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ABSTRACT

Mercury e ectrode hasbeen widely used in el ectrochemical stripping analy-
sis of trace metals due to its high sensitivity, reproducibility, and renew-
ability. However, due to the toxicity of mercury, alternative (environmen-
tally friendly) electrode materials are highly desirable for both centralized
and field applications. Recently, bismuth electrodes are introduced which
can offer a very attractive aternative to commonly used mercury elec-
trodes in stripping analysis. This article reviews the recent development,
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behaviour, scope and prospects of bismuth electrodes for stripping-based

el ectrochemical measurements of trace metals.
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INTRODUCTION

Electrochemical stripping andlysisin combination
with avariety of eectrodesiswiddy recognised asone
of themost powerful analytical toolsin modern trace
and ultratrace chemica analysis¥. For measurement of
traceamount of toxic metdsin particular, stripping andy-
sis has frequently been referred to as the method of
choice. Both Cathodic Stripping Voltammetry (CSV)
and Anodic Stripping Voltammetry (ASV) offer pow-
erful toolsfor thedetection of tracelevelsof metalsand
impuritiesand these techniquesare based on theampli-
fication of theanalytical response by apre-accumula-
tion/preconcentration step. Stripping voltammetry isa
powerful éectroanaytical techniquefor the detection
of traceamount of metasintherange of ppb (partsper
billion). Its high sensitivity can be attributed to the

preconcentration step, duringwhich thetarget metals
are accumul ated/deposited onto theworking e ectrode.
Itisdsowell established and clear that, specificaly due
to abuilt-in preconcentration cgpability, an appropriae
electrode (materid or coating) playsakey roleinthese
anayses. Proper choiceof theworking electrodeiscru-
cid for thesuccessof the stripping analysis. Theideal
working electrode should offer effective
preconcentration, afavourabl eredox reaction of the
target metal, reproduci bleand renewabl e surface, and
alow background current over awide potential range.

Mercury hasbeen the e ectrode material of choice
for many stripping applicationsfor decadesdueto sev-
era eectrochemica advantagessuch ashigh sensitiv-
ity, reproducibility, and renewability of thesurfaces. Two
basic electrode systems, the mercury film electrode
(MFE) and hanging mercury drop electrode (HMDE),
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have ga ned wideacceptancein the devel opment of an-
odicstrippingvoltammetry (ASV)1:3. Whilethesesmadl-
volume mercury el ectrodesoffer an attractive stripping
performance, new dternativedectrodemateriaswitha
amilar performance are urgently needed for addressing
growing concernsregarding thetoxicity, handling, vola-
tility, and disposal of mercury. Futureregulationsand oc-
cupationa hedth congderationsmay severdy limit (and
even ban) the use of mercury asan electrode material.
Such concernsregarding thetoxicity of mercury (Hg)
eectrodesareparticularly importantinview of thegrow-
ing demandsfor on-steenvironmenta anaysisand de-
centrdized dinicd metd testing.

Asaconsequence, immenseinterest hasbeen ex-
pressed in finding new useful electrodematerialsand
coatingsin order to replace mercury. Different bare
carbon, gold, slver or iridium el ectrodeshavebeen used
aspossibledternativesto mercury®®, While offering
useful stripping signalsfor several metds, theoveral
performance of these non-mercury e ectrodes has not
approached that of mercury ones, due to alow ca-
thodic potentid limit, multipledistorted (multi ple/broad)
peaks, large background contributions, or poor preci-
sion and resolution. Thelow capacitivecurrent, large
potential window and high stability, sengitivity and alow
detection limit of boron-doped diamond (BDD) elec-
trodescan be utilized for electroanalysisespecialyin
stripping anaysisof tracetoxic meta §”8. Although, it
cannot directly replaceal existing mercury based elec-
troandytica processes, BDD materidshavebeen shown
to provide new dimensioninto Hg freeanalyss. It has
been shown that BDD ismuch better el ectrode mate-
rial compared to other traditional electrode materials.
However, despite the severa benefits of BDD elec-
trodes, they havenot foundwideindustrid gpplications,
mainly duetother high cost and thedifficultiestofinda
suitable substratefor the deposition of thin diamond
films. Hence, the devel opment of reliablenon-mercury
electrodesisconsidered amgor challengefor stripping
anaysisintheearly stageof the 21st century.

Bismuth (Bi) isan environmenta ly-friendly d ement,
with very low toxicity, and awidespread pharmaceuiti-
cal use?. Thedevelopment and use of green eectrode
materiasisextremely attractivefor theroutine use of
disposable (one-shot) metal sensors. Bi e ectrodes of -
fer awell defined, undistorted and highly reproducible
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stripping response, exce lent resol ution of neighbouring
peaks, high hydrogen evolution, widelinear dynamic
range, with signal to background characteristics com-
parabletothoseof common Hg e ectrodes. Whileamd -
gam formationisresponsiblefor the stripping perfor-
mance of Hg el ectrodes, the attractive and unique be-
havior of Bi film electrodes can beattributed to thefor-
mation of multi-component aloys. Bi isknowntoform
binary or multi-component (low-temperaturemelting)
fusblealoyswith numerousheavy metds, includinglead
(Pb), cadmium (Cd), thallium (Th), antimony (Sb), in-
dium (Ir), or gallium (Ga)*9. Such formation of low-
temperaturedloysfacilitatesthe nucl estion processdur-
ing thedeposition of heavy metdls. Aswill beillustrated
inthefollowing sections, such emergenceof effective
non-mercury electrodes hasa profound impact upon
thedectroanalysisof tracemetas. Thisreview article
summarizesthe recent devel opment, attractive behav-
ior, and applications of bismuth electrodesfor electro-
chemicd drippingandyss.

HISTORICAL BACKGROUND OF BISMUTH
FILM ELECTRODE

Bismuth el ectrodeswereintroduced in 2000 by Jo-
seph Wang and his group in the New Mexico State
Univergty, USA. They fabricated Bi filmonglassy car-
bon (GC) and carbon fiber substratesfor ASV mea-
surements of heavy metalssuch asHg, Pb and Cdi*Y.
Later, his group as well as the group of Ogorevc in
Sloveniademonstrated that Bi coated GC electrodes
offer an extremely attractivestripping voltammetric per-
formance, that comparesfavorably with that of Hgelec-
trodes>*, Pardld investigationsinthe Czech Republic
focused on stripping voltammetry and potentiometry at
bi smuth-coated carbon paste el ectrodes*® 19, Subse-
guent work by Bobrowski? 24 and Economouf?? 23
extended the scope of bismuth el ectrodesto adsorp-
tive stripping measurements of tracemetal sthat cannot
beplated eectrolyticaly.

DESIGN OF BI-FILM STRIPPING ELEC-
TRODES

Thedesign of Bi eectrode playsamajor roleinthe
performance of resulting stripping anaysis. In most
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cases, acarbon substrateisused to support the Bi film.
A variety of carbon electrodes, of different sizesand
geometries, can be used. Such filmscan be prepared
ex situ (preplated) or insitu (by adding 0.25-1.0 ppm
bismuth(l11) directly to the samplesolution, and ssimul-
taneoudly depositing thetarget heavy metalsand bis-
muth):

Bi **+ 3e — Bi° (1)

M *"+ne — M (Bi) 2

The ASV response on aglassy-carbon substrate
increaseswith the concentration of thebismuthion at
first and levelsoff above 200 ppb™. Most commonly,
an acetate buffer (pH 4.5) solution, containing thebis-
muthions, isused asthe plating solution. Such elec-
trodes can perform reproducible multiple stripping runs
inconnectionto an eectrochemica cleaning (involving
holdingthemat -0.25V (vs. Ag/AgCl) for 30 safter
each stripping step.

Disposablemeta sensorscan befabricated by com-
bining Bi coatingswith low cost e ectrodes transduc-
ers.Wang et d. had shown that Bi coated screen printed
electrodes offer reliableASV measurements of trace
Pbi*, The attractive behavior of the new disposable
“mercury-free” carbon strip electrodes, coupled with
thenegligibletoxicity of bismuth, hold great promisefor
“one-shot” decentralized metal testing. Another prom-
isingroutefor preparinglow-cost (disposable) bismuth-
based metal sensorsinvolvesthe useof graphite pencil
electrodes®. Bismuth filmscan thusbeen preparedin
situ on the pencil-based graphite substrate by deposit-
ing s multaneoudy the metal-anayte (Pb, Cd and Zn)
and bismuthionsat -1.40V. The corresponding detec-
tionlimitsare 0.3 ppb Cd and 0.4 ppb Pb and Zn.

Inadditionto bismuth film electrodes, itispossible
to use bulk bismuth disk electrodes?!. The stripping
performance of such polycrystalinebismuth electrode
iscomparableto that of bismuth or mercury film elec-
trodes. Thebulk bismuth electrode, however, displays
adightly lower hydrogen overvoltage compared to Bi
film electrodes.

STRIPPING MODES

Different typesof stripping andys shave been suc-
cessfully empl oyed in connection to bismuth € ectrodes.

While most early studies have been devoted toASV
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measurements, recent activity expanded the scope of
bismuth el ectrodes to adsorptive and potentiometric
stripping experiments. TABLE lillustratestherepre-
sentative stripping applicationsof Bi film dectrodes.

TABLE 1: Sripping applicationsof Bi electrodes.

. Stripping Type of Bi
Element Matrix mode dlectrode
Cd, Co Sail ASV, Adsv Film
Cr River water AdSV Preplated film
Pb Blood ASV Film on diamond
Pancreatic .
Zn idets ASV Preplated film

POTENTIOMETRIC STRIPPINGANALY SIS

Hoeevar et d 1“4 combined bismuth-film e ectrodes
with apotentiometric stripping experiments. Thecon-
stant-current potentiometric stripping approach was
shown to compare favorably with analogous
voltammetric stripping protocols, offering attractive s g-
nal-to-background characteristicsand peak resol ution.
WEell-defined sharp stripping peakswere observed for
Cd, Pb and Zn, along with an extremely low baseline
and hence sub-ppb detection limits.

ADSORPTIVE STRIPPINGVOLTAMMETRY
AT BISMUTH FILM ELECTRODES

Adsorptivestripping voltammetry (AdSV) involves
theformation and adsorptive accumul ation of surface-
active complexesof thetarget metal. Thistechnique
has greatly enhanced the scope of trace-metal mea-
surementsat bismuth e ectrodes. Wang and Lu*” dem-
onstrated thefirst adsorptive stripping operation of bis-
muth-film electrodes. The prepl ated bismuth electrode
(on aglassy-carbon substrate) was shown to be ex-
tremely useful for adsorptive stripping measurements
of tracenickel using dimethylglyoxime (DMG) asa
complexing agent. Krolickaet al.!* reported on the
use of DMG for catalytic-adsorptive stripping
voltammetry of trace cobalt at preplated bismuth film
electrodes. Addition of NaNO, provided a15-fold sig-
nal enhancement dueto the catal ytic effect occurring
during thereduction of theadsorbed Co(11)-DMG com-
plex. An extremely low detection of 70 ppt was ob-
tained withal minaccumulation, aongwith high sens-
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tivity and reproducibility.
SUMMARY

Bismuth dectrodeshaved ready found awiderange
of environmentd anddinica goplications. Huttonet a1
used abismuth film for stripping measurements of co-
bat and cadmiumin soil extract samples. Kadaraand
Tothill?8 used stripping potentiometry at abismuth-
coated screen-printed carbon el ectrode for measuring
lead and cadmiumin soil extractsand waste water ob-
tained from polluted sites. Compton’s group reported
on the detection of lead in human blood using abis-
muth-film modified boron-doped diamond electrodein
connection to an acoustically-assi sted deposition pro-
cedure?”, Theseare some examplesof rea lifeappli-
cationsof Bi film electrodes.

Thisreview articlehas summarized recent devel op-
ment in bismuth el ectrodesfor stripping-based e ectro-
chemica measurementsof trace metas. Thedevel op-
ment of reliable non-mercury dectrodesisconsdered a
mag or challengefor e ectroandyss. Bismuth el ectrodes
offer anattractiveaternativeto mercury dectrodes, with
atractivesigna to background characteristicsand pesk
resolution. Further studiesarerequired for obtaininga
better understanding of the preparati on-structure-per-
formancerdaionship of different typesof bismuth e ec-
trodesand for assessing their overdl scopeand power.
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