration
distributions of species C and D are the same because of the absence of any further

kinetics.
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Figure 5.6: Simulated concentration profiles for steady state conditions when 122 =0.
Finally we examine the behaviour of the second wave current. Figure 5.7 shows a

working surface for f;: ’
4FD, [A]bulk Y

as a function of the logarithms of the

normalised rate constants &, and 1:2 simulated for the fixed value of K, =0.75.

When k, is small the value of the second wave current first increases with increasing

34






Part 2, Chapter 5: The Electrochemically Initiated Reaction of Sulfide with DEPD in DMF Part I:
a Mechanistic Study

species C does not change significantly while the concentration gradient of species F

increases with increasing k, which causes the substantial rise of the current.

Normalised concentration

Normalised concentration

o
©

e
o

=3
>
1

Normalised concentration

©
N
L

Figure 5.8: Concentration profiles for steady state conditions corresponding to the second wave of the
current-potential curve simulated for the fixed values of Igl =3 and K, =0.75.
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5.4 Experimental: ‘“Hydrodynamic Cell Arrangement”

The high-speed channel electrode (HSChE) flow-cell and pressurized apparatus are
described in refs [40-43]. Only some details are given in this section. Extremely high
flow rates across a microband electrode are achieved by pressurising a chamber
containing the solution and electrode assembly up to 1.5 atmospheres. The solution
flows through a specially designed flow-cell (of fixed width, d = 2 mm and height, 2hk)
and out through one of three capillaries, to the exit at atmospheric pressure. The flow-
cell is constructed of fused blocks of silica (Optiglass Ltd, Hainault, Essex, UK), and is
shown in figure 5.9. It has been designed to minimise flow resistance and to maintain
a smooth flow from the cell inlet to the start of the channel by using wide bore
connection tubes with low flow velocities; this flow is then accelerated by a factor of
35 as it enters the channel through a short taper section. The length of the channel is 2
mm to establish a stable flow pattern and allow space for the electrode assembly,

whilst keeping the pressure drop required within practicable values of 150 — 200 kPa.

Perspective view

]

Section — ] l— 2rmm
3mm
— ~
: . 0.10mm : :_L
| IT
10mm 24mm A Oomm !

View looking at open side

Figure 5.9: The high-speed channel flow-cell.

In this way, volume flow rates of up to 2.5 cm’ s can be achieved with DMF as

. . .. . . -1
solvent, corresponding to centre line velocities in the channel approaching 20 ms .
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The chamber 1s pressurised by cylinder Argon (“Pureshield”, BOC Gases Ltd., UK)
under computer control using two fast-acting electromagnetic valves (Clippard Inc.,
Cinncinnati, Ohio, USA), with pressure being measured by a silicon diaphragm
pressure sensor (Entran Ltd., Watford, UK). Oxygen may be removed from the
chamber by repeated cycles of pressurising and venting. A separate valve controls
deoxygenation of the solution by bubbling, which is carried out with the chamber at
atmospheric pressure to avoid super-saturation with argon.

A microband electrode of length 2.5 um was fabricated by sealing a strip of platinum
foil (99.95%, Johnson Matthey plc, London UK) into soda glass according to a
reported method [43]. The electrode size was measured using the electrochemical
calibration described in the Experimental section. The limiting currents were obtained
and the corresponding electrode size determined. The microband working electrode
was polished in-between experiments using alumina lapping compounds (BDH) of
decreasing size from 3 um down to 0.25 wm on glass and soft lapping pads (Kemet
Ltd, UK). The counter electrode was a smooth, bright platinum wire mesh, and a
silver wire (99.95%, Johnson Matthey plc, London UK) used as a pseudo-reference

electrode.

3.5 Results and Discussion

5.5.1 Experimental Results

We first consider the use of the high-speed channel electrode to measure the diffusion
coefficient of DEPD in DMF from investigation of the first oxidation wave. This set
of experiments was carried out by Neil V. Rees. The aim of using this approach was
to obtain data under conditions where the first electron transfer was largely, free of
homogeneous kinetic complications, so allowing an estimate to be made of the

diffusion coefficient of DEPD in DMF.
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A solution containing 1.26 mM DEPD and 0.1 M TBAP in DMF was introduced into
the pressure chamber of the apparatus used with a 2.5 um platinum microband
electrode, and an initial pressure set. A linear sweep voltammogram was then recorded
under effectively steady-state conditions [44] enabling a limiting current to be
measured for the first oxidation wave. This was repeated at a range of chamber
pressures from 30 - 150 kPa, using a combination of chamber pressure and choice of
one of three capillaries of different internal bores to obtain a range of volume flow
rates (from 0.34 - 2.30 cm®s™). Next, a plot was made of measured limiting currents

against Vi’ according to the Levich equation for channel flow-cells:

iy =0.9252Fw{ Al (x, D) (v, /h2d)" (5.6)
and a straight line with zero y-intercept was obtained. The gradient of this plot was
used to obtain a value for the diffusion coefficient of DEPD in DMF to be
(7.2+1.0)x 10°cm?s”. This value compares with the value of 8.4 x 10°cm® s’
deduced from the Wilke-Chang method for estimating diffusion coefficients
(Appendix 3). This suggests that under the experimental conditions employed the
homogeneous kinetics might not be completely outrun. Nevertheless the obtained
value of the diffusion coefficient can be used as a lower boundary for further
consideration.

In order to find a possible range for the rate constant k, (see Scheme 5.1) it was

necessary to estimate an impact of the second and third E-steps of the mechanism on
the overall current. In the channel electrode geometry it is not necessary to explicitly
consider the EC,.,ECE mechanism to do this, as there is a convenient analogy that can
be drawn to the simpler, first-order ECE mechanism which incorporates a large

“safety factor” in the calculation.
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The rate of change in the concentration of C at any point in the bulk of the solution is

given by the second order expression:

% = k,[AlB]-k_[C]D]

But we can introduce the following upper estimation for the derivative in time:

d ’ ’
% <k [ANBI< k [Al,, [B]=k, [B], where k" =k [Alpun

This reduces the problem to a pseudo-first order ECE reaction, with an over-estimated
rate constant (as [A] is clearly less than [A]pux). Thus, we consider the following
mechanism:

A—-e — B

Bk sC

C-e —E

which “produces” more E than the original mechanism. The second wave current due
to the oxidation of C is a measure of the kinetic impact on the current-voltage
response.

Using a simulated working curve of Ng versus Kgcg (the normalised first order rate
constant for the ECE reaction) [45] yields the condition that for Neg > 1.01 (1.e., the
impact of chemical kinetics on the current is more than 1% {E-step only, with no
ensuing kinetics}), Kgcg = 10¥2. This condition can then be interpreted in terms of a
maximum flow-rate required for a given value of k; for homogeneous kinetics to be

not outrun:

2 32
Vf < 102,25( 2dh3xe [A]bulk )k13/2 (57)

DY?

Figure 5.10 shows the dependence of the flow rate on the homogeneous rate constant

k, for the experimental conditions employed and an estimated diffusion coefficient of
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8 x 10° cm®s™. It was found from this figure that for the maximum experimental flow

rate of 2.3 cm’s™! the corresponding value of k, is 7 x 10° cm® mol ! s,

4

0.0 2.0x18 4.0x16 6.0x16 8.0x18 1.0x16
k / crimol s’

Figure 5.10: The threshold for the onset of ““visible” kinetics.

The electrochemical response of DEPD in DMF was next examined at microdisc
electrodes. Typical voltammetric responses obtained at a 17 um radius platinum

electrode to various concentrations of DEPD (0.6 — 6 mM) are detailed in figure 5.11.

40
359

30 Increasing
75 concentration

20

151 /
10%

5- B
O.

-5 ——————
0.00 0.25 0.50 0.75 1.00

Potential / V

Current / nA

Figure 5.11: Linear sweep voltammetric response obtained at a 17 um radius Pt electrode for the
oxidation of DEPD (0.6 — 6 mM) in DMF.
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These show two apparently electrochemically reversible redox processes occurring,
with half potentials of +0.28 V (vs. Pt) and +0.79 V (vs. Pt) respectively. Figure 5.12
shows the magnitude of the limiting current for the first oxidation wave as a function
of rdz[DEPD]/DA; notice both the logarithmic scale of the x-axis and the considerable
scatter in the experimental data. The current scale has been normalised with respect to
steady state equation for microdisc electrodes [45] taking the diffusion coefficient of
DEPD as 8.8 x 10° cm®s™ (vide infra) so that the y-axis of figure 5.12 shows the

effective number of electrons passed in the first oxidation wave.

1.24

0.6

0.4

Normalised current

0.2

00 T T T 1
-8 -7 -6 -5 -4

log,, ((IDEPD] f / D,)

2

[DEPD]rd

Figure 5.12: Normalised first wave current against logl 0

The scatter arises from the observed high probability of electrode fouling in this
system, which arises from the formation of oligomeric products noted above. Analysis
of the second oxidation wave shows that for the low concentrations of DEPD the
second oxidation wave has limiting currents significantly smaller than that of the first
oxidation wave. However, as the concentration increases the second limiting current
increases to above half the value of the first.

In order to probe the results further analogous experiments were carried out at

microdiscs of radius 6.7 um, 32.4 um and 66 um respectively over the same
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concentration range of DEPD. Figures 5.13 (a) and 5.13 (b) detail four voltammetric
responses which depict the extreme cases studied. The linear sweep voltammetric
responses observed at the smallest electrode studied (6.7 um Pt) electrode for the
highest and lowest concentrations (0.5 mM and 3 mM) DEPD used are shown in figure
5.12 (a), while the corresponding voltammograms obtained at the largest (66 um Pt)

electrode used for the highest and lowest concentrations (0.6 mM and 4 mM) DEPD

are detailed in figure 5.13 (b).

180.0
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Figure 5.13: Linear sweep voltammmetry (3 mV s1), detailing the response at a (a) 6.7 um electrode
with 0.5 and 3 mM DEPD and (b) a 66 um electrode with 0.6 and 4 mM DEPD.

These voltammograms show how at low concentrations the second oxidation wave is
less than half that of the first oxidation wave and on the smallest electrode the second
wave is immeasurably small. However, at the higher concentrations the second wave
becomes far more pronounced at both electrode sizes. These results reveal that a
reaction process is occurring after the first electron transfer, which is likely to involve
a second order kinetic process. This can be tentatively attributed to a proton transfer
step from the newly formed DEPD™* to the parent DEPD species as outlined in scheme
5.1 by analogy with for the case of p-phenylenediamine (PPD) as advocated by Solis
and Giordano [9,10]. We therefore apply the kinetic scheme developed earlier to the

analysis of the microdisc data.
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5.5.2 Fitting Experimental Data to Theoretical Results
All the experimental data for the first wave current i obtained for different

concentrations and electrode radii was plotted on the same graph as a function of

At . . -
X= loglo([—]—bb“”‘ij. This scale 1s the same as in Figure 5.5 but shifted by a quantity

A

log,o k. Therefore in order to find the values of k, and K, corresponding to

experimental conditions it was necessary to solve the following minimization problem:

mm ranl L% (x (x +log,, k;, K, )’ (5.8)
i=1

eq 1
where 7 (x ) are the experimental values of the first wave current related to values of

x calculated from the conditions of experiment and Zm(loglo 1;1, K ) is a theoretical

eq
dependence of Z on the normalised rate constant of the C,., step of the mechanism and
the equilibrium constant K,

As we have shown earlier (Figure 5.7) the second wave current depends on both
normalised rate constants of the chemical steps of the kinetic mechanism (the

equilibrium constant is known). Logarithms of these rate constants can be represented

~ ~

as log,, i{l =x+log, k, and log,, /:2 =x+log, k,. Since both log,, k, and log, %,

linearly depend on x we can deduce the following relation between the normalised rate
constants corresponding to the experimental conditions (the values of the real rate

constants do not change):

k,

Loy (5.9)
kl

log,, ];2 =log,, I:I +log,

It follows from the last expression that we shall examine the cross-sections through the
working surface shown in Figure 5.7 along the lines parallel to the main diagonal

(Figure 5.14).
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loglo kl + xmin 1OglO kl + xmax

Figure 5.14: Relationship between the normalised rate constants of the chemical steps.

—~

The current profiles obtained in this way can then be projected onto the log,, k, axis
and compared to the experimental data. In order to find the value of k, the values of

the normalised second wave current Zz were plotted against x as in the case of the first

wave current and the next minimisation problem was formulated:

N
nzinZ‘ gexp (xi )" ”;m (’xi +log,, ky, x; +log,, kz)l (5.10)
o=l

Texp

where £°®(x) are the experimental values of the second wave current and

Zm(loglo l:l, log,, I’cvz) is a theoretical dependence of the second wave current on the

logarithms of the normalised rate constants.

As the value of the diffusion coefficient of DEPD is not known we need to repeat the
described fitting procedure for both 7 and i, with increasing diffusion coefficient

starting with the value obtained from the high-speed channel experiment. The best fit

to both the first and second wave currents was reached at the value of diffusion

coefficient D =8.8x107° cm?s™.

The result of the minimisation process for the first wave current is shown in Figure

5.15 (a). The solid line corresponds to theoretical working curve for i which is a
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cross-section of the working surface from Figure 5.5 at K, =1 that corresponds to the

value of the equilibrium constant observed in the experiment. In the Figure 5.15 (a)
the dots represent the experimental data obtained for a wide range of bulk
concentrations of DEPD and electrode radii. The second step in the EC.,ECE
mechanism was found to be effectively diffusion controlled, i.e. the value of &, found
as a result of a minimisation procedure (5.8) is of order 10"%- 10" cm® mol ! s,

The best fit to second wave current data is shown in Figure 5.15 (b) and the

corresponding value of the rate constant is k; = 1.2 X 10" cm® mol ' s7.

1.2+ 1.04
(a) - (b)
] . -,
10 " . 0.8+
0.8+
- 0.6
T 0.64 ~
Il 12
0.4
0.44
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0.2 . .
» Experimental data = Experimental data
Theory — Theory
00 T T T T T T T 1 00 T T T
5.0 5.5 6.0 6.5 70_ 75 8.0 8.5 9.0 -1 0 1 _ 2
logokl |0g0k2

Figure 5.15: The best fit to: (a) the first wave current and (b) the second wave current.

5.6 Conclusion

A general method for modelling the EC,ECE reaction at microdisc electrodes has
been illustrated. The results of the simulations have been utilised and examined
against the experimental results obtained for the oxidation of DEPD in organic
solvents. The results have been compared with good agreement shown between
experimental and theoretically predicted limiting currents for both the first and second
oxidation waves.

Having elucidated the reactions mechanism of DEPD in DMF, we next turn our

attention to its response in the presence of sulfide.
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Chapter 6: “The Electrochemically Initiated Reaction of Sulfide with
N,N-Diethyl-p-phenylenediamine (DEPD) in N,N-Dimethylformamide

(DMF) Part 1I: Implications for Sensing Strategies”

In the previous chapter the voltammetric response of DEPD in DMF has been
characterized as undergoing an EC.ECE reaction process. In this chapter the
electrochemically initiated reaction of N,N-diethyl-p-phenylenediamine (DEPD) with
sulfide in N,N-dimethylformamide (DMF) i1s examined at both macro and platinum
microdisc electrodes with quantitative detection of sulfide produced by means of the
enhanced currents observed upon its addition. The linear detection range for sulfide is
dependent on the concentration of DEPD present with a linear range from 28 — 3290
uM and a limit of detection of 22 uM achievable. This represents a large increase
compared to that formed previously in aqueous media (Chapter 3, Section 3.2.4.1) and
offers the prospect of more ready applications in high temperature systems (Chapter

14). The results obtained have been published in Electroanalysis [1].
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6.1 Introduction
The voltammetric response of DEPD in DMF (0.1 M TBAP) has been previously
characterized as undergoing an EC.,ECE reaction process as depicted in scheme 6.1

[2].
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~— (®
—
_—

+ e

o ™
DEPD DEPD* ®
NH2 NH2

FRE:
M

) ™
+o + ®
DEPD DEPD DEPDH DEPD
® NH NH

I

+e

N N
) )
DEPD® DEPD*

NH *NH, T NH
N

Nk,
AN S

DEPD"' DEPDH* (DEPD)2

T
| |
\ N

IO = SO0
D=
J -

/ )
M
(DEP D)2 (DEPD)2

Scheme 6.1: Electrochemical oxidation mechanism of N,N-diethyl-p-phenylenediamine (DEPD) in
N,N-dimethylformamide (DMF) [2].
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We now report the electrochemically initiated reaction of DEPD with sulfide in DMF,
under both macro and microdisc conditions and a possible reaction scheme is
suggested (scheme 6.2, vide infra). The nature of the electrode process in the absence
of sulfide is such that for small electrode radii of less than 100 um and low DEPD
concentrations the second oxidation wave disappears. Accordingly we identify the
conditions under which useful analytical measurements can be made using the
proposed strategy under the microdisc regime. The results illustrate that by using a
66 um radius Pt disc electrode with 0.5 mM DEPD quantitative detection of sulfide is

achieved.

6.2 Experimental

6.2.1 Hydrogen Sulfide Delivery Assembly

Sulfide additions were prepared by utilizing the cell arrangement detailed in figure 6.1
which can be constructed from readily available standard glassware [3]. The cell was
used principally to liberate hydrogen sulfide gas from a sample injected into the
acidified solution (3 mL, 0.1 M H,SO4) contained within compartment A. The gas
passes into the adjoining chamber (B, figure 6.1) through a gas permeable membrane
(in order to avoid passing water into the organic solution) where it is bubbled through a
solution containing a known quantity of the indicator species (DEPD) dissolved in

DMF and 0.1 M TBAP.
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This reveals two oxidative waves at +0.06 V and +0.48 V (vs. Pt) corresponding to the
oxidation of the parent DEPD species to the radical cation followed by further
reactions including a second heterogeneous electron transfer as deduced previously
(EC.vECE, scheme 6.1) [2].

Upon reversal of the scan three reductive waves are observed at +0.40 V, +0.12 V and
-0.02 V (vs. Pt). The first wave at +0.40 V can be attributed to the reduction of the
doubly oxidised DEPD" cation species to the DEPD® radical species (see scheme 6.1).
The second (+0.12 V) can be tentatively assigned to the reduction of the newly formed
oligomeric or polymeric species [2] and the final reduction wave at -0.02V
corresponds to the reduction of the electrochemically generated radical cation species
back to the parent DEPD species (scheme 6.1).

The voltammetric responses to the increasing additions of sulfide (28 uM) are also
detailed in figure 6.2. First, it should be noted that upon the addition of sulfide there
was a shift in the oxidation potentials of the DEPD species which is likely due to
sulfide contaminating the Pt pseudo-reference electrode.  Therefore all the
current-potential traces shown in this work have been superimposed by matching the
oxidation peak potential of the first wave for each voltammetric response. The
voltammograms reveal that upon the introduction of sulfide to the cell no change is
observed in the voltammetric signal of the first oxidation wave other than the shift
attributed to the poisoning of the reference electrode. However, the second wave peak
current is seen to increase in size with increasing sulfide additions. This increase can
be attributed to the sulfide species attacking the DEPD" species in a 1,4-Michael
addition (scheme 6.2). The resulting product (DEPD-SH, scheme 6.2) can be
subsequently re-oxidised at the electrode surface to produce the enhancement in the
current signal in an analogous manner to that observed with the electrochemically

initiated reaction of phenylenediamines with sulfide [3-6] or thiols [7,8] in aqueous
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media (Chapter 3, scheme 3.2).

Analysis of this increase by means of a standard

addition plot is also illustrated in figure 6.2. This produces a linear range from 28 to

168 uM with a corresponding limit of detection of 22 uM sulfide. It was shown that

an analogous response whereby the second oxidation wave increased in the presence of

sulfide was observed over a range of scan rates (50 - 200 mV sh.

- o
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Scheme 6.2: The proposed electrochemically initiated reaction of sulfide with DEPD in DMF.

In order to provide evidence that the sulfide is attacking the doubly oxidised DEPD"

species, cyclic voltammograms at 100 mV s were recorded with the potential sweep

range limited so that only oxidation of the parent to the radical cation (DEPD™)

species took place. The voltammetric response showed no change in signal upon the
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addition of sulfide (up to 174 uM) to the solution and this suggests that sulfide does
not attack the cation radical DEPD™* under these conditions.

In order to increase the linear range of sulfide detection and to improve the limit of
detection for sulfide, the concentration of DEPD was varied. Analysis of the resulting
data shows that by increasing the concentration of DEPD to 0.50 mM the linear range
can be usefully increased up to 3.3 mM sulfide.

The generic nature of the detection process was also investigated by examining the
electrochemical response of p-phenylenediamine (PPD) and N,N-dimethyl-p-
phenylenediamine (DMPD) both in the absence and presence of sulfide. Examination
of the cyclic voltammetric response in the absence of sulfide again shows two
oxidative waves for both DMPD and PPD oxidation. Upon addition of sulfide,
similarly to what seen when DEPD was used as indicator species, an enhancement in
the second oxidation wave was observed. This gave a linear range from 109 pM to
654 uM sulfide for PPD and from 80 uM to 480 uM sulfide for DMPD.

In order to develop the analytical protocol outlined above towards a sensing device, the
reaction was next studied at microelectrodes.  The advantages of utilising
microelectrodes in sensors are that they allow enhanced mass transport due to the small
diffusion layer with convergent diffusion. Moreover a current signal can be obtained
without significantly depleting the indicator solution. This is a vital asset given the
need to develop small cell configurations with a static pool of indicator. As mentioned
above the voltammetric response of DEPD has been previously characterised as
undergoing an EC,,ECE [2] reaction mechanism detailed in scheme 6.1. The DEPD
species is first oxidised to the radical cation species DEPD™; this then undergoes
proton transfer to form DEPD® which can then undergo further oxidation and reaction
to ultimately form the dimeric species [2]. As shown earlier the cyclic voltammetric

response of DEPD with sulfide revealed an increase in the second oxidation wave. It
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was expected an analogous response might be observed under the regime of
convergent diffusion.

First however, the optimum experimental conditions have to be determined. As shown
in the previous chapter [2] under certain conditions (small electrode radii and low
concentrations of DEPD) the voltammetric response of DEPD fails to produce a
notable second oxidation limiting current. This is due to the fact that the rate of
diffusion of DEPD™ away from the electrode outruns the kinetics of the proton
transfer such that only a small concentration of DEPD® is formed. Therefore the
question 1s for a certain size of electrode what concentration of DEPD is required in
order to produce a second limiting current with a magnitude say at least half that of the
first limiting current. In order to answer this question the theory for the EC,.,ECE
reaction occurring for the electrochemical oxidation of DEPD in DMF at a microdisc
electrode has to be developed. Using the model reported in the previous chapter a
zone diagram with concentration and electrode radius as axes was deduced and is

shown in figure 6.3.

10 \ Sulfide Sensing

Possible

10 L Sulfide Sensing
Impossible

-+

R 100
Microdisc radius / pm

Figure 6.3: A zone diagram with concentration and electrode radius as axes (deduced using the model
described in Chapter 5, [2]) showing the boundary. Above the latter is where the second limiting
current will be greater than a half that of the first.

This shows a boundary: the region above is where the second limiting current will be

greater than a half that of the first. The area below the boundary is where the second
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limiting current is less than half that of the first. Therefore, by using this plot the
concentration of DEPD required to produce a second limiting current half the

magnitude of the first can be determined for any electrode radius. In the work outlined
below the voltammetric response of a 66 um electrode in 0.5 mM DEPD solution to

increasing additions of sulfide is examined. Theory reveals that these conditions are
such that the second wave is 96 % of the first and that the operating conditions are in
the ‘safe’ zone.

Linear sweep voltammetry (3mVs') was carried out. The corresponding
voltammetric response for a solution containing 0.5 mM DEPD to increasing additions
of 37 uM sulfide is detailed in figure 6.4 (a). In the absence of sulfide this produced
two oxidation waves with half potentials of +0.60 V (vs. Pt) and +1.05 V (vs. Pt)
respectively in agreement with previous observations (Chapter 5). Upon addition of
sulfide to the solution the voltammetric signal changes. The second limiting current
begins to increase, whilst the first limiting current remains constant. This 1s consistent

with that observed at macro electrodes as reported above.

22.07
a b
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18.01 IncreasingT 7 =2
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< 140 i <
g 12.0 % 15.04
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0.0 : , & . : . . 0.0 — . : : .
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Figure 6.4: Linear sweep voltammetry (3 mV s'') obtained at a 66 um radius microelectrode of 0.50
mM DEPD to increasing additions of sulfide in aliquots of (a) 37 uM and (b) 452 uM (see text).

However, as shown in Figure 6.4 (b), when sulfide is added in higher concentrations
(i.e, aliquots of 450 uM sulfide), the first limiting current decreases whilst the second

limiting current stays constant. This decrease of the first wave is shown to limit at
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7.8 nA and never decreases to zero. This was confirmed by examining the
current-potential profile of an extreme case, for a solution containing 0.50 mM DEPD
and 16 mM sulfide. This is also overlaid on figure 6.4 (b). As is shown here the first
limiting current has not decreased to zero, whilst the second limiting current remains
the same as for a solution containing no sulfide. This behaviour can be rationalized by
examination of scheme 6.1. This reveals that the proton transfer step is in fact likely to
be an equilibrium process. If this equilibrium is adjusted such that either DEPD® or
DEPDH" is removed from the solution, this causes a depletion in the concentration of
DEPD at the electrode surface and therefore causes a decrease in the limiting current
of the first oxidation step. The fact that the second oxidation wave increases or
remains at a single value when sulfide is present in great excess concurs with the
macro electrode data as there is an enhancement in the oxidation wave with respect to
the first limiting current so it can be concluded that the sulfide again attacks the
DEPD* species in a 1,4-Michael addition as detailed earlier.

A consideration of the possible reaction processes which can occur suggests at first
sight that sulfide might interact with the DEPD™ species in a manner analogous to that
observed in aqueous solutions where the homogeneous one electron oxidising agent
Fe(III) reacts with DEPD [9]. However, this possibility can be ignored in the light of
the fact that at macroelectrodes, sulfide had no effect on the voltammetric response
when only the first oxidation process was allowed to occur (vide supra). This reaction
of sulfide with DEPD*® can be therefore discounted. In addition the interaction of
sulfide with the DEPD® species can be dismissed, as there appears to be no
mechanistically plausible pathway available. It is most likely that the sulfide is
reacting with the DEPDH" species.

Scheme 6.1 shows that in the proton transfer step, a proton from the DEPD™ species

likely adds to the primary amine end of the parent DEPD molecule, as this might be a
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faster reaction than addition to the other nitrogen. However the different basicity of
the two amine substituents [10] attached to either end of the benzene ring suggests that
the tertiary amine species would likely be a stronger base due to the electron donating
effects of the ethyl moieties. Therefore it is tentatively proposed that the hydrogen
sulfide effectively catalyses the transfer of the proton from the primary amine

substituent to the tertiary amine moiety as illustrated in scheme 6.2 and expressed by:
-NH; +H,S — -NH, + H,S" (6.1)
H,S* +-NR, — +-NR,H" + H,S (6.2)
This would have the effect of depleting DEPDH" molecules from the reaction mixture,
hence pushing the equilibrium across to the right, thereby causing more of the parent
DEPD to be removed from the solution and so allowing for the decrease in the first
limiting current (scheme 6.2). The fact that the decrease of the latter is only noticed
when sulfide is added in considerable excess further supports this interpretation.

This suggestion of H,S catalysed proton transfer was further partially vernfied by
examining the voltammetry of the N,N-diethyl-p-phenylenediamine sulfate salt
(DEPDH'HSO,) in DMF (0.1 M TBAP). In this case the salt is dissolved into the
solution forming the H,NC¢HgN(C,Hs)H™ and HSO, (DEPDHHSOy) ions, in which
the proton is complexed to the tertiary amine (thermodynamically the most stable site).
The cyclic voltammetric (100 mV s™) response of 0.5 mM DEPDHHSOy is detailed

in figure 6.5.
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Figure 6.5: Cyclic voltammetric (100 mV s™') response for the oxidation of 0.5 mM
protonated N,N-diethyl-p-phenylenediamine in DMF (0.1 M TBAP) in the presence of additions of
sulfide (174 — 2,046 puM).

As can be seen from the figure the first oxidation wave at -0.20 V shows a broad
oxidation signal, whereas the second oxidation wave at +0.13 V displays more
reversible behaviour analogous to that observed earlier with the deprotonated DEPD
species (figure 6.2). Upon reversal of the scan two electrochemically reversible waves
are observed consistent with that seen above. The broad first oxidation wave can be
attributed to the protonated parent DEPD species: the DEPDH" ion has to lose protons
before oxidation can occur in a CE type mechanism and this leads to a perceived
broadening of the wave (scheme 6.3). It was therefore anticipated that if hydrogen
sulfide was a stronger base in DMF than the tertiary amine substituent of DEPD then
upon the addition of sulfide to the system the broad oxidation wave would sharpen to
give a response similar to that observed in figure 6.2, due to the fact that the hydrogen
sulfide would effectively “pull” the protons from the DEPDH" ion producing the
deprotonated DEPD species. As can be seen from figure 6.5 upon the addition of
sulfide (170 - 2046 uM) there is no change in the voltammetric response. This
therefore reveals that the hydrogen sulfide is a weaker base than the tertiary amine
species but allows the inference to be drawn that the sulfide might remove the proton
from the protonated primary amine species DEPDH" which could then be removed
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from the sulfide by the tertiary amine moiety of DEPD (scheme 6.2), so catalysing the

formation of the intramolecular proton transfer reaction.

NH,
() = © ©
T+
[ gh
DEPDH’ DEPD DEPDH>
E +e'T ‘-e‘
v
NH,

———yp  Further oxidations
N

DEPD"*®

Scheme 6.3: The proposed CE reaction of protonated N,N-diethyl-p-phenylenediamine in DMF.

Analytical Utility
In order to provide an analytical response from the microelectrode data, the limiting
current data was analysed by examining the
response of the ratio of limiting currents
(/L = second  limiting ~ current/first limiting =

current) as a function of concentration of sulfide

: : 0.95
added. The corresponding plot of I,/I; against 0 20 40 60 80 100 120 140 160 180 200
Concentration of Sulfide / uM

concentration of sulfide is detailed in figure 6.6.  Figure 6.6: A plot of the ratio of the second to
the first limiting current against concentration of

The plot reveals a linear increase from Sulfide for the microdisc data.

37 - 185 uM sulfide with a corresponding limit of detection of 6 uM sulfide. Once

again this analytical range could be easily extended by varying the concentration of

DEPD in the solution as shown earlier with the cyclic voltammetric data.
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6.4 Conclusion

The electrochemically initiated reaction of DEPD with sulfide in DMF at both macro
and microdisc electrodes has been examined. The response at macroelectrode was
shown to produce an increase in the second oxidation wave consistent with the sulfide
attacking the doubly oxidised DEPD" species in a 1,4-Michael addition similarly to the
behavior observed in aqueous solutions (Chapter 3, Section 3.2.4.1, [3]). This
response was found to be dependent on the concentration of DEPD present and
produced a linear range from 28 - 3290 uM sulfide and a limit of detection of 22 uM at
a macro electrode. This linear range provides a significant increase compared to that
observed in aqueous solutions (Chapter 3, Section 3.2.4.1 [3]) .

Further probing of the reaction process at microdisc electrodes were carried out as a
means of studying the reaction for sensor implications. The results have been
rationalized fully as detailed in scheme 6.2. The response at a 66 wm radius microdisc
electrode produces a linear range for 0.5 mM DEPD of 37 to 3160 uM sulfide and a
limit of detection of 6 uM once again showing the analytical utility of the technique.

In order to relieve the constrains on the sensing system (namely the electrode radii and
the indicator specie DEPD concentration), the effect of temperature on the reaction of
sulfide with DEPD was next studied. It was anticipated that both the equilibrium
constant for the proton transfer step and the rate of dimerisation would be affected by
increasing the temperature, thereby enhancing the second limiting current. The results

obtained are detailed in Chapter 14.
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Chapter 7: “Detection of Sulfide at Nickel Modified Electrodes in

Alkaline Media: a New Electrochemical Sensor”’

This chapter outlines an amperometric detection strategy for sensing sulfide at a nickel
hydroxide film developed on a nickel electrode by repetitive potential cycling in
sodium hydroxide solutions. The results have provided the basis for the design of a

simple, inexpensive and easily constructed sensing device for the toxic gas and have

been published in Sensors and Actuators B [1].
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7.1 The Electrochemistry of the Nickel Electrode in Alkaline Media

A survey of the literature reveals that nickel behaviour, nickel oxide formation, the
nature, the structure and properties of the surface layers formed under different
conditions and passivation phenomena have been widely investigated for a long time.
This 1s not surprising as nickel and nickel based oxides are important electrode
materials in nickel-based batteries and in a wide range of technological applications of
batteries, electrochromic devise, water electrolysis, electrosynthesis and fuel cell [2,3].

Many articles have been devoted to the passivation phenomena and to the study of
composition of the oxidation films of nickel in neutral [4,5] and acidic [2,6-18]
conditions. These will be discussed further in the next chapter. In this chapter we
describe the electrochemical properties of nickel hydroxide modified nickel (NHMN)
electrodes 1n alkaline media.

The formation of nickel hydroxide in alkaline conditions have been achieved in
different ways: potentiostatic [19,20], potentiodynamic [21-27], and galvanostatic
[21,22,28] anodic sweeps as well as by the cathodic electrochemical deposition of a pH
controlled salt of N1 in alkaline solution [29]. Under potentiodynamic conditions [27]
a relative complex kinetic response due to the non-equilibrium states of both reactants
and products has been reported. At least two reduced and two oxidised states were
detected and the following square reaction scheme was proposed to illustrate chemical
and electrochemical crossed reaction between different transient species involved in

the formation of nickel hydroxide:

a-Ni(OH), « y-NOOH +H + &
Yook v t
Ni(OH),
v A/ \

B-NiOH), «_, PB-NIOOH +H + e

Scheme 7.1: A model representing the Ni(II)/Ni(III) transition as reported in reference [25].
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However when considering nickel hydroxide films developed on a nickel metal
electrode by repetitive potential cycling in sodium hydroxide solution, there is a
general agreement that when nickel 1s immersed in the alkaline solution spontaneous
dissolution of the metal occurs followed by the formation of a Ni(OH), film [9,21-
28,30-38] which initially has a thickness of ca. 10 atomic layers corresponding to
40-55 A [23,24].

Furthermore, ellipsometric measurements carried out by Hopper [28] and, more
recently by Vissher and Barendrecht [39] and by de Souza [40], have shown that the
electro-oxidation of a nickel electrode in alkaline media leads to the formation of a
first layer of NiO which is covered after the positive scan with a thick film of Ni(OH),.
It has been reported [41,42] that, at the initial stages of the oxidation, o-Ni(OH), forms
and this is then further slowly converted to the 3-Ni(OH), form. At potentials above a
critical value, the films converts [2,21,22,28] to a Ni (III) oxide phase and additional
oxidation of Ni to Ni (II) and /or Ni (III) may also occur [22]. Upon reversal of the
potential, f-NiO(OH) is reduced back to B-Ni(OH),. Both the nickel hydroxide and
nickel oxy-hydroxyde phases are believed to be un-stoichiometric [34,43]. The
chemical and electrochemical reactions of nickel in alkaline condition have been

summarised by means of the following reactions [2]:

Nigpew, + H,O = (NiOH) , +H" +¢ (7.1)
(NiOH) , +H,0 = (NiOHeH,0),, (7.2)
(NiOHeH,0),, = Ni(OH), +H" +¢ (7.3)
Ni(OH), = HNiO; +H’ (7.4)
Ni(OH), == NiO(OH) +H" +¢ (7.5)

Nickel hydroxide modified nickel (NHMN) electrodes formed in alkaline solutions

have been exploited for the electro-oxidation of a large number of compounds [30,44-
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50]. Pletcher and co-workers [30,45,46] showed that primary alcohols, secondary
alcohols and primary amines can be oxidized in aqueous alkaline solution to
carboxylic acids, ketones and nitriles, respectively, at the potential at which the surface
of the Ni anode becomes oxidized [30]. They concluded that the oxidation of organic

compounds is mediated by the nickel hydroxide layer as expressed by the following

equations:
Ni(OH), —*— NiO(OH) + H* + ¢ (7.6)
NiOOH + organic compound —— Ni(OH), + product (7.7)

Similarly Lan et al. [48] showed that the regeneration of MnO, from MnO42' on a
nickel electrode was significant improved when the nickel electrode was pre-treated
with KOH solution for 30 minutes and suggested a similar mechanism to that proposed

by Pletcher [30,46] involving a two-step reaction as given by:

Ni(OH), + OH = NiOOH +H,O +¢ (7.8)
NiOOH + MnO? + H,0 — Ni(OH),+ MnO, + OH (7.9)
Some amino acids (i.e., cysteine, asparagine and alanine) [49] were also found to
undergo a catalytic electro-oxidation with nickel hydroxide formed on the surface of
anodically polarised nickel electrode immersed in 0.5 M NaOH. Finally, NHMN
electrodes were found to exhibit electrocatalytic activity for the oxidation of methane
[51].

Further to Ni and nickel hydroxide, considerable attention has been given to the
preparation of Ni-containing modifier electrodes and to its application in a variety of
electrocatalytic oxidation [52-64] and reduction [65,66] processes.

The work presented in this chapter was initially undertaken to study the possible
mediated oxidation of sulfide by the nickel hydroxide film formed by cycling the

potential of a nickel electrode in sodium hydroxide solutions. It was proposed that
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are immersed in 0.1 M NaOH (2 mL). One end of the pipette is sealed with a
microporous PTFE membrane (0.085 mm thickness, 50 % porosity, 0.02 um pore size,
Goodfellow Advanced Materials, Cambridge, UK). The electrochemical cell was
assembled by first fixing the platinum counter electrode and Ag/AgCl reference
electrode inside the pipette after which the nickel microdisc electrode was inserted.
This was positioned such that the microdisc was approximately 2 mm from the PTFE
membrane.

During the determination of sulfide the electrochemical cell was placed into a sealed
glass vial containing a static acidic solution (25 mL, 0.1 M H,SO,4). Hydrogen sulfide
gas was generated by injecting a known amount of sodium sulfide solution into the
acidic solution through a syringe. Once liberated, the gas passes through the
membrane into the alkaline sensor solution contained into the electrochemical cell.
The purpose of the membrane is to prevent mixing of the two solutions whilst

hydrogen sulfide gas is allowed to diffuse through it toward the electrode surface.

7.3 Results and Discussion

7.3.1 Formation of the Nickel Hydroxide Layer

The generation of the nickel hydroxide layer was first carried out using cyclic
voltammetry (100 mV s'). The response of a nickel electrode (4 mm diameter)
immersed in a 0.1 M NaOH solution to continuous redox cycling i1s detailed in

figure 7.2.
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Figure 7.2: Repetitive cyclic voltammograms (100 mV s') at a freshly polished nickel electrode (4 mm
diameter) in 0.1 M NaOH.

As can be seen from the figure, the first cyclic voltammogram differs from the
successive voltammograms. The first scan exhibits a broad oxidation peak at -0.2 V
(vs. SCE) followed by an appreciable anodic current up to +0.4 V (vs. SCE) and a
broad oxidative wave at +0.42 V with a corresponding reductive wave at +0.33 V
observed on reversal of the scan. Neither the broad oxidation peak at -0.2 V nor the
current plateau are observed on the following scans. However, the oxidative peak at
+0.42 V continues to increase in magnitude along with the corresponding reductive
wave at +0.33 V.

This type of electrochemical behaviour is in agreement with the published literature
[2,9,21-24,26-28] and can be rationalised as follows. After nickel dissolution and
oxide formation (broad peak at -0.2 V on first sweep), a nickel hydroxide layer is
formed in the potential region corresponding to the plateau of the first cycle. The

anodic peak at +0.42 V is then due to the oxidation of the B-Ni(OH); to B-NiO(OH)
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whilst the corresponding cathodic peak at +0.33 V represents the reduction of

B-Ni1O(OH) back to B-Ni(OH); as can be expressed by:
Ni(OH), + OH" = NiO(OH) + H,O + ¢’ (7.11)

The changes of the shape and potential of the signal corresponding to the Ni(II)/Ni(III)
couple (i.e., main peak at +0.42 V) are likely due to the changes in the crystal structure
of the nickel hydroxide and nickel oxy-hydroxyde constituents during the growing and
subsequent stabilisation of the nickel hydroxide film [21,22]. After approximately 50
cycles both the oxidative and reductive waves approach a current plateau and a stable
voltammetric response is recorded.

A brief study into the effect of the scan rate (50 — 200 mV s™') on the peak potentials
was also conducted. The peak potentials were found to be independent of the scan rate
which is in agreement with the observations of Pletcher [30]. This indicates that the
process observed correspond to a rapid conversion of a surface layer and not a
diffusion or kinetically controlled reaction step.

The behaviour formerly depicted in figure 7.2 can be reproduced again after
mechanically polishing the nickel electrode surface with 1 wm and 0.3 um alumina

(Bueheler, USA) as described in the Experimental Section , Chapter 2.

7.3.2 Response of the Nickel Hydroxide Layer to Sulfide
Next the voltammetric response of the nickel hydroxide modified nickel (NHMN)
electrode to sulfide was investigated. The corresponding cyclic voltammograms

obtained for the NHMN electrode immersed in 0.1 M NaOH to increasing additions

(20 -200 uM) of sulfide are depicted in figure 7.3.
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Figure 7.3: Cyclic voltammetric responses of the nickel hydroxide modified nickel (NHMN) electrode
(4 mm diameter) to increasing additions of sulfide (20 - 200 uM).

In the absence of sulfide, a single oxidative wave appears at +0.42 V (vs. SCE)
consistent with the reversible redox transfer between the active species Ni(II) and
Ni(IIT) (equation (7.11)). However, upon the introduction of sulfide to the solution, a
pre-oxidative wave at +0.25 V (vs. SCE) emerges and continues to grow with sulfide
concentration. The potential of the anodic peak at +0.42 V shifts slightly toward more
oxidizing potentials and shows also an apparent increase in current.  The
corresponding current-potential profiles were then analysed by means of standard
additions. Figure 7.4 illustrates three different standard addition plots. The first, (a),
shows how the current measured at +0.35 V varies with sulfide concentration, the
second, (b), reveals how the peak current measured at +0.42 V varies with sulfide
concentration, and the third, (c), shows the change in the peak current when the
increase in the current at +0.35V has been subtracted from the peak current at
+0.42 V. This final plot reveals that there is little or no increase in the anodic peak at

+0.42 V.

123



Part 2, Chapter 7: Detection of Sulfide at Nickel Modified Electrodes in Alkaline Media:
a New Electrochemical Sensor

357
(@) < 3 ‘
25
20-

Current at +0.35 V vs. SCE / pA
s

0 50 100 150 200 250 300
Concentration of Sulfide / uM

(b) 23(7
> 2251 .
g
g *
()
FI 20
® = .
+ (1) .
o
Q
Ea 215 .
=2 .
O > .
-4 .
3 2101 . .
* *
ZOQ W N et + N ) ; |
0 50 100 150 200 250 300
Concentration of Sulfide / uM
> 210
(©)z w
<
S 2051
.a X
25 2004 .
t e
S8 195 XX x x4 ox x )
- x
£ ¢ 190
=}
o
o 1851
£
S
1805 so 100 150 200 250 300

Concentration of Sulfide / M

Figure 7.4: Plots of: (a) current measured at +0.35 V (vs. SCE), (b) peak current measured at +0.42 V
and (c) the corrected peak current (peak current measured at +0.42 V minus the current measured at
+0.35 V) against the concentration of sulfide (see text).

Analysis of the pre-wave current at + 0.35 V as a function of sulfide concentration
(figure 7.4 (a)) provided a linear range from 20 uM to 200 uM sulfide with a
calculated limit of detection (based on 3 Sp) of 19 uM. Given the work by Andreev
and co-workers [68-70], the emergence of this pre-wave is tentatively attributed to the
direct oxidation of the sulfide species, probably to elemental sulfur, at the nickel
hydroxide layer. Andreev et al. [68-70] have measured the catalytic activity of a wide
range of transition metal oxides in sulfide ions oxidation by oxygen in alkaline
aqueous solutions through the monitoring of the volume of oxygen consumed. Nickel

hydroxides were found to be promising catalysts for the sulfide oxidation with
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important practical environmental application such as the removal of sulfide ions from
industrial waters. The reaction mechanism proposed [70] envisages the activation of
an oxygen molecule through electron transfer onto the oxygen species via the Ni**/Ni>*

transition involving the participation of OH groups as given by:

Ni**(OH), + O, — Ni**OOH + HO; (7.12)
2Ni**OOH + HS™ + H,0 — 2Ni*(OH),+ S + OH (7.13)
HS +HO, — S +20H (7.14)

B-Ni(OH); is isomorphous with brucite, Mg(OH),, and several other hydroxide with
divalent metal cations such as Ca, Co and Cd [71]. It can be described as a layered
structure consisting of parallel sheets of hexagonal close-packed OH ions between
which nickel ions occupy the octahedral position of every second plane [72]. Trivalent
nickel ions NiO(OH) are built in the plane of divalent nickel as defects [70] . The
ability of nickel hydroxide to catalyse sulfide oxidation is thought to be due to the
nickel hydroxide layered structure which allows sodium ions and water molecules to
intercalate into the interlamellar space thus increasing the interlamellar distance and
promoting a highly defective structure. The nickel ions which participate in catalysis

are thought to be located on “edge sites” at the end of the lamellae [70].

7.3.3 Comparison of the Electro-oxidation of Sulfide at a NHMN Electrode with

Other Electrode Substrates

In order to assess the analytical significant of the findings discussed hitherto, the
voltammetric response of sulfide at the NHMN electrode was compared with that
obtained at a platinum, Pt, and a glassy carbon, GC, electrode under analogous
conditions (100 mV s, 0.1 M NaOH). The cyclic voltammetric responses recorded at

GC and Pt electrodes (not shown) in the presence of increasing amount of sulfide
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(20 uM to 1 mM sulfide) revealed only a slight increase in the anodic current, within
the potential window investigated (from -1.0 V to +0.6 V), suggesting that sulfide is
difficult to oxidise at these electrode substrates. Figure 7.5 shows the current density

at +0.35V (vs. SCE) as a function of sulfide concentration for the three different

electrode substrates.
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Figure 7.5: Plots of the current measured at +0.35 V against concentration of suifide at a NHMN, GC
and Pt electrode.

It can be seen that the oxidation of sulfide ions is significantly enhanced at a NHMN
electrode in comparison with both GC and Pt electrodes. Several studies concerning
the anodic oxidation of sulfide species at platinum [73], gold [74,75], and, more
recently, at bare boron diamond doped electrodes [67] can be found in the literature
and problems such as electrode fouling, high overpotential for the oxidation of sulfide
and solvent decomposition masking the analytical signal are often reported. On the
other hand, the use of the modified nickel electrode as a substrate for the direct
electrochemical determination of sulfide is, to our knowledge, unexplored. The
present investigation has shown that the direct oxidation of sulfide at a NHMN
electrode is achievable at a low overpotential and provides good sensitivity for sulfide
detection.

With the view of developing these results into the possible manufacture of a small

sensor for sulfide, the response of a nickel microdisc electrode (50 um diameter) was
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next investigated. It should be noted that in all the experiments outlined below the
Ag/AgCl reference electrode, constructed as described in the experimental section, was
utilised in virtue of its small geometry which allows its incorporation into a small
device.

Initially, a stable nickel hydroxide layer was formed on the nickel microelectrode by
means of repetitive cyclic voltammetry (200 mVs', 0.1 M NaOH) as shown

previously for the macroelectrode studies. Then the voltammetric response of the
NHMN microelectrode to increasing additions of sulfide (20-200 uM) was

examined. As shown in figure 7.6, the response of sulfide at a NHMN microelectrode

is similar to that obtained at the NHMN macroelectrode (figure 7.3).
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Figure 7.6: Cyclic voltammetric response of the NHMN microelectrode to increasing additions of
sulfide (20 - 200 uM, 20 pM aliquots).

In the absence of sulfide, a single oxidation wave is observed at +0.29 V (vs. AgCl)
with a corresponding reduction wave at +0.23 V (vs. AgCl). Upon addition of sulfide
(20 uM) to the solution, a pre-wave emerges at +0.15 V (vs. AgCl) and continues to
grow with sulfide along with the anodic peak at +0.29 V (vs. AgCl). The reduction
wave at +0.23 V decreases with sulfide additions and a shoulder at +0.10 V appears
and becomes well defined. Analysis of the two increasing anodic waves by means of

standard addition plot against sulfide concentration is shown in figure 7.7.
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