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ABSTRACT

GAS-PHASE ELECTROCHEMICA DETECTION OF TRACEARSENIC IN
DRINKING WATER

Jinsoo HongPh.D.
George Mason Universitg012

DissertatiorDirector: Dr.Abul Hussam

The presence of toxic levels of inorganic arsémidrinking water is a worldwide
problem. Measurement of millions of field samples for arsenic is an analytical challenge
and the first step to solve the problem. This work is an attempt to develop new sensor
chemistry for electrochemical detection ofiaeproduced from arsenic in water. The
sensor based on reaction between Aaitl Ag(s) AgNOs // Ag*/ Ag(s) redox couple on
a filter paper substrate has shown high sensitivity with potentiometry and conductometry
as analytical techniguesAmperometry sensor is based on chemical reaction o AsH
and iodine, followed by electrochemical reaction of iodide generated from the first
chemical reaction. In potentiometry, the signal response ranged from 4.3 to 200 mV for
10 pg/L to 400 pg/L As(Il), respectively with limitation of detection of 11 pg/L
As(lll). The conductometric detectidrased on alternating bipolar square potential pulses
exhibited linear calibration curve and a minimum detection limit of 88 pg/L As().

novel electrochemidaell: C(s) I'/l,, AsHs(g) // I, Agl /Ag(s) where Tl, mediated AsH



oxidation occurred was developed for chronoamperometric dwtexith limit of
detection of Z pg/L As(lll). Here, Au, Pt, and C exhibited similar anodic current
responses but themus thin carbon fibezlectrode yielded highly efficient arsine mass
transport. A mathematical model of mass transfer ofsfgHand following
electrochemical reaction was developed and successfully applied to the simulate
experimendl data. The sensor developedyures 2.0 mL of water sample02mL of
NaBH, as arsine generating agent, and 50 pL of 10 mM iodihe sensois robust,

compact, easy to fabricate, and fieldployable.



1. CHAPTER ONE

1.1. Introduction

Arsenicpoisoning was called by the World Health Organization (WHO) the
largest mass poisoning disaster in human histdityere might be up to 57 million people
drinking water contaminated with arsein Bangladesi.Approximately 11 million
wells in Bangladesh alone need immediate examindikbout 10,000 drinking water
supplying utility needs treatment of arsenic in the Unites States of AnfeXicacent
article in the consumeeports magazine in November, 2012 shows that uncooked rice
produced in US and in other countries contains arsenic at alarming level of 23bpg/kg
average It also reports that 15 batches out of 32 batches of rice contains more than 5 pg
inorganic arseic per meal and the average is 4.7 pg of inorganic arsenic per meal.
Andersoff et al. note that Newly implemented laws by USEPA (Unites States

Environmental Protection Agency) in 2002 demand that arsenic in drinking water be less

! Bagla, PArsenicLaced Well Water Poisoning Bangladesti803 National
Geographic Newslune 5

2 Feeney, R.Kounaves, S.P., Voltammetric Measurement of Arsenidatural \aters.
Talantg 2002 58, 23.

® Kinniburgh D.G.; KosmusV. ArsenicContamination in @undWater: some analytical
considerationsTalanta 200258, 165180

* Anderson R.D.; McNeil, L.S.; ASCE, A.M.; Edwards,;N\orton S.C, Evaluation of a
New Field Measurement Method for Arsemdrinking Water @mplesJournal of
environmental engineerin@008 May, 382388

> http://consumerreports.org/cro/arsenicinfood.htm



than 10 pg/larsenic, which called forgorous monitoring approximately 4,000 water
utilities in U.S.

A metalloid occurs ubiquitously, being the™8bundant element in the earth
crust, and is a component of more than 245 minerals in the haBe®logically, arsenic
is mobiized by weathering in the rocks and then transported by rain, river, and into
ground water. The thermodynamically stable form of inorganic arsenic, arsenate adsorbed
in the soil spread arsenic in the environments through some characteristics
biogeochemicabrocesses. Arsenin the air, soils, food, and drinking water can enter
human body.

Arseniccontamination of drinking wates geogenic in nature. However, some
industrial and old agricultural land effluents containinghharseni¢EPA superfund
sites) pose danger to the well being of human society.

Mechanism of arsenicontamination in ground water has been intensively studied
and reported in the literatufeDue to weathering of arsenopyrite in the presence of

oxygen and water, arsenic is released into groundwater:

Equation 1.1.1

AFeAsSr130, +6H,0 <> 4SQ? +4AsQ° + 4Fe™ +12H

Arseniccontaining pyrite (FeS) is probably the most common mineral source of
arsenic As manmade source, mine tailings can be attributed to the source of arsenic
release into water. In Bangladesh &mdia, the aquifer sediments are derived from

weathered materials from Himalayas. Arsenic typically occurs at concentratielDOf 2

® Ahuja, S. Mechanism of arsersontamination of water, ChapterDelineation of a
major worldwide problem of arsen@ntaminated groundwatétandbook of Water
Purity and Quality2009 24-27



Mg/L in these sediments, much of which is sorbed onto hydrated ferric oxides,
phyllosilicates, and sulfides. The mechanisinelease of arsenic from sediments has
been a topic of intense debate. Both microbial and chemical processes have been
proposed. The oxidation of arsemich pyrite has been invoked. Other studies proposed
that reduction of arseniich Fe(lll) oxyhydoxide in the aquifer may lead to the release
of arsenic into the groundwater.

In US, metalreducing bacteria in arsemuaobilization has been proposas a
theory of mobilization of arsenic in groundwateknoxic watersare areas of sea water
or fresh water where dissolved oxygen is depleted. In anoxic water, reduction of As(V)
instead of oxygen molecule proceeds via dissimilatory process whegy éoe
microorganism is generated. To date, at least 19 species of organisms have been found to
respire arsenate anaerobically. Arsenate/Aresenite, i.e. As(V)/As(lll) redox potential is
135 mV. This can be coupled with oxidation of organic matter. Theselmes are
collectively referred to as dissimilatory arsenagducing prokaryotes (DARPS). In
Unites StatesSulfurospirillium barnessiin western Nevad&esulfotomaculum
auripigmentumn eastern MassachusetBsacillus arsenicoselenatis and B.
selenitreducendgn Mono Lake, California have been found to utilize As(V) as electron
acceptor in their respiratory system.

Analogously, in sediments of Ganges delta in India, the role of indigenous metal
reducing bacteria to reduce arsenate to arsenite hagkamned. The experiments
showed that addition of acetate to anaerobic sediments, as a proxy for organic matter and

electron donor for metal reduction, resulted in reduction of Fe(lll), followed by As(V)



reduction, thereby releasing of As(lll) ensued. PCR (polyneechain reaction)
technique and cultivatiedependent technique were used to identify the species involved
in mobilization of arsenate. The study showed Gabbacteispecies were culprit. It is
believed that arrA gene provides machinery for As(V)/As(Bbpiration. Two species,
i.e. G.unraniumreducenand G.lovleyiamong Geobacter possessA and were found
in Cambodian sediments. Garaniumreducens known to reduce soluble and sorbed
As(V), mobilizing areseniteAs(lIl). Other aresenaté&s(V) reducing bacteria including
Sulfurospirilliumspecies were found in West Bengal(India) and Cambodia, thus the
validity of this theory is asserted.

The netabolic path of arsenin human body is also well studié@enerally,
ingested arsenigpecies are metabolized in the hurbady in the liver where it becomes
monomethylatedarsenate(MMA) via methylation of arsenate by arsenic methyltransferase
enzymes and further methylation gives rise to dimethylarsinate (DMA). In the urinary
excretion of lmman, 20 % inorganic arsenicals, 20 % MMA, and 60 % of DMA were
found. Although 76 % of arsenic ingested were excreted in urine in 8 days, complete
excretion of arsenic is not achieved in human metabolic system. Studies showed that
accumulation of arsenia human body occurs with aging. It is reported in England that
mean levels of arsenic (ug/L dry weight) in liver, lung and spleen in infants vs. adults are

9.9 vs. 48, 7 vs. 44, and 4.9 vs. 15, respectively.

! Mandal, B. K.; Suzuki, K.T. Arseniound the world: a reviewalanta 2002 201
235



Various adverse health effects due to arsimike could happehThese are
dermal changes (pigmentation, hyperkaratoses, and ulceration), respiratory, pulmonary,
cardiovascur, gastrointestinal, hematological, hepatic, renal, neurological,

developmental, reproductive, immunologic, genotoxic, mutagenic, and carcinogenic

effects.

Keratosis on palm Mucous melanosis

Figure 1.11 Diseases caused by chronic exposure to arsénic

Diffuse melanosis

1.2. General aspects of arsenic detection methodology and challenges
associated with current methods

For years, the Gutzeit kit method has been used in thé’ figflth such a snple
design and at low cost, the method pesvidedthe inhabitarg of arsinestricken
countrieswith semiquantitative measure as to detaration of the level of the arserniit

drinking water? The operational principle is the reaction between arsine and,HgBr

8 Gutzeit, H.,Pharma. Zeitung1879 24, 263 cited in Vangreen, A.; Cheng, Z.;
Seddiquie, A.A.; Hoque, M.A.; Geman, A.; Graziano, J.H.; Ahsan, H.; Parvez, F.;
Ahmed, K.H.Reliability of a commercial kit to testgundwater for Arsenim
BangladeshEnvironmental Science and Technolad205 39, 299303.

® Feldmann, JSalaun, P, Field test kits for arserévaluation in terms of sensitivity,
reliability, applicability, and cosin Arseniccontamination of Groundwater, Mechanism,



Color developed by formation of complex between arsine gas and Hg8been used
widely in one of the most arsine stricken country, Bangladdsreca. 57 million

people suffer from ainking water contaminated with arsenic at harmful level

Regardless of whether its oxidation state is 3 or 5, arsine gas is generated slowly from the
reaction of arsenate or arsenite with Zn power in the presence of concentrated
hydrochloric acid. Colorelveloped on mercury bromide strip is then compared with

color scale provided by the manufacturer. However, comprehensive field studies on the
accuracy of the colorimetric test kit (Merckoquant, NIPSOM, and GPL) showed that 68
% of false positive (labeledsainsafe) were in fact safe. Newer generation field test kit (
Hach EZ arsenic kit) seemed to improve the accuracy of the test. About 88 % of the test
results were turned out to be correct when 50 pg/L is taken as the drinking water
standard.Surely, theaccuracywill dramaticallydropif 10 pg/L standard is applied. This
method is prone tbaveinterpersonal variance, which makes the kit unreliable.

Highly improved instrumentation built upon the principle of Gutzeit test is
reported'® In the commerciahstrument, colorimetric determination of arsiges
concentration was achieved by measurement of the intensity of reflected light. Paper tape
that contains material similar to mercury bromide as in Gutzeit test kit gave the best
results. Chnges in colors upon exposure to arsine gas results in change of the intensity of

the reflected light, which is an analytical signal. The reflected light from this paper strip

Analysis, and remediatioihhuja, S.Ed.; John Wiley& Sons New Jersey, U.S.A2008,

pp 183188

1%Anderson R.D.; McNeil, L.S.; ASCE, A.M.; Edwards, M.; Morton S.C, Evaluation of a
new field measurement method #rsenidan drinking water samplegpurnal of
environmental engineerin@008 May, 382388



was monitored for its absorbance. The instrument worth approximately 5,000vBakSeh
Scott Instrument Autostep Plus Portable Monitor(Model No. 20@4b) and 175 ml to
50 ml of water sample was treated with a mixture of NaBH and ascorbic acid. The
novel feature of this method is its disposable probe that can sense arsingérabanen
Although the aforementioned method reported sub pg/L sensitivity, authors stated that
the validity of operation heavily relied on the degree of supervision provided to the
operator. In India and Bangladesh where people are most severely stycksertic
loaded water and its population supersedes 1 billion. It is a daunting task and should not
be expected that any institute or organization supervise carefully individual operators.
This method involves collection of generated agias in expensive Teflon bag. It
requires special training in handling. We, therefore, used much robust and convenient
system for monitoring the arsenic.

Other than Gutzeit test, there are several choices in selecting the accurate and
reliable methods ithis matter.Hydride generationtamic absorptioh' and
fluorescenc¥ techniques and inductively coupled plasma (ICP) spectroscopic technique
have been employed. However, the costs and complexity of operation of these kinds of

instruments prohibits its use in the field or even in places with inadequate laboratory

1 Samanta, G.; Chowdhury, T. R. ; Mandal, B. K.; Biswas, B.K.; Chowdhury, U.K.;
Basu, G.K.; Chanda, C.R.odh, D.; Chakraborti, D. Flow inj&ion hydride generation
atomic absorption spectromefiyr determination of arsenic in water and biological
samples from arseniffected districts of west bengal, india, and Bangladesh,
Microchemical Journa) 1999 62,174 191.

12 Featherstone, A MBut | er, E. C. VMichel ®.0&arnzindtionof B. V.
arsenic species in s@ater by hydride generation atomic fluorescence spectroscopy.
Journal of Analytical Atomic Spectroscofi998 13, 13551360.



infrastrudures. More specifically, transportation of all samples to the central laboratory
and book keeping of results are daunting tasks. For example, there are ten million tube
wells in Bangladesh and measuring ars@nibese wells, even once, lbecoming a
challenge both in scientific and financial terms.

The detection of arsenin drinking wateiin the fieldis the best solution and it
has been a challenging task for years to analytical chemists. Among field deployable
methoddogies, we explored the most economic way of detecting arsenic. Portability
the detection system an important requirement for field deployable instrumentation.
Electrochemical sensor is the most compact and the most inexpensive instrument and this
is the reason why we want to make electrochemical sensor for arsenic. In addition, it can
be a highly sensitive method. Stripping voltammetric method and chronoamperometric
method are excellent choices for implementing portable sémoarsenic detection.

Other than electrochemical method, photoionization detector was proposed in the
literaturé™. After arsenids converted to arsirigy various reducing agents, arsine gas can
be detected by photoionization detector. Tanakaltameously detected arsine along
with phosphine (PEJ and hydrogen sulfide by separating arsine from other species on
Porapak QS column. His absolute detection
phosphorus, sulfur, and arsenic. This method has implicgtat if aqueous sample
concentration is 4 pg/L, one can determine arsenic using photoionization déedior

if there is no interference from hydrogen sulfide produced during the hydride generation.

YTanaka, T; Nakamura, Y.; Mizuike, A.; Ono, 8imultaneous Determination of
phosphorous, Sulfur, and arsemicsteel by hydride generation and gas chromatography,
Analytical Scienced996,12, February 7780



There are many commercially available hdmedd PIDswhich suggest research in this
direction might bear fruitful results for arsenic detection in the fi@ldommercial
companyGray Wolf sensing solutigractually manufactures arsine gas senstong

with sensors for other vdite gas employing photoionization detec¢fotHowever, these
methods are used for sensing pure arsine in absence of other interfering gases. In PID,
UV light source that ionizes arsine will also ionize all other species with lower ionization
potential. Thdack of selectivity of PID inherent in its nature deters any attempt to
implement field deployable instrumentation.

1.3. Review of electrochemical techniques for arsenic detection and
measurement

Thus far we have reviewed general methodsedéction of trace arsenic
literature. Here we will go over electrochemical system which has been extensively used
in this work. There are several electrochemical methods widely used to detect gas. For
detecting species dissolved in aque phase, stripping voltammetry has been used. We
review anodic and cathodic stripping methods first and then gas phase amperometry.
Stripping method concentrates analyte on the electrode electrochemically first, which is
called preconcentration step, & which electrochemical process takes place to detect
the analyte. However, gas phase amperometry genénatagalytichydride in gas phase
and subsequently, electrochemical reactions detect the hydride on electrode. Generation
of gas from solution sees two purposes, namely, prencentration and elimination of

interference. First, preoncentration or sample enrichment is achieved during gas

4 www.wolfsense.com
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generation. Second, gas generation eliminates interference from other species in solution
during detection stge. We review here theoretical aspects of these methodologies and
practices in laboratories, merits, demerits, and limitations of these methods. In all cases,
the electron transfer from liquid phase electrolyte to a metal electrodesigtia¢ and
measuable quantityDepending on the methods, mathematical theories have been
established and various measureable quantities such as peak height of the current,
integrateccurrent, and limiting current apFoportional to the concentration of the
analyte.
1.3.1. Anodic stripping voltammetry

Stripping voltammetric analysis is an analytical method that utilizes a bulk
electrolysis stejpre-electrolysi$ to preconcentrate a substance from solution into a
small volume of a mercury electrode or onto the surfaceptdrear electrodeAfter this
el ectrodeposition step, the materi al I s
from the electrode using a voltage ramp. As schematically shown in the figure, the
species of interest is deposited in the cathodéxed interval, and the sample is highly
concentrated on the surface of electrode. Then the potential gradually increases to
positive direction to oxidize the reduced species. There have been many successful
examples of aforementioned anodic strippmtiammetry (ASV). h the real world
problem where we mainly focus on, Rasul et. al. applied ASV to 960 samples collected
from 18 districts of Bangladesh. Randomly chosen 238 samples from 960 samples were

analyzed.
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Figure 1.3.1 Schematic representation of LSASV ( linear scan anodic stripping voltammetry).

Preconcentration of analyte on a working electrode was achieved in ASV and

subsequent anodic current of reduced species is recorded while potentiatoaares

more positive directionRasul et al. reported that ASV could be used to detect arsenic

with Au film on glassy carbon electrode. The validity of the ASV was ecthesked with

four distinct instrumental techniqusThe agreemeritetween ASV and other

techni
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working electrode was constructed by depositing*Am the glassy carbon electrode and

the reference electrode was Ag/AgCI in saturated KCl isolated thetest solution by

Vycor. Deposition potential 0fl50 mV wasapplied for 100 s to ensucemplete

reduction of Ad* on glassy carbon, after which 500 mV potential was applied to remove

all impurities that might be edeposited on the gold electrodeegeated operation of this

> Rasul, S.B.; Munir, A.K.M.; Hossain, Z.A.; Khan A.H.; Alauddin, M; Hussam, A.
Electrochemical measurement and speciation of inorganic arsegricund water of

BangladeshTalantg 2002 58, 3343
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procedure gave shiny gold film which was visually verified by the mirror placed under
the cell. In a typical experiment, the following values for parameters were used: initial
potential-150 mV, final potential 500 mV, step potitis mV, scan rate 50 mV's
initial delay 60 s (deposition time), quiet time delay 30 s, and stirring rate 600 rpm. When
the sample gave the signal within the dynamic range, two more additional measurement
were performed using standard solution to detee the final concentration of As(lll).
The reduction of As(V) to As(lll) was done with (@), which was generated from acid
decomposition of N&GO;. The analytical merit of this method is capability of speciation
between As(lll) and As(V)No interfeence from F&/Fe* at the level of 110 mg L
was observed from samples. The disadvantage is that the working electrode could be used
only about 20 times and throughput was only8BOsamples per day. The lengthy
operation of preparing new working elexe and the necessity of purging gold solution
with watersaturated nitrogen gas to remove impurities such aan@dINQ raise the
barrier when one wants to deploy this method in the field.

Yamadaet al. reported a gold modified BDD (boraioped diamongdas working
electrode Wmose advantagesaswide potential window in aqueous media, low
background currents, and weak adsorption of polar molééu@sld was
electrodeposited to the BDD L4 V. Supporting electrolyte was 0.1 M phosphate
buffer (pH 5) Reference and counter electrode were Ag/AgCI (saturated KCI) and Pt

respectively. The authors deposited As(V) as well as As(lll) at a very negative potential

®yamada D.; Ivandini, T.A.; Komatsu, MEujishima, A.; Einaga, Y. Anodic stripping
voltammetry of inorganic species of As(lll) and As(V) at gold modified boron doped
diamond electrodes, Electroanal. Chem2008 615, 2, 145153
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at-1.5V, at which hydronium ion also was reduced to hydrogen molecule. During
stripping stegstarting at0.4 V, hydrogen molecule during-cposition along with
As(lll) and As(V) also was oxidized and contributed to the anodic currents. Notably, the
authors eliminated the hydrogen molecules on the Au surface by apfilyng for 10 s
to remoe all hydrogen molecule before stripping scan starfése merits of this method
come from discriminating ability of electrochemical cell against oxidation state of
inorganic arsenicdDeposition potential of working electrode dictates \ntspecies
among As(lll) and As(V) should be deposited on the working electrode . Depending on
whether the potential wa&.5 V or-0.4 V vs. reference electrode, both As(V) and As(lIl)
or As(lll) alone were deposited on Au electrod®hen-0.4 V vs. Ag/AECI(KCI) was
applied for deposition, only As(lll) was deposited on Au surfabiaen-1.5 V was
applied, both As(V) and As(lIl) were reduced, therefore quantitation of individual species
was realized.No doubt that analytical merit was clearly demonstrafiéuds method calls
for double experiments if determination of both As(V) and As(lll) are required.
Furthermore, as in other typical cases of ASV, the preparation of working electrode
before measurement westher cumbersomeThe author stated that BDDaw pretreated
by ultrasonication on-propanol for 10 minutes followed by rinsing with high purity
water to remove organic impurities.

Andrew O. Simm and others reported that silver electrode as working electrode in
0.1 M nitric acid system superseded peeformance of gold(Au) electrode in 0.1 M HCI

system'’ They compared three metals, Ag, Au, and Pt as working electiidue.

7 Simm, AO.; Banks, C.E.; Compton, R.G. The Electrochemie#ction of arsen{til)
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counter electrode was coiled bright large platinum wire and a saturated calomel electrode
was the reference electrodBepositon of As(lIl) was optimized a0.6 V vs. SCE
reference electroddnterestingly, the authors found that in the absence 0d Gl Ag
oxidation was suppressed and in the linear scan voltammogram, the potential could go up
to 0.3 V vs SCE without making AgCl salthe limitation of Ag electrode due to
oxidation of Ag at O V was overcomélis cyclic voltammogram using gold, platinum,
ard silver clearly demonstrated that the Ag had biggest oxidation current at 0.15 V. Scan
rate was 100 mV/s and the potential was swept from 0.5V ( 0.3 V only for Ag due to
oxidation) to-0.5 V vs SCE in 0.1 M nitric acid. Using square wave ASV (pulse
amplitude 90 mV, step potential 9 mV, frequency 75 Hz), the detection limit was 1.05
Mg/L with sensitivity of 11.2 +1 ampere per mol&@hese values were very close to the
values of cell made of gold working electrodehe outstanding merit of this method is
cost saving results from replacing gold with silver for any portable detdditirerto,
gold has been the most popular electrode for ASV, but this publication suggests that
silver as well as gold should be considered when one constructs electrocheftscal c

In another methodrsinegas was dissolved in acidic aqueous media, and anodic
stripping voltammetry was performed with the dissolved atSirnEhe authors mentioned
American Conference of Governmental Industrial Hygienists (ACG#és)dhange

TLV( Threshold Limit Value)o 5 pg/L (Time Weighted Average (TWA)) from 50 pg/L

at a silver &ctrode Electroanalysis2005 19, 17271733.

18 vandini, T.A.; Daisuke Yamada, D.; Watanabe, T.; Matsuura, H.; Nakano N.;
Fujishima, A.; Einaga, YDevelopment of amperometric arsiges sensor usingotg-
modifieddiamond electrodes, Electroanal. Chem201Q 645, 5863.
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(TWA), and their sensor barely met the requirement by achieving detection limit of 4.43
Mg/L. Arsine was bubbled into the 0.1 M sulfuric addsed on the equati@low, then
AsH3; was first deposited on Au electrode at a negative potential after whiekar scan

was performed to get the signal.

Equation 1.31
AsH, —~ Aq0)+3H" +3¢

Equation 1.32
AY0) — As®+3e

A high level ofarsineconcentration was studied by ASV, i.e., 1L level of
arsine was deposited-#@t4 V for 60 sec as preoncentration step on the surface of
electrode and linear scan was performed at the rate of 100 mV/se@ffiota 0.1 V.
This paper gave the clue to the design of arsine se@ud salt, HAuCJ was
electrodeposited on the specially fabricated boron doped diamond electirdald &t
The paper ambiguously stated that bubbling 1 pg/L arsine for 10 minutes was achieved
without reporting the flow rate of the gasniiust be noted that the work wasne with

dissolved AsHin strongly acidic media and nas a gas phase sensor.
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Figure 1.32 Overlay of LSV(linear sweep voltammogams) of cells containing different amount of arsine®
Anodic peak current depends on deposition time in ASV. A stream of 1 pg/Lskl; gas was bubbled into an
electrolyte solution of 10 MH2SO4. Au-BDD electrode was used as working electrode. Stripping voltammetry
parameters were Eq,=-0.4 V (vs. Ag/AgCI) and scan rate = 100 mV/s. Inset shows the dependence of peak
currents vs. the deposition time'®

The moles of arsindissolved in aqueous media for the measurement is not
cleaty indicated Their final configuration for arsine detection is amperometric method
where ug/L level of arsine gas along with inert nitrogen carrier gas was blown at 500
ml/min. In thislaboratory, we have pursued getting signal from arsine gendrated
pg/L level of arseniin 2 ml of sample solution.

1.3.2. Cathodic stripping voltammetry (CSV)

In CSV, preconcentration step is achieved by reduction of analyte Tinen
cathodic current is recorded while the potential moves toward more negative direction.
The two steps in CSV stripping is shown as:

Deposition:
Equation 1.33

2As* +3MHg+6e” — M,As, +3Hg

Stripping:

16



Equation 1.34
M,As, +12H" +12e” + 3Hg — 2AsH, + 3H, + 3MHg
where M is Cu or Se .

Generally, CSV with hanging dropping mercury electrode (HDME) for arsenic
exhibits advantage and disadvantage due to use.bt fige advantage is that fresh
formation of Hg always guarantees the electrode is always working; the disadvantage is
that Hg is environmentally not friendly. It poses problems with its waste disposal.

In the cited review?, the name of the game is howdeposit arsenispecies on
the Hg electrode efficiently before obtaining reduction current. All complex operation is
centered around making Aintermetallic spec
electrode. In addition, complicated pretreatingf sample was necessary to reduce
As(V) to As(lll) for speciation. HDME obviates the need for cleaning electrode in
contrast to ASV. However, toxicity of Hg is a concern to operators and poison to
environment. Moreover, excessive use of chemical readenefficient deposition of
arsenic species on cathode discourages one to develop As sensor in this way.
overcome these difficulties and disadvantages of solution phase electrochemical sensors,
direct measurement of arsipeoduced fronmsoluble arsenic species appears to be

promising. A review of such sensors is presented in the following section.

¥Mays, D.E.; Hussam, A. Voltammetric methods for determination and speciation of
inorganic arsenit the environmenrA review, Anal. Chim. Acta2009, 646, 6L6.
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1.4. Electrochemical gas sensors: general overview

We review a simple structure of electrochemical sensors for clear understanding
of gas sensd® There are two categories of sensor depending on whether the electrolyte
is renewed or not. Namely we call them stationary and dynamic configuration. Dynamic
configuration has been used in hydride generation gas diffusion flow injection analysis (
HG-GD-FIA) system. We first introduce a stationary configuration. Structurally, the
working electrode is sometimes placed right behind the hydrophobic membrane where
only gas can diffuse through. The hydrophobic membrane holds the electrolyte and

prevents it fromeaking out from the cell. The counter electrode and reference electrode

M Hl c, Tﬂ
1—_'15-' | E
H0200) — || H0a HO [
. !/ | H‘. K\"'.
e |
ow = | ol e
1 d il

Figure 1.4.1 Schematic of typical electrochemical oxygen gas senséiigure 1.1 Abbreviations indicate: M: a
membrane; W: porous working electrode; C: a porous counter electrode; R: a reference electrod@.

are separated from the working electrode. In general, electrochemical sensing of gases is
based on liquid collection interface. First, gas of interest moved into electrolyte through a

diffusion barrier, a hydrophobic membrane and is accumulated in the electrolyte. Second,

concomitantly, the electrochemical reaction takes place at the working electrode and at

20 Huang, H.,Dasgupta, P. K. Electrochemical Sensing of Gases Based on Liquid
Collection Interfaced;lectroanalysis1997,9 (8), 585591
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the counter electrode, simultaneously. Third, the products move away from thedelectr

by diffusion or escape the cell if they are gaseous. The disadvantage of this configuration
stems from the alteration of internal electrolyte if the products are accumulated in the
electrolyte. The porosity of electrodes in gas sensor poses techivattahging task of
designing sensors. Making porous noble metals porous to use as a working electrode is
not a simple task. However, to increase sensitivity of sensor, this requirement should be
fulfilled. In this dissertation, we circumvent this require@miey employing a bundle of

thin fiber electrode as a working electrode.

To overcome this problem of adulteration of electrolytes, the internal electrolyte
is renewed either continuously or on stoptgo basis in several examples. A dynamic
configurationis illustratedin Figure1.4.2. Either stopandgo or continuous renewal of
electrolyte has been extensively adopted in gas sensor world.

Most of gas sensors userchoamperometryCA) as the technique where
diffusion current is measured at a constant potential. In amperometry, steady state
kinetics of electron transfer at the electrode is recorded whereas in potentiometry,
chemical and difision process must be at thermodynamic equilibrium to obtain accurate
open circuit potential between the two electréda amperometry, signal &urrent

which is directly proportional to the concentration of

%L Stetter,J.; Li, JAmperometric gas senseasreview,Chemical Review£008 108
352366
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Figure 1.4.2 Schematic of a stopand-go electrolyte renewal system for a gas sens8rAnalyte gas diffuses
through the tubular membrane while the valve is closed during enrichment step. After measurement, valve is
opened to renew the electrolyte and measurement of blank is conducted to subtract background signal.

analyte whereas in potentiometry, signal is voltage and is proportional to logarithm of
the concentration of analyt€he advantage of amperometry is the linearity of the signal
which is proportional to the concentration of analyte whereas in potegitigrthe signal
increases nonlinearly and slowly as logarithmic function does. In other words, signal, i.e.
voltage increases only 0.0591 V per 10 fold increase in the concentration of the analyte.
We have focused on the amperometric method in this wotke following, we
examined electrochemical kinetics and diffusion for amperometric sensors.
1.4.1. Kinetically controlled vs. diffusion controlled system

The current in AGS is dictated by the two disparate processes. One is the rate of

transfer of electron dhe surface of electrodg)(and the other is the rate of species
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arriving at the surface of electrodg)(WMWhen fis much greater thag,the process is
called Adiffusion controlled. o0 Since as so
surface belectrode, the species disappearsyncentration gradient is developethe
concentration in the region which is far a
much higher than that at the surface of electrode. Whismruch greater thap we
always have abundance of electroactive species on the surface of the electrode and now it
is described as &iketiocally tontrolled progessiscmotveryo |l | ed . 0
analytically useful in that the current generated, which is signal, dependly loeahe
catalytic activity of the electrode which varies widely during the life time of the
electrode. In order to have invariably stable signal that only depends on the concentration
of the analyte of interest, we want to have diffustontrolled sysem.

Mathematically, the kinetically controlled system is described by the Butler

Volmer equation as follow?

Equation 1.4.1

| = FAK(C,(0,t)e F5") —C (0, E-E")

, whereF is faraday constant, A is the area of the ebelet surface, %is standard rate
constant, g 0, t) i s concentration of oxidized sp
applied potential, £9s the formal potential, and f is F/RT. In the diffusion controlled

limit, we have a much simpler expression for disk ultramicroelectrode (UME):

%2 Bard, A.J.;Faulkner, L.R. Electrochemical Methods, fundamerdal applications,
2nd ed.; John Wiley & Sons: New Jers&994 pp 92107.
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Equation 1.4.2
_4n FADC,
ﬂrO

=4nFD,C.r,

, where Qis diffusion coefficient for oxidized specie@; is concentration of oxidized
species in the bulk angis the radius of disk electrodds this equation indicates, the
current is proportional to the concentration present in the electrdlyserefore there is
no dependence on the catalytic activity of the electrode surface which can vary
significantly.

Although kinetic parameters are not friendly for analytical purpose, there have
been efforts in developing gas sensors based on the kinetic beHatweetectroactive
species® We consider here an illustrative example of kinetically controlled
electrochemical process where useful signal is obtained from combination of adsorption
of analyte and redox reactiomevelopment of CO sensor also has th@e problem as
we face with arsineensor.Standard reduction potential of CO-@6s1038 V which is
very close to zero where hydrogen redox reaction takes pldmesame problem of €o
oxidation of hydrogen and arsine is encountered as equilibrium potential of arsenous
acid/arsine is 0.01 Mn measuring CO in the excessive amount of hydrogen gas, the
electrode was operated in two different mod@sone mode at.000 Vvs. counter
electrode for 200 ms, bothyldnd CO were oxidized and in the next mode at 0.350 V for
800 ms, only the FHwas oxidized.In this journal article, people successfully recovered

the full catalytic activity of the Pt electrode by applysubstantially high potential at 1.0

% Planje, W.G.; Jassen, G.J.M.; . de Heer, M.P. Ad¢leatrode sensor cell for CO
detection in a ktrich gas,Sensors and Actuators B004,99, 544555
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V to oxidize both species adsorbed on the surface of electrode-(gdgande).During
measurement mode, mathematical modeling of surface adsorption and desorption and
electrochemical reaction at equilibrium using N#requation, the current density was
fully spelled out inanexplicit equation.The current density equation showed faster
current decay when the electrode was covered more with CDgstoits complex

nature of surface adsorption and desorptio@equation ended up with messy system of
differential equation However,simplified equation was quite telling ppiroximate

current density on the anode reads,

Equation 1.4.3
Japprox = qul (1_ 2r1t)

,Wwher e, F 1 s f ar axoanyof total Rsstds pen unit elegtrode areat h e

The q and ¢ are defined as follows:

Equation 1.44
0, = ka,Hz PHZP

Equation 1.45

rn= ka,co Pco

, wherek&HZ is adsorption rate constant of hydrogen gas on the afydis the partial

pressure of hydrogen gak, o, is theadsorption rate constant of CO afghis the

partial pressure of COEquationl.4.3 shows that the current densisyproportional to
density ofPt catalytic site and partial pressure @fd). It also indicates that the current
density decreases linearly depending on the partial pressure of carbon modmiide.

clearly shown, the current density depends on all the rate constants whiarcaruch.
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However, the author surprisingly employed this equation to predict the decay of current
in the presence of varying amount of CO in the excess amount of hydrogen.

This is introduced here because the gas under investigatilois workinvolves
generation of arsingas using NaBldwhich inevitably accompanies large excess of
hydrogen gas evolutioffhis work hints orhow to describe current solely generated
from hydrogen oxidation in the presenceantlytegas that partially coverthe surface of
electrode, decreasing the available catalytic’iowever, it is unknown whether arsine
will be adsorbed in a manner simitarCO adsorbed on the Pd catalytic surface to block
the site to prevent hydrogen from accessing gold surface. Also, after arsine is oxidized
and deposited a&s® on the surface of gold electrode, it is not clear whether that arsenic
will not be conducting as CO is on the Pd metal surface. This is due to the fact As(0) is a
metalloid and still might have good conductivity to catalyze hydrogen oxidation. So we
dropped this idea of doing kinetically controlled experiments. In short, kinetically
controlled current as signal is mathematically complicated, but diffusion controlled
current is not. Limiting current measured is simply proportional to concentration of the
analyte. Additionally, diffusion controlled current also does not depend oathigtc
activity of electrode, which renders the sensor more reliable.

1.4.2. Electrochemical arsine gas sensor

Literature survey was performed to find suitable configuration of agsiee
sensor that can be used in the fiéhd1996, Farrel reported that portable, field
deployable, instrument for contaminated soil was developed for afé@hie so called,

HG-GD-FIA ( Hydride Generation Gas diffusion Flow Injection Analysis) has been
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repeatedly used in gas sensosige. The conductometric methabased on the
electrochemicaleaction that occurred when reaction between arsidequeous

bromine producedns such as proton and bromide. In the amperometric detection the
electrachemical reaction was describeddquationl.4.6. The working electrode (gold )
was immersed in aqueous electrolyte consisted of 0.01 M sulfuric acid and 1.2 V vs.
Ag/AgCl reference electrode was applied.

Anode (oxidation):

Equation 1.4.6
AsH, +3H,0 <> AJOH), +6H * + 6e”

Cathode (reduction):
Equation 1.4.7

Br, +2e <> 2Br  E =1.087411

This work has been cited by ottemientists and recently 008, Lolicet al.
statedthat OD ( 30G) was Bplathg electrade at the M1 Vivé Ag/AgCl
reference el ectarwhen®.2 glail@g/LIABI) (doral o80i2 goh
was injected” Instead of using bromine, iodine ( 1 mg/L) and 0.05 M K| was used as

acceptor solutioand cathode reaction is as follaw

Equation 1.4.8

|, +26 <21 E° =0.5355

Table1.41 summarize®lectrochemical sensofsr arsine and references are
given in the footnoteWhenthecathode reaction is not mentioned in literature, we

assumeheredudion of oxygen in electrolyte ithe counter electrode reaction as follow

Equation 1.4.9

O,+4e +4H" <> 2H,OE =1.229V
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Almost idertical configuration of electrochemical system surprisingly worked

well. The possible interfering species such as of Sb(ll), Sn(ll), Se(lV), and As(V)

Table 1.4.1 Electrochemical arsine gasensor

References | Potential Working Electrolyt | Anode Cathode Analyti- | Limit of
Electrode | -e reaction; | reaction; cal detection
material working counter method

2 1.2V vs Au 0.01M Arsine Reduction | HG- 10

Ag/AgCl H,SO, oxidation | of oxygen | GD- po/LV
FIA
» 0.1Vvs Pt 0.1M Reduction| Oxidation | HG- 5 pg/LV
Ag/AgCI HCI of iodine | of iodide GD-
FIA
2027 1.35Vvs. | Hgdoped | 1.0 M Arsine Reduction | Separati| 0.2
saturated Au-PTFE | H,SO, oxidation | of oxygen | -on pa/L(As(
KCI/HgCIy/ | Electrode over ) in
Hg Porapak| solution
Q
® 0.05V Pt, Pd, 12 M Arsine Reduction | HG- Linear
between Au(best H,SO, oxidation | of oxygen | GD- from 10
working and | selectivity FIA Mg/LV to
counter ) coated 300
electrode PTFE Mo/LV,
membrane LOD =
10
pg/LV

with concentration of a few pg/L did not affect the signal generated from anode.

4 Farrel, J.R.; lles, P.J.; Yuan, Y.J., Determination of ardenitydride generation gas
diffusion flow injection analysis with electrochemical detectidbna. Chim. Acta1996
334, 193197

25 Lolic, A.; Nikolic, S.; Mutic, J. Optimization of a Flow Injection System with
Amperometric Detection for Arseni@eterminationAnalytical Science008 24, July,
877-880

26 Gifford, P.R.;BrukensteinS. Pneumatoampeometric Determination of parts per billion
dissolved gas by Gas evolving reactioisalytical Chemistry198Q 52, 10241028

2 Gifford, P.R.;Brukenstein, S. Separation and Determination of \Volatile Hydrides by
Gas Chromatography with GolelasPorous Electrode detecté@malytical chemistry
1980 52,10281031

28 Kumar , M. B.; Suzuki, K. T. Arseniound the world: a reviewlalanta 2002, 58,
201-235
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In the arsinesensors desitred by Brukenstein,gsitive potential of +1.35 V
versus SSC was applied between gold working electrode and counter electrode, which is
rather large potential considering the electrochemical windows of usual aqueous
electrochemical cells. Water can be electrolyzed at such high potential. The standard
reduction potential of At/Au and Au¥ Au*is 1.69 V and 1.41 respectively, which
suggests that high potential used here endanger the integrity of gold electrode.

When mixed with other hydride species, these hydrides interfere with the signal
from arsinealone, therefore, people attempted to separate these species anaisiteed
was separated from other hydride gaSeBunazaki reported a selective Assénsot’.
The selectivity coefficients for gases relative to arsine gas wéteofibydrogen, 16
for acetone, toluene, Pdor carbon monoxide, 1dfor ethanol, 0.27 for sulfur dioxide,
and 0.25 for nitrogen dioxide. The test gas was delivered by an air pump at the flow rate
of 300 ml/min to the sensor where gold wit
sintered on PTFE was used as workaétgctrode and Au as counter electrodew
potential of 50 mV was applied between Au working and counter electiidue.
selectivity of this sensor is nearly suitable if we consider the case where 1 pg/L(ng/ml)
arsenids dissolved for argsis. If we add 0.3 ml of 0.7 % (w/w) sodium borohydride to
this soluti;, we generate 5.588° moles of hydogen. Arsine will be around 6.58**

moles when 5 ml of 1 pg/L (ng/ml) arsine sample idyme. About selectivity of

9 Tanaka, T.; Nakamura, Y.; Mizuike, A.; Ono, A.. Simutaneous Deterroimafi
phosphorous, Sulfur, and arsemicsteel by hydride generation and gas chromatography,
Analytical Scienced 996 12, February, 77~80

% Funazaki, N.; Satoshi, K.; Hemme, A.; Ito, S.; Asano, Y. Development of catalytic
electrochental gas sensor for arsinensors and Actuators B993,13-14, 466469
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8.5x10” is required ad the reported selectivity of this sensarns that one needs to

develop gold electrodaith high selectivityfor arsine sensor.

1.4.3. Thermodynamic of d irect oxidation of arsine in electrochemical cells
Amperometric arsingas sesors described above involves electrochemical

reactions, i.e. direct oxidation of arsine on the working electrode. The thermodynamic of

direct oxidation of arsine is treated in this sectiime followingTable1.4.2 below lists

half cell reactions in arsine sensor and standard reduction potential for each half reaction.

We assume the sensor being used in the ambient air, which is an open system. Therefore,

we includeO,(g) in following discussion. Unless special treatmerbisducted, we

generally have dissolved oxygen molecules in the electrolyte.

Table 1.42 Standard reduction potential of half reactions involving direct oxidation of arsine

Half cell reaction Standard
reduction
potential, V
Equation 1.4.10 -0.238
Agqs)+3H " (ag) +3e <> AsH,(g)
Equation 1.411 0.2475
H,AsQ(aqg) +3H"(ag) +3e” <> AYS)+3H,0
Equation 1.4.12 0.0095
H,AsQ,(ag) + 6H " (aqg) + 6e” «> AsH,(g) +3H,0
Equation 1.4.13 0.000
2H" (ag) +2e < H,(9)
Equation 1.4.14 1.2291
%Oz(g) +2H" +2e" <> H,0

An electrochemist removes dissolvegfm the electrolyte by bubbling argon

and nitrogen gas in laboratory. However, we assume user of the sensor will not perform
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such complicted operation in the field. The thermodynaso€ electrochemical reaction
is dictated by standard reduction potential of half &xjuation1.4.12is obtained by
addingEquationl.4.10 andEquationl1.4.11. By subtracting=quationl.4.14 from

Equationl.4.12, we obtain the overall reaction as follows:

Equation 1.4.15
AsH, +3H20+:;’o2 < H,AsQ E°=1.119
As Equationl.4.12 andEquationl.4.13 indicate, these redox potential of the two
different species lies very closelyzero V vs. NHE. From this thermodynamic ground,
chemists anticipate interference from hydrogen will inevitably jeopardize the
measurements of arsis@gnal. To see if any dramatic shifting of redox potential of arsine
is feasible, we calcate the theoretical redox potential of arsine. At constant pressure and
temperature, the maximum energy we can harness from this galvanic cell is
=-6x96,485.4 (C/mol) 1.1196(J/C) = 648.15 kJ/mol. The actual free energy
has dependence dme activities of species involved. Therefore, it will be lower than that
in standard condition where pressure is 1 atm and concentration is 1 M as the following

equation indicates.

Equation 1.4.16

. H,A
£ - po_ 0059, [H;ASO)
6 Par, P

Even if oxygen pressure on the counter electrode is offlytt, the contribution
to the potential is only0.0738 V to the system compared to the condition when oxygen
is 1 atm. Likewise, the arsiqEessure and amount of arsenous acid in the electrolyte

does not contribute much to the overall Gibbs free energy. Even if we minimize the
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introduction of oxygen into counter electrode to lower the concentration of dissalyed O
the decreased pressureoafygen cannot contribute significantly in terms of
thermodynamics. At given potential of the counter electrode, standard electrochemical
reduction of oxygen molecules remains virtually the same as befangpling of
oxidation of H(g) and reduction of dsolved QX(g) is a readily available process in the
air with Gibbs free energy change-887.2 kJ/mol.Although the reaction is
thermodynamicallyavorable it is possible that the reaction is kinetically extremely slow
compared to oxidation of arsindét.is merely stated by many authors in the literature that
gold is kinetically very inert to hydrogen gas and the reason is not very well explained.
As long as one produces arsfn@m arsenate or arsenite, there is always
accompanying hyadigen gas generated from the solution regardless of chemicals used.
Thus produced hydrogen interferes with signal, i.e. oxidation current which is greatly
increased by the oxidation of hydrogen. Therefore much consideration was given in this
work as to howto deal with excessive presence of hydrogen Gaveral possibilities
could be explored to solve this probleifhe easiest option is to subtract background
signal. The electrochemical behavior of arsine in aqueous media is not well understood
as venylittle information is available in the literature. The standard reduction half cell
reaction of arsenous acid is based on measurement when partial pressure of arsine is 1
atm.
Equationl.4.15 shows that arsinexidation is a thermodynamically feasible
process and both arsenous acigh$0; and arseniacid, Hi/AsO, could form at

potentials generallyear the positive limit of effective electrochemical window of
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electrolytes and electrode. At these extremely positive potentials, gold electrode could be
oxidized into Ad* (aq) and be dissolved into acidic solution unless a robust oxide layer
on its surfae prevents this dissolution. Although in literature on arsine sensors, bias
potential of 1.2 V vs. SSC is applied, it is not clear how these affect the overall
electrochemistry in acidic solution. Wisedthesein solution usingAu wire with 100pum
in diameteras the working electrode. Low potential between working and counter
electrodevasapplied.
1.5. Redox reactions of halide in determination of As (lll) and arsine

As discussed in the previous section, direct oxidation of airsithe presence of
H> (g) is inevitably problematic due to emxidation of H(g). We found in lierature that
oxidation of Ag Ill) and AshH did not occur electrochemically andly chemicaredox
reaction took placan measurement of As(lll) and AgHHalideshave been used to
oxidize As(lll) and AsHto measure change of concentration of these species.
Colorimetry, potentiometry and amperometry have been conductedketct tbe
concentration of As(lll) and Asi

1.5.1. Analytical methods for As (lll) and a rsine using iodine as oxidant: Early

work
The introduction of halides in determining arsé€hitdates back to year 1908.
The work describes volumetric determination of arsenious acid using iodine as titrant.
The so calledadometric determination of arsenious acid was reviewed by Edward W.

Washburri* The first halogen that had been utilized to oxidize arsenious ag$Q3to

31 Washburn, E.WT'he Theory and Practice of the lodometric Determination of
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arsenic acid, FAsO, was chlorine in 18 century. Gay Lussac employed redox titration
of arseniouscid with chlorine in 18 century. lodinavas useds a replacement for more
toxic chlorine for determination of arsenious acid appeared subsequently. Friedrich Mohr
was quoted in this review to introduce this method of iodometry by using solution of
iodine to titrate arsenious acid and starch was added to titrand as indicator. For more
permanent end point detection, Mohr recommended addition of base to arsenious solution
such as sodium carbonate or ammonium carbonate.

A more sophisticated volumetric methof determination of arsineith iodine
was introduced in 1932 in literature. Gutzeit method is a colorimetric method of
determining arsine generated from the water sample. Literature showed that generated
arsine was trapped in AgN®oluion as in Gutzeit method and the addition of HCI
liberated arsine from the precipitation, Af&ty), which was titrated by 2 mM ioditfe

The following chemical reactions are assumed in this method.

Equation 1.51

AsH,(9) + AgNQ (ag) - Ag(AsH,)(s) + HNQ;(aq)

Equation 1.52

Ag(AsH,)(s) + HCI(ag) — AgCIY (s) + AsH,(aq)

Equation 1.5.3
AsH,(ag) + 4l ,(ag) + 4H,0 > AsQOH),(ag) +8H" + 1~

Arsenious AcidJ. Amer. Chem. Sod 908 31~46.
%2 Wiley R.C. et al. Determination of Arseniodometric Acidimetric Methodndustrial
and Engineering Chemistr§932 4(4), 396~397.
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To extract more amsefrom the aqueous solution, the author boiled the solution
in the generator where reduction of arsenious acid was achieved by Zn metal. This type
of procedure suggested the feasibility of generating iodide by reacting arsine with iodine
asshown inEquationl.56. Also, given the fast rate of reaction, quantitation of the
generated iodide from arsine directly leads to the quantitation of arsine.

As previously described, titrating residual iodine after reacting aveitheiodine
was performed. Instead of trapping arsine with silver nitrate solution and subsequent
liberation of arsine from silveasirsine complex, the authors reducedikhew amount of
iodine with arsine. As the initial amount of iodine was known and the remaining iodine
can be determined by titration with thiosulfate, therefore, an indirect determination of
arsine was achieved. The redox reaction below is used for de&tioni of excess iodine

that was left after reaction with arsine.

Equation 1.54 . . )
2502+ 1L,Y ®+2T

The residual iodine was titrated with sodium thiosulfate using starch as indicator.
There is darge difference of standard reduction potential between tetrathionate and
iodine, which was employed in this method. The reduction potential of tetrathionate to

thiosulfate is 0.1 V and the reduction potential of iodine to iodide is 0.620 V.

Equation 1.55
S,06% + 2H'+ 26 =—2HS,0; E°=0.1V

Equation 1.56
l,(ag)+ 26 =— 2 E°=0.620 V

From this paper, the chemicalaction between and iodine and arsirees

described as follow:
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Equation 1.57

AsH, +4l, +4H,0 - AsQOH), +8HI

For a large amount of samglgreaterthan 50 mg of arsenious oxide in 20 mL),
the solution was neutralized by sodium bicarbonate and then assehiwas titrated
back with standard iodine. For a small amount of sample ( less than 50 mg of arsenious
oxide in 20 mL), authoraere able to determine the amount of arsenic by titrating the
hydrogen iodide (hydroiodic acid) with NaOH using phenolphthalein as indicatos

following equation.

Equation 1.5.8

H,AsQ, +8HI +10NaOH— Na,AsQ, + 8Nal +10H,0

The advantage of titration in this case is that one mole of ansznices 10
moles of NaOH, which increases the accuracy of measurement. Although the procedures
are very lengthy and inconvenient to employ even in chemistry labordiesg authors
in 1932, successfully determined arsenic down to 20 pg in 20 to 30 mL, which is around
1 mg/L (1 mg/L). Weexteretit hi s met hod to amperometric
potentiostatic coulometry with increased sensitivity.

1.5.2. Measurement of AsH3 by chronoamperometry with iodine/iodide redox

couple
Measurements of arsenieere often achieved by arsigeneration from arsenic
containing sample which minimizes the interference of measurement process from other
ion species. A so called, hydrideneratiorflow injection methodology has similarity to
our measurement system and motivated us to inventahsog so a brief review on this

kind of methodology is given here. Typically, arsine is generated by mixing two streams
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of sodium borohydride solution and sample carrying solution and arsine gas enters into a
detection system where acceptor stream isifigun the detector. When arsine enters

into the acceptor stream, physical properties of the acceptor stream are changed.
Monitored physical properties in the detection cells are conductance, anodic or cathodic
current, and UV absorbance in literature. Té@son why we need to use flow system, i.e.
three streams of different reagents in flow injection system is as follow. One must ensure
that all chemical reagents are freshly renewed. As a result, all components in the
detection cell are constant. Renewiesl, fresh solution is flowing through the detection
system constantly, thus constant properties of the acceptor stream guarantees invariance
of detector system. Only when analyte of interest is introduced, measureable quantity
changes accordingly.

Arsine is a reducing gas and reduces halide and one occurrence of utilization of
bromine reduction by arsineas reported by Farrelf.in conductometric method where
arsine entered the electrochemical cell after which reaction with bromine efidwed.
reaction of bromine is similar to that with iodine and number of ionic species increased.
This was detected with a commercial conductoimetll, Bio-Rad flowthrough
conductometridetector. In addition, amperometrically, the arsine was detected by direct
oxidation of arsine in the presence of 10 mM sulfuric acid.

An amperometric method of detection of arsimediated by idineto iodide

reduction was introduced ylic et. al*®

The opposite aspect of electrochemical
reaction of iodine/iodide couple was used by the authors. Instead of measuring oxidation

current, they measured the reduction current. Electrochersmetion used for
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measurement of arsine is the reduction of iodine to iodide whereas our measurements are
based on the oxidation of iodide to iodine. The following diagram shows the system. The
chemicals for reagent stream R v@a8% NaBH in 0.1% NaOH,; caier stream C, 0.1 M

HCI; and acceptor stream A, 1 mgAir 0.05 M KI. The flow rate for A was 0.9, B for

1.1, and C for 1.1 mL/min. The electrochemical system consisted of three electrodes;
working electrode: rotatinglatinum disk (RDE); reference eteode, Ag/AgCl in
potassiuncthloride (3 M ); and auxiliary platinum electrode. For observation of reduction
current of iodine to iodide, CV was performed and the following graph clearly showed
that there was decrease of reduction current when as@aniole ( 200 pL of 1 mg/L in

0.1 M HCI) was introduced from the injection valveThe claimed limit of detection of
arsenic was 5 pg/LAn advantage of flow injection system comes from the invariance of
the baseline signalConstancy of corentration gradient of iodine and iodide is provided

by constant flow of the acceptor stream. Regardless of whether reduction current or
oxidation current is monitored, there is always constant gradient of concentration on the
surface of the Pt electrodesA result, baseline current is flat. In literature and also
experiments in this laboratory, the reduction current of iodine on Pt electrode revealed
interesting properties of iodine. The iodine chemisorbed on the surface of Pt electrode
and reduction cuent observed in double step potential amperometry exhibited flat line.
This was done in static solution in the absence of renewal of electrolyte. Even then a
horizontal line with time axis persisted for a long period of time, which was ascribed to

the chensorbed iodine on the Pt surface.
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Figure 1.5.1 Flow injection system used by Loli€ in flow injection system. Abbreviations
indicates: Carrier (C), reagent(R), acceptor flow stream (A), peristaltic pump (P), injection valve
(V), mixing coil (MC), gas diffusion unit (GDU), electrochemical flow through cell (FC),
potentiostat(PO), recorder(RE), wate (W).

The authors measured the reduction current of the iodine at 0.1 V. The
electrochemical system consisted of Pt electrode and iodine/iodide electrolyte on top of
PTFE membranélhe arsinggenerated from arserémd NaBH reaction crossed the
PTFE membrane and the arsine reduced iodine to iodide which resulted in decrease of
reduction current of iodine to iodide on Pt electrodibe optimized condibn for the
potential was 0.1 V versus Ag/AgCl and the peak height of the reduction current was 10
MA. Their cyclic voltamogram appeared in their paper for iodine to iodide reduction.
Experimentally, at 0.1 V, the signal was maximized and it was adamtedniperometric

measurement accordingly.

37



A
N

N

gl\\ Tme— 5
N ——
S e
I e —

4 \‘u. e e —‘L
\ T -
T — 3
\ —

\\ e N
N 2
] -

i\

"“-H-_.__H_
1 - -__--"_'-—h-.
5% 10-°A T

1 e —

L B — s ‘l
VT

RN

————-

+100 +50 0 -50 -100 -150 UmV)

Figure 1.5.2 CV of the flow injection system?® The curve 1 represents the CV of blank sample and curves, 2,3,4,
and 5 represent CV when 1 mg/L arseniwvas introduced to the system. Gradual decrease of reduction current
was observed in curves 2,3,4, and 5The scan rate was 100 mV/s and 0.1 V was applied in amperometry.

Although instrumentation for flow injection system employethis workis
different, the method of detection of arsgtares the commality, i.e. iodine/iodide
redox reaction.The hydride generation reaction was performed and arsine diffused into
an electrochemical cell where reduction of iodine to iodide occurred and decreased iodine
concentration resulted in lowering the reductiorrent in their system. A disadvantage
of this system lies in the complexity of instrumentation requirements. Different flow rates
of reagents were employed, being independently controlled from each other. Also
rotating disk electrode is not a simple electremical system. The PTFE membrane

integrity for gas diffusion should be preserved. The author mentioned that the Pt
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electrode was washed periodically, suggesting maintenairite working electrode was
necessary

The same principle of measurement basededox reaction of arsiveith
reducing agents and almost identical instrumentation using pervapeftatoimjectiorn-
hydride generatiosystem was reported iRupasingh&. The basic principle of
measurement is to monitor change of abaoce of 0.1 mM KMn@solution due to
reaction between arsine and KMnOhe detection limit was reported to be 0.18 ug/L.
We will not delve into the details of this measurement method here as the measurement
was based on spectrophotometric measurement, UV absorbance at 528 nm rather than
electrochemical one. Still, it is important to note here that arsine is a reducingighs w
reacts with a variety of oxidizing agents in acceptor systems, resulting in change of
measureable properties of the acceptor systems such as reduction current, oxidation
current, conductance, and optical absorbance. Again, generation of excessive toxi
chemical waste, KMngsolution is the single most disadvantage of this methodology. If
one wants to use this method, one can look at the reflectance change due to disappearance
of permanganate color in a static system. The standard reduction poteli&iNGf, is
1.5V and it is readily reducible. Monitoring of reduction current of this species when
arsine is introduced on the sensor will be a feasible approach for field deployable

instrumentation.

¥ Rupasinghe, T.WCardwell T. J.; Cattrall. R.W.; Kolév S. D.Determination of
Arsenicby pervaporatiofilow injection hydride generation and permanganate
spectrophotometric detectiomnal. Chim. Acta2004 510, 225230.
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1.6. Amperometry using iodine and iodide redox couple

Tomcik et. al. reportedhterdigitated array electrodes where, electrogenerated
iodine could be used to detect As(lll) in solutidnAnodically generated iodine from 10
mM KI diffuses into the cathode where iodine is reduced to iodide. When the incoming
flux of arsenite, As(lll) is greater than the flux of outgoing iodine, there was no current at
the cathode. Therefore, this quantitative relationship between arsenite concentration and
collector current was employed in their diffusion layer titration method sijeton the
design of our sensor.

Gerald Hignett et. al. developed system where one can detect As(lll) in water
with electrogenerated iodifé These experiments resemble experiments that had been
performed in this laboratory in that added arsenite tdrelgte in the cell increased the
concentration of iodide through the reaction of arsenite, probably arsenious acid, with
iodine. The difference is that we add ardgim&ead of arsenious acid and held potential at
a constant value insteafllmearly increasing the potential. The commonality with their
experiments is that iodine was generated electrochemically and it reacted with the
analyte, i.e. As(lll) in their experiment and Asid our experiment. The most important
foundation in thesexperiments is that arsergan increase the amount of iodide and

nothing else could do. Hignett was concerned that the oxidation current signal arose not

%Tomcik, P.;Jursa, S.MesarosS.; Bustin, DTitration of As(ll) with electrogenerated
iodidne in the diffusion layer of an interdigitated microelectroatfallectroanal.
Chem, 1997,423, 115~118.

% Hignett, G; Wadhawan, J.DLawrence, N.S.Hung,D. Q.; Prado C.Marken, F;
Compton,R.G.Electrochemical Deection of As(lll) via lodine Electrogenerated at Pt,
Gold, Diamond or CarbeBased ElectrodesElectroanalysis2004 16, No. 11,
897~903.
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only from iodide to iodine oxidation but also from oxidation of arsenite. Direcatgial
of As(lll) on Pt was observed, but there was no linear relationship between As(lll)
concentration and peak current. Specifically, LSV ad®@ an oxidation peak at 0.78 V
vs. SCEor a solution containing 40 uM As(lll) in 0.1M4RO, (pH 1.9).
On Ptelectrode, a proposed mechanism of oxidation involves platinum oxide
layer on Pt electrode. Direct oxidation of As(lll) on Au electrodes were observed at 1.1 V
which was well separated frooxidation current of iodiden LSV. For a solution
containing 10QuM Kl in 0.1M H3PO, (pH 1.9) revealed an oxidation current at 0.54 V
(vs. SCE). However, no oxidation peaks of As(lll) were observed on ‘nwpad
diamond electrode and glassy carbon electrode. Despite direct oxidation of eos#ahic
have compromised measurement, LSV data demonstrated that limiting current obtained
with all these different electrodes furnished quantitative results. As increasingly higher
As(IIl) were added, proportionally increased limiting currents were always obsarved
all cases including Au and Pt electrodes. In their experiments, LSVs showed that limiting
current increased as the As(Il1l1) increased
el ectrode were used and 100 &M Kuntovas el ec
As(lll) was added. With boron doped di amon
was achieved. This was attributed to the lower background current at this particular
electrode. Response current increased over pH range 0.9 to 5.5. HowelgreapH
solvent break down current overlayed iodide oxidation current, preventing the resolution
of voltammetric peak. We think that as soon as iodine was electrochemically generated, it

reacted with As(lll), thus increasing the limiting current. As lasghis reaction occurs
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fast enough compared to the direct oxidation of As(lll), all current will be generated from
iodide to iodine oxidation.
1.7. The use of nonaqueous electrolytes for gas sensor

Almost all of the experiments carried out thus far have eyepl@aqueous
electrolyte in the electrochemical cells. Originally, nonaqueous solvent system was
developed because of various reasons. The main reason lies in the fact that due to high
vapor pressure of water, the water evaporates and drying out of glectlishbles the
sensors completely. Problem of replacing liquid electrolyte with solid polymer electrolyte
(S.P.E.) has been attempted. The degree of wetness of solid polymer electrolyte
dramatically affects conductivity of S.P.E., thus rendering it vargliable. Despite the
name suggesting invariable stability of solid, drying out of solid polymer electrolyte
poses the same problem that one encounters in aqueous electrolyte. Electrochemists
always find that drying out of solvent due to high volatitifyvater disables the
electrochemical sensor completely.

In this perspective, it is well justified that we need to use something that can not
be dried out over time. The motivation of using room temperature ionic liquid ( R.T.L.L.)
comes from this paskperience. The advantages of using R.T.l.L. are enumerated as
follows; 1)R.T.I.L.s have high ionic conductivit@)lonic conductivity is high at room
temperature and it does not require very high temperature as molten sal®Aloes.
negligible vapor presse of R.I.T.L. does not cause drying out of the liquid electrolytes.

3)The longevity of electrolyte ensures the reliability of the sensors.
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R.L.T.L.s have much wider electrochemical windows than wadeed electrolyte.
This enables electrochemical cdlbsdetect gas in unfavorable situation where bias

voltage lies outside of electrochemical windows of aqueous media.

Equation 1.7.1
0,+2 -0,

Equation 1.7.2
4NH,(g) — 3NH; +1/2N,(g) + 3¢

Equation 1.7.3
NH; — NH, +H*

Equation 1.7.4
H*+e—1/2H,

Tablel.7.1 Electrochemical cells employing nonaqueous electrobttesv
occurrences of nonaqueous electrolytes discussed in this s&@diopton first found

that ammonia can be oxidized in the electrochemical cells with verypeidatial

window due to high anodic limit when non aqueous electrolyte system is used. Although

we were not able to find arsigas sensor using nagueous media ianypublication,

we found the ammonia gas sensors that measure the current from oxidation of ammonia.

Ji et. al. reported that as a result of reduction of proton present in his systgas, H

oxidation current ( anodic current) occurgheir cyclic voltammetric response.

However, if the proton is wiped out by preconditioning electrochemical cell at reduction

voltage, one can remove all proton before ammonia gas passdigdtrechemical cell,

but the paper did not show whether angtsattempts wamsiade. In their electrolytes, 0.1

38Ji, X.; Banks, C.E.; Compton, R.G. The direct electrochemical oxidation of ammonia in

Propylene Carbonate: A GeneApproach to Amperometric Gas Sensors,
Electroanalysis2006 18, No. 5, 449 455
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M TBAP (tetrabutyl ammonium perchlorate)polypropylenecarbonate or imidazolium

salt of organic counter iongere used.The immidazolium salt was

Table 1.7.1 Electrochemical cells employing nonaqueous electrolytes

ref Electrodes| Eletrolytes Reactions on w| Reactions| Method
onc
37 | Step w-Disk 1-ethyl-3- Reduction of Reduction| DSCA
potential | glassy methylimidazolium oxygen to of oxygen
-0.2V | carbon; teterafluoroborate(EMIBF| oxygen anion | to oxygen
to-0.8 c-Pt; radical anion
V ref-Ag; radical
38 | Scan w-Glassy; | 0.1 M TBAP in Oxidation of Oxidation | CV
rate Carbon PC(Polypropylene ammonia of
from 50 | c-Pt wire; | carbonate) ammonia
to 1000 | ref-Ag
mV/sin | wire
-1.2to
1.6
39 w-Pt 05M Oxidation of Oxidation | CA
bonded; | tetrabutylammonium ammonia of
i\(t)o MV | Teflon hexafluorophosphate in ammonia
constant Or PHr; PC
Potential | © Pt;
ref- black
Pt

Abbreviations indicate: chronoamperomeBA), double step chronoameprometry (DSCA), cyclic
voltammetry(CV), working electrode (w), counter electrode (c), reference electrode

37Wang, R.; Okajima, T.; Kitamura, F.; Ohsaka, T. A novel Ampeometrige@sor based
on Supported room temperature lonic Liquid Polyethylene memit?aat=d Electrodes.
Electroanalysis2004 16,66- 72
% Ji, X.; Banks C.E.; Silvester D.S.; Aldous L; Hardacre, C.; Compton, R.G..
Electrochemical Ammonia Gas Sensing in Nonaqueous Systems: A Comparison of
Propylene Cabonate with Room Temperature lonic Liquitlectroanalyss, 2007,

19(21), 21942201

%9 Mishima, B.A.; Mishima H.T. Ammona sensor based on propylene carh&eats.
Actuators, B 200§ 131, 236240.
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1-ethyl3-methylimmidazolium ks(trifluoromethylsulfonyl)imide There was no porous
hydrophobic membrane for this cell. Working electrode directly made contact with

electrolyte solution which was only 20Lin volume in a very small cell which is in

equilibrium with the exposed gas. Oxidation current from hyrodramgr{0.5 mM )

which was deprotonated by ammoffg/lawasthe det e
slope of the calibration curve. Unfortunately, special equipment and instrumentation such

as laser patterning are required to fabricate electrodes repotteglliterature in these

days. In typical university laboratory, these kinds of special fabrication process can

hardly be realized.

Various type of non conventional electrodes were used by Compton, i.e. glassy
carbon electrode (GC), boratoped diamondlectrode (BDD), edge plane pyrolytic
graphite electrode (EPPG), and basal plane pyrolytic graphite electrode (BPPG) along
with PC. the vapor pressure of propylene carbonate is negligible compared to that of
water, i.e., for P&, 0.03mm Hg at 20 °C but fovater 17.5 mmHg at 20 °C. The benefit
of low volatility was emphasized and clearly stated. The sensor lifetime may be greatly
extended as a result of using PC. Compton found that GC and BDD electrode has wider
electrochemical windows than others and hgglamodic limits ( 2.7 V for GC and 3.0 V
for BDD vs. Ag wire). At 1.6 V, ammonia oxidation current was observed and
analytically useful signal was found for GC electrode. Such high oxidation potential
cannot be used in conventional aqueous electrocheoagltalhere hydrolysis of water
will occur. From this ground, we are motivated to use organic electrolyte as our

conducting medium for amperometric arsgsmsorCompton did not use any membrane
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for this work, which encouraged us to make sensor without membrane. Small volume

of electrolyte, i.e. only 2QlL was used in this work, which was innovative.
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2. CHAPTER TWO

2.1. Motivation and purpose

Literature review lead to the design of gas sensors with new distinctive features.
We disclose herdne motivations and purposes that have driven us to conduct unique
experimentsWe understand the reason behind the generation of gasnieom arsenic
in aqueous phase, used thin layer filter paper cells, and used iodite/fouple.
2.2. Purpose of generating arsine gas from agueous sample

Sensing arsingenerated from drinking water involves generation of arsine from
inorganic arsenions dissolved in water. Due togh toxicity of arsine gas, this is
neither pleasant nor safe method. We asked the question of why we generated arsine. To
answer the question, we performed simple calculation using ideal gas law. It convinced
us fully that gas sensor approach could peaatical way of inventing highly sensitive
arsenic sensor for drinking water.

Suppose we analyze 5 ml of arsesatution with concentration of 5 pg/L
(ng/ml). We know the total mass of As in this sampl25 ng. By definition, 1 ppw
means that 1ml of gas in 1000 liter of air. The number of moles of ansihis gas is
3.34*10°>° Therefore, 0.025 g of arsendic in

liters of the volume at 1 atm as shown below:

a7

or



3.34x10"°x 0.0821x 2985

=82x107° L
]_ X

V=nRT/p =

Letbébs say the internal volume of the ga
chamber is 30 ml. If instantaneously complete conversion from inorganic aspenies

to arsinegas occurs, #corresponding concentration of the analyte gas is

8.17767x10°
0.030

=2.7x107 which is 0.27 pg/LV. In short, 5 ug/L of arsine in 5 ml of
sample can generate gas concentration of 0.27 ug/LV. Generation of arsine gas in a small
chamber performs sampd@richment step without using any trapping media. Despite its
high toxicity, it is this argument that motivated greatly us to develop arsine gas sensor
with limit of detection with sub pg/LV level. In short, peencentration of @alyte is
achieved by generation of arsine from dissolved arsenic.

However, the advantage of ptencentration of analyte is balanced out by a
disadvantage. The disadvantage comes from the process of-ttenpemntration step
itself, which involves genetian of excess kigas. Sensitive arsirdetection in the
presence of excessively high concentration gihk¢lectrochemical sensor is a challenge.
Here we illustrate the challenge with simple numerical calculation. Typically, 0.3 ml of
0.7% wi/v sodium borohydride in 0.5 M NaOH is added to the highly acidic sample. If
the 30 ml vial is closed, the partial pressure of hydrogen is 0.1823 atm and the total
pressure is 1.1823 atm. At 1 atm, the hydroggswill occupy 5.4 mL. As the internal
volume of the generataial is 30 m, this corresponds to 1.540° ppmV. For gas senso

designed to detect a few pplbdel of concentration, this amount is huge. Even if the

response factor of argirgas sensas 1.5410° timeshigher than that of hydrogen, the

48



sensor read gpmV when 1 ppm\arsine gas comes in. This is due to the fact that arsine
is oxidized at the potential where hydrogen gas is@igtized as shown iBquation
1.413. As long as one produces arsine from arsenate or arseniteistabvays
accompanying hydrogen gas generated from the solution regardless of what chemical is
used. Thus produced hydrogen interferes with signal, i.e. oxidation current which is
greatly increased by the oxidation of hydrogen. Therefore much considerai@ivea
as to how to deal with excessive presence of hydrogef g@swould be done by
generating secondary redox couple axideed in the following section.
2.3. Arsine sensor based on |-/l > redox couple

Amperometric experimenhvolvesdirect oxidatim of arsineon the surface of

noble metal electrogegproducingH;AsO; (aq) as follows

Equation 2.31
AsH,(g) +3H,0 <> AS(OH).(aq) +6H * +6e”

The electrolyte is acidic and this caukégh current from oxidation of hydrogen
gas to hydronium ion, which is a major drawback of this methodology. Tkeedtution
signal masks the arsisggnal completely. Encouraged by the works using iodine/iodide
redox couple, we embarked woking into the measurement of oxidation current of
iodide in this laboratory. We initially speculated that fammdic electrolytes in
iodine/iodide system eliminate oxidation of(g). We have interrogated whether
interference from k{(g) oxidation wasle predominant process in nraaidic
environment.

Greatly influenced by the paper from Hignettal, we tested the hypothesis that

the amount of oxidation current of iodide formed from redox reaction of axgiine
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iodine was proportiondab the amount of arsine. We initially generated iodine
electrochemicallyn situas in thepaper and thus looked into the reaction of arsine and
electrochemically generated iodin€he oxidation current response was observed. No
oxidation current was obsved when blank samples were used. In later stages of works,
we used iodine from the beginning without having to generate it from igdgitiin the

cell. The method of direct use of iodine also yielded oxidation current signal which was
proportional © the concentration of arsine, which was in turn proportional to that of
arseniadn the analyte.

This method is an indirect method whereas oxidation of arsiaeidic media is a
direct method. The shortcoming of direct nogtlstems from the media that must be used
to oxidize arsine. To avoid the side reaction of hydrogen gas oxidation to hydronium ion,
we were looking into a different type of reaction of arsine. Instead of oxidizing arsine
directly on the working electrodese let arsine reduce other oxidizing reagent that can be
easily oxidized back to the oxidizing reagent. The measureable is nowmesiegted
oxidation current of iodide. Here arsine has never been directly oxidized on the surface of
the working electrodand only acts as a mediator. The real current is from iodide.

Arsine participates in a chemical reaction and iodide takes part in an
electrochemical reaction to gives risdhe measureable signal, oxidation current here.
Arsine immediately reduces iow and iodide can be easily oxidized on different
electrodes. lodine can be easily generated framidation which chemically reacts with
arsineto generatéodide ion. This chemically generated iodide reacts electrochemically

on the surfae of electrode and generates amperometric signal which was used in the
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experiments. In these works, amperometric determination of ageimerated iodide was
performed to detect arsenicdrinking water. Before we describe the amperormetri
method, it is useful to illustrate how this idea of measuring iodide was conceived. An
idea of using iodine as oxidizing agent for determination of arsine has the commonality in
amperometric and potentiometric methods. In potentiometry, one measurgs chan
potential due to chemical reaction of arsine with iodine. In amperometric method, one
measures either the oxidation current due to oxidation of iodide to iodine. Alternatively,
one measures the reduction current due to iodine to iodide as chemitairef arsine
with iodine changes the concentration of iodine. Regardless of whether one employs
potentiometric method or amperometric method, one obtains the measureable signal from
the same chemical reaction. In this regard, we review examplesatbtitof arsine with
iodine as quantitation purpose.
2.4. Filter paper matrix -electrolyte based sensor

One of the motivations of this work is to develop inexpensive materials for
arseniomeasurement in the field. In this regard, malkartgin layer cellvith filter paper
is conceived by the combination of the Gutzeit test kit and thereercial sensor made
by Nemotolnc. This approach is new and different from any other previous attempts.
Examples of filter paper based arskies abound in literature. Gutzeit test kits are
commercially available and widely used in the field. As filter paper is inexpensive and
readily available, we have used filter paper to develop arsine sensor in this work. In this
laboratory, color chage of the silver nitrate on a filter paper due to formation of silver

arsine complex formation strategicatipserved with reflectance detecbyJoan
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Rozario in this laboratoryWe review here how filter paper based sensors have been used
for arsine detetion.

In the experiment performed in this laboratory, we employed hydride generation
method using NaBH which is known to reduce As(V) as well as As(lIHowever, we
suspect that vigorous and excessive generation of hydrogen gas also contribied to th
oxidation current that should have been solely from oxidation of alsitiee most
popular and widely used Gutzeit method, arsine is generated from 6 M HCI or sulfuric
acid and zinc granule. To help reduction of As(V), concentratedgpatasodide and
stannous chloride was added. For safety reason, solid acid, sulfamic acid instead of 6 M
HCIl was used in the commercial kits, Arsenator and Hach arsienidhe detection is
colorimetric. The color is developed by the reatbetween arsine and mercuric
bromide on a piece of paper. Originally, silver nitrate was used, but this was replaced by
mercuric chloride and subsequently mercuric bromide. The kit contains color scale that is
visually compared with the color developaud the disposable paper slip. To improve the
sensitivity, the light with narrow range of wavelength passes through the yellow spot on
paper and intensity of transmitted light is measured as analytical signal. Alternatively, the
intensity of incident lighthat is reflected from the paper is measured as analytical signal.
Detection |imits of 0.5 €g /L to 2 e€g/L we
techniques, respectively. The disadvantage is sensitivity to hydrogen sulfide which is
either already msent or generated from reduction of sulfur containing compounds from
the sample. Hydrogen sulfide forms black mercury sulfide that cannot be stained by

arsine and produces grey color, obscuring arsenic coloration. Fortunately, hydrogen
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sulfide is removedby glass wool impregnated by lead acetate before it reaches mercury
bromide paper. In standard Hach kit, potassium peroxy monopersulfate gKkl3%Qed
to oxidize sulfide to sulfate, which cannot be reduced to hydrogen sulfide by zinc.
Caution has to bexercised in usage of zinc as arsenic is always associated with zinc
ores, and very high purity zinc free of arsenic should be used to increase the sensitivity of
this method.

Although the slower pross of production of Fto generate Askwith Znin
sulfuric acid isadisadvantage compared with NaBsolution, we suspect that less
amount and low rate of hydrogen gas produced in this process might cut down the
oxidation current coming from ¥H, redox pair. Introduction of nonaqueous media as
electrolyte sch as ionic liquid is expected to further cut down the oxidation signal from
hydrogen gas.

Another important consideration for disposable filter is given here. If
measurement of arsengperformed for 1 hour with flow injection systemthkvthe flow
rate of 1 mL/min, we will generate 60 mL of solution of 1 mg/L of iodine and 50 mM KI.
The throughput is reported to be 7 runs per hour, which is comparable to that of our
system where we can measure arsenic every 6 min.
2.5. Insights gained from a commercial sensor

Clues to how to design an electrochemical sensor in a compact form was obtained
mainly from structure of a commercial sen@dEMOTO NAP 505) We disassembled
and stuekd the internal structure of tlkemmercial cell. We were hoping tetgeritical

motifs in this sensor by detailed study of the geometric configuration. The commercial
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sensor specifically designed for CO detection contains all the necessary hardware for
development of ideas. All three electrodes are available in one ity we purchased

from Nemoto company in Japan. Schematic of internal structure of the comingari

sensor is shown iRigure2.51. The sensor has porous Teflon@nthich a porous

carbon disk electrode was bound. The counter electrode and reference electrode are all
carbon and printed on a filter paper. The filter paper was soaked with sulfuric acid. The
essential feature of this sensor is that there exist diffusamers for gas shown as 1, 2,

3, and 4. After the barriers, the gas permeates through porous Teflon membrane to make
contact with porous carbon working electrode. The carbon electrode is on the one face of
the filter paper which holds electrolyte. Or thpposite face of the filter paper, counter

and reference electrode is bound to the surface of the filter paper. The structural motif of
the sensor is the filter paper, matrix holding electrolyte, and three electrodes on each side
of the filter paper. Theensor is operated at atmospheric presSineethe gas

permeable electrodes and diffusion baraier all porousthe pressureof the inside and

the outside of the sensareidentical. However, in our developments that deals with
arsinegenerated from a 30 mL vial, the pressure difference between the outside and the
inside of the sensor was high and it had to be dealt Witihs was because AsH

generator and the sensor were connected in a sealed system. The commercial sensor was

justexposed to the air and there was no transfer line for the analyte gas.
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Figure 2.5.1 Schematic of a commercial sensor. Numbers indicates: wool (1), holder with a pinhole (2), carbon
filter (3) , plastic case with holes (4); Teflon membrane (8)carbon electrode (6), filter paper with electrolyte (7),
carbon electrode as counter electrode (8), carbon electrode as reference electrode (9)

The sensor contains acidic electrolyte which is not known due to proprietary
rights claimed by Nemoto. Inamy published journal articles, if not all, each working
electrodes was fabricated in special ways, which hardly can be duplicated in academic
institutes. However, Nemoto kindly provides about two dozens of electrochemical cells
to us which could be recamscted for our research purposes. We figured out that even
after removing the existing electrolyte with different electrolyte from our own laboratory,
the electrochemical cell was functioning well as expected. The CV and CA demonstrated
usual behavior dfunctionng electrochemical cell. Therefore, we always could replace
the original electrolyte with one with desired property, hopefully, organic and ionic liquid
type in an hope that we turned this into a arsgresor. However, we never seeded in
adapting this cell as arsine sensor because of vanieasons explained in Chapter 4

We performed cyclic voltammetiand chronoamperometexperiments to see if
we can reconstitute electradyat our own will, and the results were encouradtigpre

2.5.2 Schematic of typical gas sensor experiments for ar§ime arsine was generated by
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reducing agents. Numbers indicate: diffusion barrier (1),working electrode (2),filter paper
(3),counter electrode(4),reference electrode (5)acidic media containing arsenic
(6),syringe containing NaBH7), Teflontubing(8)schematicallyshows the general
construction of the tried sensor. In all experiments, we produced aisimdaBH;, or

Zinc. For Zn, we put powder form of Zn inside the sample whereas for NaBHadded

the solution of it to generate arsine. Zn is kndw produce hydrogen gas more slowly

than NaBH, and less amount at given time compared to sodium borohydide.

suspected whether the less interference from hydrogen gas increases the sensitivity of
arsine sensorThe commercial cell has carbon fitees working electrode and very highly
sensitive to hydrogen as Aléacughronigionadyd i n manu
developed for CO sensor, this sensor has roughly 50 % sensitivity to hydrogen compared
to carbon monoxideWe usedlifferent type of hydrophobic gas permeable membrane to
see if the effect of pore size of the membrane could play crucial role in changing the
shape and magnitude of current signal coming from amperometric sétmueever,

using the Teflon membrane didrharather than good. Because of the membrane, the

arsine could not transfer to the cell efficiently.
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Figure 2.5.2 Schematic of typical gas sensor experiments for arsin€he arsine was generated by reducing
agents. Numbers indicate: diffusion barrier (1),working electrode (2),filter paper (3),counter
electrode(4),reference electrode (5)acidic media containing arserfi),syringe containing NaBH, (7),Teflon
tubing(8).

2.6. The use of Zn as reducing agent

The motivation of using zinc as reducing agent comes from the complicated
process of storing and preparing chemicals including NaBktjent. The preparation of
NaBH, solution in 0.5 M NaOH requires analytidalance and accurate weighing of
solid material. Even in the most developed countries, for example, in the states, such
special instruments are not available in regular household and normal residential area.
Considering the fact that stability of thesegesats in aqueous solution is only 2 weeks, it
is unlikely that the measurement from old chemical reagents will fall within the
acceptable errors. There will be no one who is available to record the date of preparation
and no one who follows the expiratidate religiously. We have used Zn in place of
NaBH, earlier stage of development proceséthoughwe did not observe meaningful

signal with Zn, it is impossible to say that Zn could not be us&etely we indicate here
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slow process of generating arsinem As(lIl) discouraged the use of Zn. If this would
have been successful, paper strip with known amount of zinc power could be provided
and this is a good alternative to expensive NaBBisposable paper strip with minimal
amount of Zn rgents has definite advantage. This approach drastically reduced the
amount of chemicals required for measuremeéfdawever, use of NaBkhas been
satisfactory overall as the amount needed was only 2 mL of 2 % (v/v) in water. It is
known to reduce As(lll)red As(V) indiscriminatingly. Use of NaBfbbviates the need
of complex operation involving Kl and ascorbic acid for arsenate reduction.
2.7. Motivation for use of organic salts as electrolytes

We usel organic electrolyte as conducting medium such as propgk®nate
and variouorganicsaltssuch as tetrabutyl ammonium perchlorafesuccessful
application of organic electrolyte is demonstrated bySt#esoric cell manufactured by
City Technology. The Sensoric cell claims zero sensitivity up to paeV of
hydrogen. The manual merely states that they used propylene carbonate and inorganic
salt.

The aqueous electrolyte has been extensively used but has been posing the
problem of drying out the electrolyte, therefore as stated in sekcfipwe used
nonaqueous electrolyte that resists evaporation. In ionic liquid, the water content can be
muchlowerthanl % and available hydronium ion can be dramatically small. In such
case, hydrogen oxidation to hydronium ion will be negligible due to high overpotential

needed to drive oxidation reaction in the absence of proton.
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Thus, in organic media, the effectivetpntial needed to be applied to oxidize
hydrogen can be substantially higher than O V vs. NHE. This will lead to wider
separation of oxidation potential between the aramehydrogen molecule. Change of
activity coefficient also can drartieally shift the redox potential, which is expected
when arsine and hydrogen is in contact with organic medium. From this view, it is very
highly likely that anodic signal of hydrogen gas can be suppressed or effectively removed

in organic electrolyte whie negligible amount of water and hydronium ion is present.
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3. CHAPTER THREE

3.1. General Instrumentation

Electrochemical experiments require a good potentiostat which is ideally immune
from noise. In order to digitalize the obtained data for storage anahglottPC, one
needs a data acquisition card. We purchased and usedr& gt acquisition card
from Measuremeet ComputingCorporation fnodel number USB208FS). The data
acquisition card has two DAC channels and 8 single ended ADC channels. Fér digita
I/O, 5 VDC TTL logic signal, two 1 byt€B bit) ports were provided. The commercial
data acquisition card was powered by USB port of PC and this power was also used to
supply power to the potentiostat analog circuit.
3.2. Fabrication of Potentiostat

An dectrochemical cell is excited by applyisgitable wave formsExcitation of
the electrochemical system and recording of the cell response is performed with a
potentiostat.We designed printed circuit board with extensive ground plane, i.e. copper
pouring fa amperometric gas sensing and it is illustrative to look at the generic
potentiostat circuit ifrigure3.21, which has been implemented in our first printed
circuit board. For clarity, power supply lines are omitted. Operational amplifier such as
OP97 draws negligible current on input pins and negative terminal and positive terminal

maintain the same potenti#h. the first operational amplifier U1, positive terminal is
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grounded and the negative terminal is virtual ground. Currents from el/R1, e2/R2, e3/R3,
and e4/R4 are all added at S, summing point. The sum of these current should be almost
zero adong as theperational amplifier has extremely high input impedaifibe.

following relationship is established when all fours resistor, R1, R2, R3, and R4 have the

same resistance.

Equation 3.21

€l+e2+e3+e4=0

Here we provide a schemattthe potentiostat circuit.

to ADC input 2

Figure 3.21 Schematics of potentiostat circuit. The basic unit of modern potentiostat where all four currents
from e1l/R1,e2/R2, e3/R3, and4/R4 are added at the summing point, S. There is a potential follower, U3, with
infinite impedance. U4 is current to voltage converter OpAmp where working electrode is virtual ground due to
general requirement of OpAmp.

At summing point S, the potenttia zero. The counter electrode is connected
through electrolyte of cell tthe reference electrode aexacty the same potential of

reference electrode is the output of voltage follower U3. Therefore, the output of the Ul
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goes back to the input termir@fl U1 itself via reference electrode and this forms a
feedback circuit of U1. U1 is doing its best to make the potential at S zero. The voltage
follower U3 draws negligible amount of current from the cell. If any one of el,e2, and e3
varies, the U1 will djust U1.6 so that via UEquation3.21holds true. If we look at U5
(ADC input 1), we observe the potential changes of reference electrode that makes
electrical comact with the counter electrode through conducting electrolyte. The working
electrode is grounded, so the potential of working electrode vs. reference electrode is
Vref when Vref is potential of reference electrode vs. ground. The electrochemical
reactiongenerates movement of electrons on the surface of working electrode, amplified
on U4 as this is the currembltage converter.

The picture of actual potentiostat circuit is shawrigure3.2.2.

Figure 3.22 Potentiostat circuit board used in this work. Legends are deribéd in Table 3.21.
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The @mponents of the printed circuit board are describ@abie3.21.

Table 3.21 Table of electronic components used for the potentiostat circuit

Component | Function Description

OP1 Operational amplifier OP90,

OoP2 Operational amplifier OPAGO4AP

OP3 Operational amplifier OP90

OP6 Operational amplifier OPAG604AP

OPS8 Operational amplifier OP90

AS Analog switch ADG441BN,

RL1 Single pole single throwormally HE3621A0500, Hamlin, 1 ms
open

RL2 Singlepole single thrownormally HE3621A0500, Hamlin, 1 ms
open

RL4 Single pole single throwormally HE3621A0500, Hamlin, 1 ms
open

PW Power supply PT5061N

1k Resistor 1 k g in parall e

10k Resistor 10 k q in parald/l

100k Resistor 100 k q in paral

ms

1M Resistor 1M q in parallel

10M Resistor 10 M q in parall

G Ground grouncedto the case

W Working electrode terminal

R Reference electrode terminasl

C Counterelectrode terminal

BPC Bypass capacitor 10 uF

In order to vary the gain of current to voltage ( Zejverter we used an analog

switch (AS) in the boardn Figure3.21, we use only one resistor ( R5) and capacitor (

C1) for converting current to voltage. However, we want todiféerentresistor as well

for different gain. Therefore, four different resist can be connected through analog

switch and one can select one regiamong four taget different level of gainThe

picture shows the four digital I/O input terminals, i.e. INN2] IN3 and IN4 for this
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device. We send out different bits to thegautnterminal&and had the current to voltage
converter to amplify the current to a different range of voltage.

ADG441 chip reads the value in each terminal Brahd S is either close or open
circuit. When the input voltage at IN1 is O, the S1 andBdones short circuit and when
IN1 is at 5 VDC, S1 and D1 is open circdihis is counter intuitive, but the chip is
designed in this manner. The reverse of this logic is used in ADG 442 where when input
is at 5 VDC, the source (S) and drain (D) is shortugird he screw terminal 11 is
connected to IN1, terminal 12 to IN4, terminalthdN3, and terminal 14 to IN2Digital
logic 1 (5 VDC in this case) on each input terminal, makes Dx and Sx open circuit.

Digital logic signal 0 makes Dx and Sx short citamhere x is 1,2,3, or 4.

IN1 1] [16] IN2
D1 [Z] [15] D2
S1G] Apgasq [2152
Vss[4]l ADG442 |[2] Voo
GND [5]| Topview [[12]NC
$4 [&|(Not to Scale)|[41] S3
D4 [7] [10] D3
IN4 5] [5]IN3

NC = NO CONNECT

Figure 3.23 Analog Switch(AS), ADG441, used on our board. When IN1lis high (5 VDC) for digital logic. S1
and D1 is open circuit, i.e. broken. When IN1 is low ( OVDC), S1 drD1 is short circuit, i.e. closed.
ADG442 follows the reverse logic.

For the gain control, we usathanalog switchADG 441 from analog device
which isconnected to PORT A of the data acquisition card.alldits of digital /O

PORTA were used and only 5 bits of the card was used to get different gain from
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operational amplifier with inverting configuration. The following table shows the PORT

A bit in decimal numbers andrary number for different gains.

Table 3.22 Bit of PORTA to select different gain of i/v convereter

PORT A in decimal/binary Feedback resistpq Gain
31/11111 10 k 1
30/11110 100 k 10
26/11011 1M 100
22/10111 10M 1000

More elaborate design was implemented and detailed discussion is included in
Appendix5.2 To remove noise from the signal, we connected capacitor to each resistor
which gavec.a.10 ms time constant-or example, for 10« resistor, we had [F
capacior, i.e. 10x18x1x10° = 0.01 sThe counter and reference electrode were
connected to the system by turning on normally open relay andgited tbgic was
controlled from PORT B of the card. The lowest digit in PORTB12vas used to
connect the cauter electrodeWhen this bit waoff, there wa no counter electrode
connected to the electrochemical cell and the potential is medsamedDC input 1.

ADC input 0 wasused to measure the voltage amplified frivfeedbackesistor DAC

0 was used teend out input voltage for cyclic voltamme#gd chronoamperometry

The data acquisition card came with voltage reference of 2.4 V and this was used to
synthesize the necessary voltage in the addeatpeal amplifier. The fourth bitof

PORT B 2°=8 was used to turn on the relay connected to the peristaltic pump that adds

reductant to arsingenerator vial.Digital to analog converten this instrumentation was
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al2 bitDAC. The DAChad 0 to 5 VDC range and therefore, 1.2 mV is the bit
resolution. Ideally, if there was no noise from the board, 0.0244 % of the full scale is the
noise due to limitation in the number of bits in 12 bit ADC. However, this cannot be
realized in the real erld. Wemeasured the noise by running voltage ramp at 100 mV/s
in Figure 3.2.4 We fabricated another potentiostat with extensive coppering or
ground plane andm@ultiplexer was used for different gain control. Detailed depiction of
circuit designs provided insection5.2in appendices

Our iV ( current to voltage) converter, @ current was amplified ta: 10 V
by 1 Mqgq resistor whi dlebitvesslutionefd2bitBDCfdt 2 bi t
+100 pA full scale was 48.8 nA, which was sufficiently precise for our whidrmally
much higher noise from the potentiostat circuit board was observed. In@etimate
the noise level solely from the potentiostat circuit excluding the electrochemical cell, we
connected 10 kq resistor between working e
electrode shorted to counter electrode. The voltage was scaome#500 mV to-500
mV at the scan rate of 100 mV/s to record a straight line. The graph in the following
shows the noise level of thiseatiostat circuit by running voltage rarop 10 k resistor
in this work. Here voltage ramp means that voltage wasased from500 mV to 500
mV at 100 mV/sand then decreased back®®0 mV.In this dissertation, negative
current is shown with positive potential, following RBPAC conventiorwhich is used
in the textbook, Electrochemical methods: fundamentalsipptications, 2 edition by
A. J. Bard and L. R. FaulknetJPAC convention is opposite to our convention. At

positive potential, the current is supposed to be positive too. However, in this work, we
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take negative sign for oxidation ( anodic) current positive sign for reduction

(cathodic) current.

Signal CAECDATANZ011_08_13 CV on 10 k.dat

20

Current,uA

[
=1
1

T e e s e e e e B B T
-400 -200 0 200 400

Potential, mV

Figure 3.24 Voltage scan on 10 § resistor with the potentiostat. Voltage was scanned fror500 mV to 500
mV at the scan rate of 100 mV/s. The current linearly moved from50 pA to 50 pA.

The straight line shows the slope of 9.9688 standard error a£0.09156 and
intercept o26.0985with standard error of 0.133pA. Thereforewhen the
measurement was madh the full scale range of180 YA, we had error of +0.133 pA.
Therefore, 0.133 % of the full scale range is the error of measurement. Uncertainties in
DAC such as bitesolutionand electrical noises propagateo the ADC though the adder
logic in the summing point. This is the estimation of error associated with instrument
itself. The electrochemical cell is not a resistor and thareige fromthe
electrochemical de Thus, the error reported in here is the minimum anctias in

the actual measurement greater than 0.133 %
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To deliver NaBH at a constant rate, we usegaxistaltic pump The peristaltic
pump( Instech, model no.: P720/6should be operatedliring a specific time period.
Typically, we wanted to turn on the pump between 120 s and 24Qvg, counédtime
with our softwareuntil the time reached 120 s and turned on the pump. We counted time
until time reached 240 s, and turned off the pufipis was achieved bysing a single
pole single throwelay.More specificallya solid state relay (&rp, S202 TY202 TY2,
S) was controlled by a bit of PORB B in MCC data acquisition ddrd.5 VDC digital
output from the MCC data acquisition cardsgonnectedtd k @ r esi stmA t o s
for opto relay activation. The peristaltic punvasoperated at the flow rate of 1 mL/min.
3.3. General experimental procedure

This section describagenerakchemicals and materials. Each experiment has its
own additional material and method section to clarify how these chemicals and materials
were used to conduct each experimé&hiese are described in respective sectidfisen
no specific description is praled, the chemicals and material listed here were used.

In this work, the sign of current follows nddPAC standard as mentioned in the
general instrumentation section. Unless specifically mentionedlUAC convention
was followed.
3.3.1. Chemicals

All chemicals used in this experiment are guaranteed reagents (GR) suitable for
use in the chemistry laboratory which meet or exceed American Chemical Society (ACS)
requirements where required. Stamtstock solutions of As(lll) werprepared at

concentrationsof 00 € g/ L usi ng s o daker&@Adams. amost e ( Na /
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cases 2.5 MH,SOy was used for dilution of stock solution immediately before use. The
2.5 M H,SQ, solution wagreparedrom concentrateé,SO, (951 98% ACS Reagent,
Sigma Aldrich). Assuming #tH,SOy is 18 M, 69.4 mL of the concentrated sulfuric acid
was dissolved in 500 mL of DI water. The reducing agent, 2% NaBldtion for
hydride generation, was prepared from sodium borohydride (sodium tetrahydroborate,
NaBH,, 99% reagent plus, Sigma Aich) dissolved in 0.5 M NaOH prepared from solid
sodium hydroxide pellets (NaOH, Amresco). Typically, 20.0 g of NaOH was dissolved in
1.0 L of DI water. NaOH was used to stabilize the borohydride.
Silver nitrate (AgNQ) was dissolved in 0.5 liter a8 Mq DI water using a 0.5
liter volumetric flask tqpreparel@nM silver nitrate solution. The silver nitrate container
was wrapped with black electrical tape to shield light to keep it under complete darkness.
Prior to usequality of laboratory DI water washonitored with TDS meter (
model no.: TD$AM, HM Digital, Inc.) and the meter always showed 0 ppm for D.I.
water obtained from water purifier ( Hydro Service and Supplies, Inc., 513 United Drive,
Durham, NC 27713). Deionized water from room 402 in ScienceTech 1 building
displayed 95 ppm which was not suitable for electrochemistry. The reducing agent, 2%
NaBH, solution for hydride generation, was prepared from sodium borohydride (sodium
tetrahydroborate, NaBt99% reagent plus, Sigma Aldrich) dissalva 0.5M NaOH
prepared from solid sodium hydroxide pellets (NaOH, Amresco). Stock solution of 10
mM silver nitrate(certified A.C.S. grade, Fisher, cat. No. S1@Q2) was prepared in
laboratory deionized water. Solutions of 100 rté#taethylammoniurperchlorate (

Sigma Aldrich, cat. no.: 86646, electrochemical grade) teinabutyl ammonium
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hexafluorophosphaté&igma Aldrich,8687325G, electrochemical grade) in propylene
carbonate ( Sigma Aldrich, 414220Q) were prepared as electrolyte. Solutiod®fmM
potassium iodide (Sigma Aldrich, cat. no. 221%8G, ACS grade) in DI water was
prepared and appropriate concentration( typically 20 mM) of io@iggr(a Aldrich, cat.
no.2077725G) in DMSO( Fisher, E128, ACS) was prepared.
3.3.2. Materials

A commercal CO sensor, NABO5 from Nemoto (1622 HigashiOhashi,
Ishiokashi, Ibarakiken 3150031, Japan ) was purchased and its detailed internal
geometrical structure was studied in introduction section of this disserfat&ection
4.1, for amperometry experiments, we modified a commercial cell purchased from
Nemoto, i.e. cell A, B, and C in sectidri. A 6-way gassampling valve ( Upchurch
Scientific, cat. no. W50 ) was used to inject gas to the cell. In the loop experiments,
Eachendofef |l on transfer |ine ( 1/1606 od, 0.03
to a6-way gassampling valve. In the inject position, the content of the loop with 680 L
internal volume was delivered to the cell. The injector in the load posilimns a slow
stream of air to flowthrough the cell. For modified commercial cell C, to gyae
hydrogen gas, 312 mg of Zn granule ( Aldrich, cat/no. 2430885, ACS reagent ) was
added to a solution of 5.0 mL of 5.0 M sulfuric acid in 20.0 mL vial, while the mixture
was stirred by a magnetic stirrer. CV was performed to observe electrocheigned
response of the cell when hydrogen was generated by reacting 430 myyitii 2rmL

of 5 M sulfuric acid (se€igure4.13).
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In sectiod.2.1, Plexiglasmaterial from compact disk (CD) case was used for the
cell body and a filter paper was inserted between two coiled silver wires. A square shaped
filter paper from Scleicher and Schuell (5.08 x 5.08 x 0.69 mm) was soaked with 1 mL of
10 mM AgNGs. Also ciraular disk filter papers ( Whatman no 4) were used (0.17 mm in
thickness, 27.40 mm in diameter). Silver wire had diameter of 0.41 mm and length of 10
cm and was coiled three times.

Gold wire waspurchased from Alfa Aesar ( cat. no.: 10968, lot no. L16WO03b,

mm diameter, 99.998 % pure) and cubé&placed on syringe filter. The gold wire with
100 em in diameter and 20 c¢cm in | ength was
was purchased from Strem Chem( cat. i80005, 0.025 mm thick, 25 mm x 25 mim

and cut as needed described in the individual experimental section. Ag/AgCl reference
electrode was purchased from Chi instruments ( cat. no. CHI111P). The reference
electrode was immersed in 3 M KI solution when not in Gsebon fiber was made from
unidirectional fiber cloth ( cat. no. RRAC09U12 12) purchased from James Town
distributer?® Silver fabric electrodevas purchased from less EMF Inc. ( high
perfomance silver mesh fabric, cat. dl222) and was cut to a square (1.5 cm x 1.5
cm)* The maerial was made to shield electromagnetic interference and examined with
open circuit potential experiments. For amperometry on syringe filter, filter papers (
Whatman no 4) were cut to disks by a pair of sciss@rs{ mm in thickness, 27.40 mm

in diamete). After the fiter paper was soaked with fQ of 30 mM Kl in DMSO, it was

inserted between counter and working electrode. The syringe filter was made from

40 http://www.jamestowndistributors.com
“L http://lessemf.com
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commercial syringe filter (Col@armer, part nd=26021, NYLON + GL, 30 mm
diameterQ . 2). Ehesyringe filter was cut in the middle and the membrane was
removed. The thickness of the cell body was 2.5 mm amdedéx was 32.18 mm. The
female Luemport in the middle was connected to the argiag transfer line.

3.3.3. Electrochemical characterization of silver fabric electrode with Ag/Agl

system
We needed to characterize the silver fabric electrode to see if it could be used as a
silver electrode. This was important as the silver fabric purchased from less EMF Inc.
was not rated foelectrochemical experiments and there could be other electroactive
metal impurities in the silver coated fabric. We examined the silver fabric with two
different electrolytes, first with KI and AgNQIn the first examination, when the silver
fabric electode is immersed in 100 mM KI solution, the equilibrium Nernst potential is

given by the following equations:

Equation 3.31
E=E

Ag/Agl EAg/ AgCl

Equation 3.32
E = EQ ag —0.05910g[1 "]-0.222

Equation 3.3.3
E =-0.152—0.0592* (—1) — 0.222= -0.315

In this experiment, working electrode was silver fiber and reference electrode was
Ag/AgCI. And also Pt counter electrode was used as Wk amall potential such as 0 V
initially to observe the signal. This 0 volt signal was applied for 2.5 seconds between the
counter and reference electrode and when the counter electrode was disconnected from

the circuit, we measure the potential of difiece between reference electrode and the
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working electrode ( silver fabric in this case) and plot the potential, E = E(woiking)
E(reference). The equilibrium potential was observed to see how the equilibrium
potential was reached. The volume of electmlysed was 10 mL. The three different
concentrations of potassium iodide solution was made; 1 mM and 10 mM , and 100 mM.

The graphical overlay of three measureméntdotted in the picture below.

Signal CAECDATA\2012_02_25 OCP 13 in 100 mM KI1 dat

-100 4

Potential, mV

300 i

time. s

Figure 3.3.1 Open circuit potential between silver fabric vs. SSC. Open circuit potential is logarithmic function
of [I']. The [KI] used were as follows:Top line: 1 mM, Middle: 10 mM , Bottom: 100 mM Initial potential of O
mVwas gplied.

In 20 s, the potential reached the equilibrium potentiais quickly convinced us
that the silver fabric electrode was indeed silvend the silver fabric material shows
very fast response to the iodide concentratiriable of numericatesults of the open
circuit potental measurement is providedong with error from the theoretical potential.

This kind of error could be easily introduced while one prepared the electrolyte solution.
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Table 3.31 Calculated vs. theoretical potenti&of

Log(Kl), M MeasuredmV Calculated mV Errors, mV

-1 -194 -196.7 2.7
-2 -240 -255.8 15.8
-3 -301.2 -314.9 13.7

Also, theoretical nernstian potential was plotted along with measured potential for
clarity. The line marked with square is the theoretical line and the line marked with

diamond is the measured potential.

Potential vs. [I'] [17, M
-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0
* Experimental -50
E(Experimental ) = 53.6x - 137.87 : _ >
R = 0.9933 = Theoretical 100 E
-150 |W
E(thoeretical) = 59.1x - 137.6
R2=1 -200
-250
-300
-350

log[KI]

Figure 3.32 Plot of potential vs. lodKI]. Nernst potential measured and calculated are overlaid.

In the second test, the silver fabric was also examined in 10 mM Agit@

measured equilibrium potential of Ag/Am the three electrode system cell was 434 mV,
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which was in good agreementtiviheoretical potential of 457 mV using Nernst

equation. The following equations show the calculation.

Equation 3.34

E= EAg,Ag+ - EAg/AgCI

Equation 3.35
E=E° +0.0591log[ Ag*] - 0.222

Ag/ Ag"

Equation 3.3.6
E =0.7992+0.0592* (—2) — 0.222=0.459

The graph of open circuit potential is shown below.

Signal C\ECDATAN2012 02_25 OCP for siver wire vs Ag-AgCl.dat
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4004

3504

300

Potential, mV
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time. s
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Figure 3.3.3 Measurement of open circuit potential of silver fabric vs. SSC. Initial potential of 200 mV was
applied for 10 sec and the counter electrode was disconnected to measure the equilibrium potential of silver
fabric.

These two short experiments proved tine silver fabric could be used as silver
electrode and therefore, we continued to use it as silver electrode in development of this
sensor and it was safe to assume that the electroactive redox couple in the system is

Ag/Agl.
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3.3.4. General amperometric exper imental procedure with thin layer cell.

Suitable materiad such agjold, Pt, and carboalectrodewnere used as working
electrode from sectio#.6to sectiord.12. A disk offilter paperwith suitable electrolyte
was inserted betweehd working electrode and the counter electraxie the cell was
tightened by various mechanism specified in individual secligpically, filter papers (
Whatman no 4) were cut to disks by a pair of scissors (0.17 mm in thickness, 27.40 mm
in diameter). After the filter paper was soaked wititabke electrolyteit was inserted
between counter and working electrod®hen the syringe filter was used as a cell body
to hold the electrodes and filter papecommercial syringe filter (NYLON + GL 0.2
€ myvas cut in the middle and the membramadewas removed. The thickness of the
cell body was 2.5 mm and diameter was 32.18 mm. The fdroalgort in the middle
was connected to the arsigas transfer line. When all components were abkzinthe
cell was secured byyaper cli or bdts. The dimension of the generator glass vial was
70.24 mm in height and 20. 69 mm in outer diameter and the internal volume of the
generator was 15 miTypically, asolutionof 1 or 2% NaBH,(w/v) was added between
120 sand240 s Specific times of adition of NaBH, and stop timare mentioned in
individual sections.Potential wasisuallyheld at 1.1 Ws. reference electrode.
Otherwise, the potential applied is mentionethprometric signal was recordetth
the software written in this laboratoryn aliquot of 2 ml of a certain concentration of
As(lll) in 2.5 M sulfuric acid was used to generate arsine gas and the arsine gas was

deposited on the filter paper. For blank experiments, 2 ml of 2.5 M sulfuric acid in water
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was used. For integratiori the anodic curreniesponsgedepending on the time of

NaBH, addition and stop, integratia@uringthis time period was performed.
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4. CHAPTER FOUR

RESULTS AND DISCUSSION
In this section we present the results on the measurement of ansagicous
media by electrochemicakllsdeveloped and described eatli@rflow chart ofthe

development proas is provided here with detailed discussasrfollows.

CA with direct See the next page
oxidation(4.1):
Au | AsH;, H;AsO;, ﬂ
H3AsO,, H, H, || O,,
H,O | C(s) CA with indirect oxidation
(4.8): groove; clip-secured;
@ Pt(s) | 1;(aq), I(aq),

AsH;(aq), H;AsO5(aq),
. N H3AsO,(aq) || I(aq), I(aq),
CA (4.2): Ag(s) | Ag* (aq) 34 2
I Ag" (aq) | Ag (s) AgCl (s)] Ag ()
OCP (4.2) with single

layer: Ag(s) | Ag* (aq), ﬂ
AsH,, Ag(AsH,)

N
|1 Ag" (aq) | Ag () CA with indirect oxidation
@ (4.7): groove; clip-secured
Pt(s) | 1,(aq),
PCA (4.3): groove: I'(aq), AsH,(aq), H;AsO,(aq),
clip-secured H;AsO,(aq) || 1,(aq), I(aq),
Ag(s) | Ag* (aq), AsH;, Agl (s)| Ag (s)

Ag(AsH,) | | Ag” (aq) |

Ag(s) ﬂ

@ CA with indirect oxidation
OCP (4.4): groove (4.6): groove; clip-secured
with three layer: |:> Au(s) | I15(sIn), I(sIn),
Ag(s) | Ag* (aq), AsH,, AsH,(sIn), H;AsO,(sIn),
Ag(AsH,) (4.5) H3AsO,(sIn) | | 1,(sIn), I-(sIn),
|| Ag* (aq) | Ag(s) Math. | Agl(sin) | Ag (s)
Model

Figure 4.0.1Flow chart part 1 for development process. In this flow chart, the nmbers in parenthesis are
section numbers.
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From (4.8)

Y

CA with indirect oxidation
(4.9): Plexiglass and gasket
bolt-secured

Pt(s) | I,(aq), I(aq),
AsH,(aq), H;AsO,(aq),
H;AsO,(aq) || 1,(aq), I(aq),
Agl (s)| Ag (s)

U

CA with indirect oxidation
(4.10): Plexiglass with
groove; bolt-secured

Pt(s) | 1,(aq), I(aq),
AsH;,(aq), H3AsO,(aq),
H;AsO,(aq) || 1,(aq), I(aq),
Agl (s)| Ag (s)

U

CA with indirect oxidation
(4.12): Plexiglass with groove
bolt-secured

C(s) | 1,(DMSO), I(DMSO),
AsH,(aq), H;AsO,(DMSO0),
H,AsO,(DMSO) | | 1,(DMSO),
I(DMSO),

Agl (DMSO)| Ag (s)-foil

CA with indirect oxidation
(4.11): Plexiglass with groove
bolt-secured

C(s) | I,(DMSO), I(DMSO),
AsH;(aq), H;AsO,(DMSO),
H;As0,(DMSO) || 1,(DMSO),
I-(DMSO),

Agl (DMSO)| Ag (s)-fabric

[
%

Figure 4.0.1Flow chart part 2 for development process
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4.1. Direct oxidation of arsine to arsenious acid on modified
commercial cells

We experimented with three different kinds of modified cédllese cells can be
described asAu / AsHs, H3AsOs, HaAsOy, HY, Ho // O,, H,O / C(S).

For the first one, cell A, we only replaced the carbon electrode with gold wire
electrode. We still wokdwith aqueous acidic electrolyte in cell A. In cell B and €, w
replaced the aqueous acidic electrolyte with organic salt in organic solvent as well as
carbon electrode with goldThe idea cam&om the commercial CO sensor where the

following electrochemical reaction occurs;

Equation 4.11
CO(g)+H, 0 CO,(9)+2H"(g) + 26" E°=0.1038 V

Arsine gas could also be detected in the same fashion. The commercial gas sensor
is a new, low cost three electrode electrochemical cell designed for the detection and
measurement ofatbon monoxide in the rangel®00ppmYV, in domestic carbon
monoxide detectors, fire detectors and air quality monitors. Instead of this reaction, we
wished to achieve the following redox reactintroduced in sectioat the working

electrode by applying suitable voltage.

Equation 4.1.2
AsHs (g) + 3H,0 = As(OH} (aq) + 6H(g)'+ 6€

The porousarbonink printeddisk electrode originally used by the commercial
sensor showed a huge oxidation signal saturating the detector for hydesgas shown
later. It also hadvery high capacitance background. We aimed to eliminate this
saturation by using a different electrode, which had been used to detectrarsine

literature. Literature survey showed that gold had been used for this purpose. We
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explored this ideanly to find out that interference of hydrogen gagpoaduced in

reduction process of As(lll) overwhelmed the detection system.

Table4.11.

Table 4.1.1 Electrochemical cell configurationof modified commercial electrode.

We modifiedthe commercial cell and itetailedconfigurations are given in

Cell Working Counter Reference Electrolyte
electrode electrode Electrode
A? Gold wiré’ Printed carbon Printed carbon 50 uL of 5 M
electrolde on electrolde on  sulfuric acid
the filter paper the filter paper
B Gold wire Printed carbon Printed carbon 50 pL of 100 mM
electrolde on electrolde on tetraethyl
the filter paper the filterpaper ammonium
perchlorate in
propylene carbonate
C Gold wire Printed carbon Printed carbon 50 pL of 100 mM

electrolde on
the filter paper

electrolde on
the filter paper

tetraethyl
ammonium
tetrabutyl
ammonium
hexafluorophosphat
in propylene
carbonate

3Gas sampling loop was used.; Legends indicat& c¢m long, 100 pm in diameter

We characterize thenmodified commerciatell with double pulse chronoameprometry

first. Then we injected k{g) into the cell umg gas sampling loopThe original

commercial cell exhibited extremely high capacitance cuagishown irFigure4.11.

Therefore ifprohibited the use of the ltasarsinesensor. The left panel Figure4.11

shows that the capacitance current of original NAP3D&uble pulse

chronoamperometnyith 10mV and-100 mV was conducted to observe the signal
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Current, PA,

response from theriginal commercial cell. The clipped region indicated by horizontal

line in the beginning stage of each step shows that the signal went beyond + 1 mA which
are the limits of current to voltage converting amplifier. We replacedrtgmal printed

carbon nk electrode with gold wire electrode to observe signal responseighh@anel

in Figure4.11 shows the current response with the same experimental parariéters (

mV and-100mV). The following section describes the signal response of gold working

electrode in acid and in organic electtelyor the detection of arsine.

HuA) (CHRONOAMPERGMEROGRAMS [u8) CHRONQAMPEROMEROGRAMS

Current, YA,
EE!E
%
f

Time, s Time, s
Figure 4.11 DPCA of the unmodified commercial sensor and modified sensor. The left panel shows DPCA of the

unmodified cell with high capacitance current. The right pane shows DPCA of modified cell with reduced
capacitance current.

Three different electrolytes were applied on a filter pafére opposite side of
the filter paper made contact with working electrode (Atifher an aliquot of 1.0 mL of
0.7 % NaBH were injected to the vial from the standard solution or 200.0 mg of Zn

granule were added to it for the generation of aramhydrogen gas.
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The CV was performed in the presence of hydrogen gas and in the absence of
hydrogen gas. Also double potential chronoamperoneeqogriment wasgrformed in
the presence of hydrogen gas to observe amperometric signal from the electrochemical
cells We had hoped to achieve low level of oxidation current of hydrogersing
neutral electrolyte.
4.1.1. Chronoamperometry response from cell A

In cell Ain Table4.11, hydrogen gas eproduced from the arsirgenerator
produced signal that saturated the detector. In order to know how much interference
occurred by this configuration, we infjed known volume of hydrogen gas into the
system. The 6vay gas sampling valve was switched from load to inject position at 90,
180, 340, and 500 s to inject hydrogen gas to the cell. A fairly constant signal was
observed in a series of injections. Theerkpent had to be performed because the
detector was saturated when the cell was exposed to hydrogen continuously. The
integrated current, i.e. charge that flowed on the cell is 2440.5 + 0A.3&e know
from the error analysis of instruments, the emomieasuring current is 0.133 pA.
Therefore, uncertainty in charge is 0.188. Modern PC measures time in millisecond
precision, thus there is no appreciable error associated with time measurement. A
powder of 312 mg of zinc can produce 4.77 mmols dibgen, which corresponds to
58.0 mL of hydrogen gas when ideal gas law is used to calculate the volume of the

hydrogen gas at room temperature and at atmospheric pressure.
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Figure 4.12 Signal response of 680 pL of hydrogen gas into the cell A. Reproducible anodic current indicates
reproducible sample delivery by the sampling valve.

If we assume 100 % efficiency of the cell, 4.77 mnfdiyalrogen gas can
produce 920734 mC. We used only 1.16 % of the total hydrogen gas in this experiment
and it already produced such a huge current. When 5 mL of 100 pg/L of As(lll) was
present in the generator vial, the charge that will flow at 100 %esftyg is 3.863 mC.
As the 1.16 % of the total hydrogen gas already produced 2.44 mC, 210 mC will be
produced by hydrogen oxidation. The efficiency of the hydrogen gas oxidation is 0.0228
% and if the same efficiency of arsiagidation occurs, the charge expected to flow on
the gold electrode will be 0.882 uC. Considering the uncertainties of £ 0.133 pA with
data acquisition system, observation of 0.882 uC in the presence of 210 mC background
charge is extremely challengingka The hydrogen production process of zinc is very
slow and took about 30 min to completely dissolve all zinc in the system. Therefore, the
number will be further drasticallyeduced when we take it into account that the charge

should be divided by a bigumber, 1800 sec to get current which is the observable.
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Current, YA,

4.1.2. Chronoamperometry response from cell B

The cell B inTable4.11 was characterized by cyclic voltamme{GV). From

Signal CAECDATA2011_04 28 cv w.dat Signal ¢ and INSOOVECDATAI2011_04 28CV 1 dat

10004

Current, YA,

T T T T T
-1000 -500 [ 500 1000 -500 0 500
Index. Index

Time, s Time, s

Figure 4.13 CV of cell B in the presence of b(g) and in the absence of k{g). (Left) CV of the cell B inthe
absence of H: The cell was scanned with initial potential at 1100 mV to final potential at1100 at the scan
rate of 100 mV/s. The peak at 200 mV corresponds to the reduction peak of gold oxidecathodic scan and a
peak at 450 mV oxidation peakn anodic scan At 1.1 V, oxidation of gold electrode was observedRight) CV
of the cell B in the presence of K{g): Reduction peak of gold oxide disappeared and the flat plateau was seen
the positive potential region.

theobservation made with the cell ATrable4.11, it was necessary to monitor Civ

the presence and absence efd). The goal was to find thejtbxidation currentvould
disappear as predicted by the theoretical consideration. We discovered that the anodic
current diminished in the presence ofd$ expected and the reduction current increased
in the presence of H The currentesponsg areshown inFigure4.1.3. Cyclic
voltammogram of the same system in the presence of hydrogen gas was completely
different from the one in the aénce of hydrogen gas. The left pandfigure4.13

shows CV of cell B without any fHand theright panel inFigure4.1.3 shows CV when
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H, is present irthe cell. Aound 500 mV, the reduction curremés completely saturated
with reduction of proton which was not seen in the absence of hydrogen molecules. In
order to observe oxidation of arsigas, we gpected that current due to oxidation of
arsine would be observed, which could be analytical signal of this system.

We were interested in observing oxidation current of £AgHn the presence of

H,, therefore, a sequence of potential step was appliené¢stigate the cell.

C:\DocumeBignald Settings\Student\DeskiopUINSOO\ECDATAN2011_04_27 ca filed with hydrogen exp3. dat
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Figure 4.14 Overlay of double potential step chronoamperometrywith cell B of three different experiments with
increasing potential steps. Double potential CA with +206200, +300/300, and +400400 mV pulses were

applied to observe increasing reduction current while hydrogen gas was generatétumbers indicate potential
applied to the cell. Negative potential was applied from 0 to 1 s and positive potential was applied from 1 to 2 s.

First, from time zero to 1 s, we applied negative poteni@l) mV and the
resulting reduction current was observed. Then thegipegotential, 200 mV was
applied to see the current response in the presence daftté anodic current was
negligibly small in all three experiments, where 200, 300, and 400 mV were agplied.

the presence of hydrogen, magnitudewfentwas increaedas the applied potential
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increaseds theory predictedHowever, this did not match withcrease in oxidation
current. All anodic current overlgmedwith each other.This behavior was not observed
with this cell in the absence obHThe cathodicapacitance current and anodic

capacitance current wetiee mirror image of each other in the absence pagishown in

Figure 4.1.5.

Signal CAECDATANZ011_04_25 wire soldered i2.dat
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Figure 4.15 Double potential step chronoamperometryin the absence of K

There was dependence of catizotlrrent on potential applied. Howeythere
was no dependence of anodic curreninmnease opotential. Although we did not see
any interesting anodic wave on CV, we still exptbaenpeometric signal response of the
cell B in the following experment. As the CAhowed inFigure4.16, at 1.1V, oxidation

currentwas observedThis motivated us to run CA at 1.1 V to see if there could be any
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sign of detecting arsingas athatpotential. An aliquot of 2 mL of 5 M sulfuric acid and
200 mg of Zn granule was used to generatedgeh gas in this experimerithe gold
electrode was potentiostated at 1.1At.about 180 sec, Hvas introduced to the cell,

the signalwentback to zero level when hydrogen was filling the cell compartmé&fer
the cell was purged with air at 50Qfmin, the signal started to go down to the negative

direction. At 600 sec, the air was stopped and hydrogen gas was

Signal C:\ECDATAR011_04_28 CA at 1.1 V.dat
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Figure 4.16 CA of cell B at 1.1 V in the presence of Kg). Arrows indicated the time point when H was
introduced. Immediately, the current response went to zero level. Spurious spikes were observed at ca. 450 s and
1150 s.

admittedto the cell. Then the cell went back to zero level. The zero current was observed
in CV and the signal response matched the profile of CV. The cell did not exhibit
oxidation signal at all, until the cell was purged with air again at 1100 seconds
4.1.3. Chronoamp erometry response from cell C

In this section, we explorddrtherthe possibility of using organic electrolyte

organic solvent. We uséd uL of 0.1 M tetrabutyl ammonium hexafluorophosphate in
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propylene carbonaten the filter paperA similar signaresponse of the calésulted The
CV below showed similar electrochemical signal response of the aefFiQure4.17.
Thecurrent signatespondedimilar to tie previous cellcell B inTable4.11

Electrochemical cell configuration

Signal _ C:\Documents and Settings\Student\iDeskiopuINSOO\ECDATAN2011_04_29 CV expl.dat Signal CAECDATANZ011_04_29 CV with hydrogen gas. dat
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Figure 4.17 CVs of the cell C in the presence and absence of ). Potential initially moved from 1500 mV to-
1500 mV at the scan rate of 100 mV/¢Left) CV of cell C in the absence of H(g). The gold oxide peakmoved to
more negative direction around 100 mV and large oxidation current due to gold to gold oxide above 100 mV w
observed.(Right) Panel B: CV of cell C in the presence of H(g). Diminished anodic current was observed when
potential moved to positivedirection.

At 200 sec and 600 sec, 1 mL of Napdlution(0.7 % in 0.5 M NaOH) was added to
the solution of 4 mL of 10Qg/L As(lIl) in 2.5 M sulfuric acid. We observed that anodic
current decreased. If arsihad been oxidized to arseus acid and this would have been
the dominant process, anodiagm@nt should have been observeldwever, t did not

move tomore negative direction the absence of thexfd), the gold electrode was
oxidized at high posite potential as shown irigure4.17 . However, in the presence of

H2(g), the gold oxidation was suppresséd.interpret these experiments, we refer to the
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standard reduction potential cdlhreactions of gold inTable4.12. Equation4.19

indicated that gold cae oxidized at 1.3 V in the presence of water.

Current, pA

Time, s

Figure 4.1.8 Amperometric response of the cell C. Two times, the anodic current was decreased as a result of
injection of NaBHy, solution.

The electrochemical cell was exposed to the ambient air and we assumed that we had
water in organic solvents. Therefore, in this case, gold oxide formation was feasible
process. However, when we hagld in the system, we postulate that following

reduction process of gold took place.

Equation 4.1.3

E=1.36V

This equation was derived froBguation4.17 andEquationd4.1.9. The Gibbs
free energy of this reaction is calculatg®h=-nFE =-6 x 96 485C mol 'x1.36V = -
787.3 kd/mol. This large Gibbs free energy favors the reduction of gold oxide on the
surface of the electrode. Hence, the removal gfDA@rom the surface of the gold

electrodeby Hy(g) disfavors the oxidation of Au #u,O3. This is the same logic behind
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