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Abstract

Arsenic poisoning is a serious challenge faced by many countries, which is caused by
ingestion through drinking water. Lack of rapid analysis methods/tools is a reason for millions
of people unaware about of the arsenic content, consume water from aquifers affected with
arsenic contamination. A novel hardware-software combination (electronic tongue) has been
developed that is economic, easy to use and highly portable and can be deployed for on-site
analysis of water samples. The e-tongue makes use of anodic stripping voltammetry for arsenic
detection and it was tested across a varying range of arsenic concentrations ranging from 5 ppb
to 250 ppb. Copper interference studies also proved the proposed solution is unaffected by
presence of copper in the sample being analysed for detection and estimation of arsenic.
Further field samples collected from various sites in the 24 paraganas district of West Bengal
state were analyzed and the results were validated with those produced by AAS. The proposed
solution has a great potential for large-scale deployment to enable mass analysis of aquifers in

the areas affected by arsenic contamination

Keywords: arsenic, arsenic poisoning, potentiostat, arsenic detection, e-tongue, electronic
tongue, anodic stripping voltammetry
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1 INTRODUCTION

Water is life. Safe drinking water is every individual’s basic need for survival. 97%
of the planet’s water is present in the form of oceans. While 3% of earth’s water is fresh water,
more than two-thirds of it is present in frozen form in Antarctica and Greenland, which is not
accessible to humans for consumption. Most of the drinking water needs are fulfilled by
ground water, which caters to agricultural and industrial requirements as well. Such a scarce,
critical resource suffers from various contaminations, which includes manmade pollution
caused by agricultural and industrial practices. These contaminated waters cause adverse
health effects upon consumption. Arsenic contamination or “arsenic poisoning” of drinking
water is one such serious problem that is daunting many countries. Arsenic is a carcinogenic
heavy metal and the problem is aggravated because it is naturally abundant in geological
deposits and seeps into drinking water when they both make contact. Millions across the globe
have already been adversely affected by arsenic poisoning. The main challenge is to detect the
presence of arsenic beyond safe limits and mark the aquifers accordingly. The present
analytical techniques suffer from various limitations and major setback is that they are all
laboratory based. With millions of tube wells in operation, which provide drinking water, it is
impractical to analyze or monitor arsenic levels using lab-based techniques. This research is
an attempt to provide an economic, portable, safe, easy-to-use, reliable analytical instrument
for quantification of arsenic that can be taken to the site in arsenic-prone areas for rapid

analysis.

This chapter outlines the severity of arsenic problem, discusses the present established
analytical techniques for detection of arsenic, sets objective and scope of the work and explains

how the rest of the report is organized.

1.1 The Arsenic Problem

In the wake of first case of “arsenic-poisoning” in 1983, the world has learnt a shocking
fact that around 140 million people across the globe consume drinking water contaminated
with unacceptable amounts of arsenic. Arsenic is naturally available in terms of geological
deposits in ground water and artificially added by industrial/agricultural practices and it made

its way into human food chain through drinking water. Countries that are significantly affected
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with arsenic contamination of ground water are Argentina, Bangladesh, Chile, China, India,
Mexico, Taiwan, Thailand and the United States. Bangladesh is the worst-struck nation with
30 to 60% of its population at the risk of consuming arsenic contaminated water. Long term
ingestion of water contaminated with arsenic would lead to adverse health effects ranging from
skin lesions to bladder, skin and lung cancers [1,2]. The provisional guideline value set by
World Health Organization (WHO) for arsenic in drinking water is 10 pg/L. As(l11) and As(V)
are the most wide spread forms of arsenic of which As(l11) is as much as 50 times more toxic
than As (V) [3,4].

The report submitted by a team of researchers after an extensive survey across Ganga-
Meghna-Brahmaputra plain inhabited by a population of more than 500 million, after analyzing
water samples from 220,000 tube wells conveyed various alarming facts. Ground water
contamination was tested in 64 districts of Bangladesh and of them, people from 51 districts
(inhabited by a population of more than 130 million) were found to be consuming water
containing arsenic more than 50ug/L, which is 5 times higher than the safe limit set by WHO.
Out of the analyzed water samples from 140,150 tube-wells in the state of West Bengal, India,
23.8% of them were containing more than 50 pg/L of arsenic, 3.3% of the samples had arsenic
concentrations more than 300 pg/L while 48.1% of them had concentrations above 10 pg/L.
Similar results were found from analysis of water samples collected from Bihar, India where
17.75% of the samples contained more than 50 pg/L and 4.55% of the samples contained more
than 300 pg/L of arsenic [5]. Unaware of these details, millions of people living in the Ganga-
Meghna-Brahmaputra plain are at the risk of arsenic poisoning. Such a huge threat prevails
because of lack of analytical equipment that could rapidly and accurately analyze water

samples in bulk and quantify the amount of arsenic present.

1.2 Arsenic Analytical Methods Proposed by WHO

WHO, in their guidelines for drinking water quality, have proposed silver
diethyldithiocarbamate spectrophotometric method, graphite furnace atomic absorption
spectroscopy (GF-AAS), hydride generation atomic absorption spectroscopy (HG — AAS) and
inductively coupled plasma - mass spectrometer (ICP-MS) for detection of arsenic upto as low

as 1 ug/L [1,4]. These methods are discussed briefly in the following subsections.



1.2.1 Atomic Absorption Based Techniques

These techniques are based on AAS, which has three major components:

I. An emitter of light of specific wavelength

ii. A light detector that has knowledge of the wavelengths corresponding to
various energy levels of analyte atoms

iii. An atomizer placed in between emitter and detector which volatilizes the

analyte

As the analyte atoms come in contact with the light emitted by the emitter, the electrons
of the analyte atom absorb energy from the incident light and moves to higher energy state.
The energy absorbed by the electron corresponds to a particular wavelength, which is a
characteristic of the analyte. Eventually, the detector will receive light with part of it
attenuated. This attenuated light is basis to determine the concentration of analyte because it
is proportional to the quantity of the analyte present in the sample. Figure 1.1 represents a
schematic of an AAS [4,6]. Based on the nature of the atomizer, AAS techniques are

categorized into various techniques.

The GF-AAS technique involves an open-ended graphite tube, which is placed in the
path of the light from the emitter. The graphite tube is used as the atomizer, which is heated
to as much as 3000°C which volatilizes the analyte. This method is faster than the conventional
flame-based AAS and has got higher sensitivity than the former. The detection limits with
GF-AAS can go as low as 1 pg/L of arsenic in the sample. The graphite tube method is more
efficient atomizer than the flame-based AAS. Though GF-AAS can detect lower

/A - Pri
¢ ¢ C

Sm
| 1
N

Detector

Figure 1.1 Block schematic of an AAS setup [6]



concentrations of arsenic, this method is expensive, time consuming and suffers from

interference from other chemical processes [6,7].

The HG-AAS technique makes use of zinc or sodium tetrahydroborate for volatilization
of the analyte. In acidic medium, zinc or sodium tetrahydroborate produces hydrogen that
forms arsine gas (AsHs) with As(I11) present in the analyte.

6H2(g) + As203(aq) > 2AsH3(g) + 3H20 1.1

The arsine gas emitted gives direct measure of the quantity of arsenic present as it is
directly proportional to the concentration of arsenic present in the sample. However, formation
of arsine gas is very slow with As(V). Therefore, it is a regular practice to first reduce As(V)
to As(l11) before analyzing the sample. Concentrations as low as 2 pg/L can be detected using

this technique.

Major limitation of AAS based techniques is the requirement of the lamp that emits the
light, which falls in the spectrum of the analyte. Therefore it is expensive to maintain various

lamps one each for an analyte [7,8].

1.2.2 Inductively Coupled Plasma Based Techniques

This is the foremost technique that involves absorption/emission of energy at atomic
level. Inductively Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) or ICP — OES
(for Optical Emission Spectroscopy), as the name indicates, works on detection of the emission
from the analyte atom in contrast to AAS techniques, which works on detection of the light
portion absorbed by the analyte atom. This technique involves a torch arrangement, which acts
as the atomizer. Sample is introduced into the torch along with argon gas as a carrier, which
is heated by RF magnetic coils to very high temperature as much as 10,000 K (Figure 1.2 (a)).
This generates the required plasma for the experiment. The analyte is then nebulized and
introduced into this plasma resulting in complete volatilization of the sample. The shell
electrons of the analyte atoms then sent to cooler portions of the flame where they come back
to lower energy levels by emitting photons with wavelength corresponding to the difference in
energy levels. The wavelength is a characteristic of the analyte and the intensity of that

particular wavelength gives direct information about the amount of analyte present in the



sample. ICP-AES is very efficient in detecting multiple analytes simultaneously; as many as

20 (Figure 1.2 (b)). However, the detection limits achieved are upto 35 pg/L, which is way
above the WHO limit.
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Figure 1.2 (a) Schematic of an ICP-AES torch (b) Schematic showing photons filtered at various
wavelengths at the detector [7]

Though ICP-OES individually cannot be employed for arsenic analysis in drinking
water, we can couple this technique with Mass Spectrometry (MS) to achieve lower detection
limits as low as 0.1 pug/L. In ICP-MS technique, the output from ICP-OES is introduced into
a chamber under the influence of magnetic field, which causes deflection of the waves. The
defected path depends on the analyte concentration. With such a low detection limit for arsenic,

ICP-MS is also accepted by analysts for testing drinking water. However, this technique is
also restricted to laboratory as the case with AAS.



1.2.3 Field Test Kits Based on Colourimetry (Gutzeit Method)

Most of the field kits commercially available in the present day for arsenic testing in
drinking water are Gutzeit method based. The technique involves reducing As in the sample
to arsine gas (AsHz) proportional to the quantity of arsenic present in the sample. The arsine
gas is allowed to pass over a test paper strip coated with mercury bromide, which changes color
according to the quantity of arsine gas it is exposed to. The intensity of the color is an indicator

of the arsenic concentration in the sample.

The chamber where As is reduced, contains zinc in acidic medium, which releases H>
and reduces arsenic for the production of arsine gas as given in Eq. 1.1. The generated arsine
is passed through a chamber containing glass wool treated with lead acetate that traps any
interfering hydrogen sulfide from the gas if present. As (V) is slower in forming arsine gas —
there to get best results, it is a regular practice to reduce any As(V) present in the sample to As
(1) with Kl and SnCl..

Though Gutzeit method based field kits are the most used owing to their high
portability, they suffer from major limitations such as poor accuracy, low sensitivity and higher
detection limits (usually 10 to 50 pg/L). Large-scale deployment of these kits did not happen
owing to toxic mercury and lead containing waste generated from them. Moreover, the arsine

gas generated in the process is a hazardous gas injurious to the health of the operator.

1.2.4 Limitations of Analytical Methods Proposed by WHO
All the analytical methods proposed by WHO (except Gutzeit method) are laboratory

based, involve heavy investment cost and hence cost per sample analysis is very high. They
are not portable and hence are operated far from the sample site, which drastically increases
the turnaround time for analysis of samples. Moreover, trained personnel are required to
operate that equipment. The operator who uses Gutzeit method is at the risk of getting exposed
to toxic arsine gas. Also, there are storage issues of the mercury and lead wastage produced by
Gutzeit method. Owing to the high toxic nature of these elements, careful leak-proof disposal

mechanism should be in place [9-12].



1.3 Voltammetric Techniques for Arsenic Detection and
Electronic Tongue

Anodic Stripping Voltammetry (ASV) is the most popular voltammetric technique
employed for arsenic detection in aqueous samples [13-19]. This technique involves
controlling a redox reaction with the help of an externally applied voltage on an electrode.
This is done in two steps. Firstly, an adequate negative potential is applied to reduce the

“electroactive” analyte present in the ambient solution on the electrode.
M™ +ne” — M° 1.2

In the second step, the voltage on the electrode is being swept in the positive direction
starting from the negative voltage. This causes the deposited metal on the electrode to “re-

oxidise” and dissolve into the solution.
M® — M™+ne- 1.3

During the experiment, the instantaneous input voltage value and the corresponding
current out from the solution are recorded and plot with input voltage on x-axis and observed
current pattern on y-axis. The resulting plot is called a voltammogram. The peak current from
a voltammogram is a characteristic of the analyte and the height of the peak is directly

proportional to the amount of analyte present in the sample.

ASV s discussed in greater detail in Section 2.2.2.1. Presently, ASV is the only
analytical method approved by USEPA for in situ testing of drinking water for arsenic [20].
This technique has a bunch of merits as compared to other analytical techniques such as being
very economic to set up, highly portable, rapid analysis time and requires no pretreatment of
the sample. The detection limits with ASV are as low as 0.1 pg/L. Though there were attempts
to manufacture field kits based on ASV, they did not perform satisfactorily and suffer from

lack of accuracy [21].

With millions of aquifers and tube wells across the world as sources of drinking water,
presently there is no feasible, economic and fast enough analytical method that could be
employed to diagnose and brand whether a water source is good for consumption. The delay

in identifying a contaminated water source is causing more people to consume drinking water
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from it and thereby exposed to risk of arsenic poisoning. The WHO prescribed analytical
methods are very expensive to setup, lab-bound (generally far away from the field of test),
methods require extensive training to handle the equipment and demand longer analysis times.
Electronic tongue (e-tongue) based detection of arsenic has been constantly gaining popularity
over these conventional analytical methods. An e-tongue is an array of sensors (electrodes)
that respond through characteristic current responses, which help in analyzing various species
in a solution. Favorable factors such as relatively simple instrumentation ease of operation,
not so expensive set up, reproducible results with great accuracy and rapid analysis times have
made electrochemical techniques to be considered as an alternative to ICP-MS and AAS. Also,

electrochemical analytical methods have got potential for large-scale deployment.

1.4 Objective

The prime motive of the research is to develop an economic, reliable, portable, easy-
to-use and accurate field kit that can analyze and quantify arsenic in bulk in agueous samples
with rapid analysis time.

1.5 Scope of the Work

The following scopes were laid to accomplish the objective.

e To develop a proof-of-concept model of an e-tongue employing commercial
potentiostat that would successfully analyze aqueous samples for arsenic detection
and quantification

e To reduce the cost of the e-tongue by replacing the functionality of the commercial
potentiostat with cheaper instrumentation that would significantly reduce the cost
of the e-tongue setup by 90%

e To validate the results produced by the newly developed e-tongue setup with those
produced by AAS.

e To study the interference, if any in the e-tongue based detection and quantification

of arsenic.



1.6 Outline of the Thesis

The proposed work is purely inter-disciplinary. Therefore, the contents of the thesis
have been drafted with an intention to help electronics engineers/ chemical engineers/chemists,
environmental engineers by providing the complementary and necessary information that
might be needed if they wish to venture into electrochemical analysis using anodic stripping
voltammetry. It was found that not all information required to start-off in this field was
available at one place. Hence, deliberately, essential elementary concepts/laws required to
understand the work are also presented wherever necessary. This dissertation is organized in

five chapters. Figure 1.3 is the pictorial representation of the organization of thesis.

The Arsenic Problem
[ Arsenic Analytical Methods Proposed by WHO

1. INTRODUCTION |
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and Electronic Tongue
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RECOMMENDATION Future Recommendation
Figure 1.3 Outline of the thesis

First chapter sets background behind the motivation of the present work. It gives a gist

of how deep and serious is the case of arsenic poisoning across the globe. This chapter also



summarizes various WHO proposed analytical methods for arsenic detection along with merits

and demerits. The chapter ends by defining the objective and scope of the research.

Second chapter discusses in detail, anodic stripping voltammetry and cyclic
voltammetry experiments on which the current research is solely based. Before that, the basic
key terminology related to electrochemistry are introduced in the same chapter. The chapter
then discusses previous works done in the area of anodic stripping voltammetry for detection

of arsenic in water samples.

Third chapter explains how e-tongue setup using commercial potentiostat was used in
arriving at optimal parameter set to conduct anodic stripping voltammetry on simulated water
samples for detection of arsenic. Results obtained while studying copper interference during
detection of arsenic are presented. The chapter also presents various practical aspects that

affect the performance of the experiment.

Fourth chapter contains the detail of the replacement of commercial potentiostat by an
economic hardware-software combination or indigenously developed e-tongue. The chapter
shows the results produced by the newly developed solution for detection of arsenic. Copper
interference study results are also portrayed. In the end, the chapter presents the validation of

the results with AAS and gives a comparative table of cost of various analytical techniques.

Fifth chapter gives the conclusion drawn out of the present research and presents the

possible future recommendations for further extension of the work.
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2 ELECTROCHEMICAL ANALYSIS —
PREVIOUS WORK

Electrochemistry marks a revolution in analysis of trace metals in aqueous samples,
which has unfolded numerous ventures in the field of analytical chemistry. Owing to cheaper
investment and rapid analysis times, electrochemistry has been the most popular choice as an
alternative to established expensive analysis methods such as atomic absorption spectroscopy
(AAS), inductively coupled plasma (ICP), laser induced breakdown spectroscopy (LIBS) and
surface enhanced Raman spectroscopy (SERS). Ever since its inception, various techniques,
which employ electrochemistry, have found industry applications in varied fields. Few
applications to name are fuel cells, electroplating against corrosion, grading of soya, honey,
tea, milk, wine, beer and detection of electroactive elements/compounds at parts-per-
billion/parts-per-trillion concentrations in aqueous samples [22,23]. This chapter quickly
introduces basic concepts of electrochemistry and various popular techniques that use
electrochemistry and summarizes the previous work done in the detection of arsenic using
electrochemistry. Detection of arsenic is discussed in two aspects — chemistry perspective

(electrochemical arsenic analysis) and engineering perspective (e-tongue based detection).

2.1 Electrochemistry — Basic Concepts

Electrochemistry is a branch of study in physical chemistry, which uses electricity for
conducting reduction/oxidation reactions for determining concentration of analyte or for
characterizing chemical reactivity of the analyte by measuring potential, charge or current.
The following section introduces various conventions, terms and standard definitions related

to electrochemistry.

2.1.1 Terminology and Standard Definitions
2.1.1.1 Oxidation-Reduction Reactions

Every experiment in electrochemistry involves oxidation of a species and reduction of a
species in the analyte solution. Oxidation involves loss of electrons that has “charge” and

reduction involves absorbing these electrons. In electrochemistry, we are interested in
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analyzing what results in movement of these charged particles by measuring current and

potential, which is a characteristic of analyte’s concentration or chemical reactivity.

2.1.1.2 Elementary Charge:

Elementary Charge or simply, Charge, denoted by g or e is a fundamental physical
constant which has approximately a value of 1.602 X 10'° C (coulombs). This is the charge

carried by an electron.

2.1.1.3 Faraday Constant

A mole of electrons contains 6.022 X 10% electrons. The collective charge of 1 mole
of electrons, therefore is (1.602 X 10°)( 6.022 X 10%) = 9.649 X 10*C which is called a
Faraday constant, represented by F. The charge q(Coulomb), number of moles n(mole) and
Faraday constant (Coulomb/mole) are related by the equation given below.

g=nF 2.1

2.1.1.4 Electric Current

Electric current or simply, current, denoted by i or I, is the flow of charge per unit time
measured in amperes (A) or coulombs/second. One ampere current at a reference point means

that one coulomb of electrons is passing from that point per second.

2115 Potential

Potential, denoted by E or V, is a relative quantity and measured as a potential
difference between two points. It is equal to the amount of work done in moving a charge
between those two points and is measured in volts (V).

2.1.1.6  Free Energy Change

The maximum possible electrical work that can be done on its surroundings by any
chemical reaction which is conducted at constant temperature and pressure defines free energy
change for that reaction. Free energy change is represented by AG and is prefixed by a negative

sign as the work is done on surroundings and diminishing in nature. The electrical work done
is defined as the amount of work done in moving a charge g through a potential difference of
E.
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Therefore,
AG = -(work done) =- (E . q)
Now, applying equation 2.1 in the above relation, we get
AG=-nFE 2.2

2.1.1.7 Electrochemical Cell

An electrochemical cell or simply cell, is a glass housing that is used to accommodate
all the components required to conduct electrochemical experiments such as analyte solution
and electrodes. They may also have provisions to bubble any gas into the enclosure as per the
requirement of the experiment. The reaction phenomena in a cell is represented in terms of
two half-cell reactions — one half representing the oxidation reaction and the other half

representing the reduction reaction.

2.1.1.8  Electrolyte/Supporting Electrolyte

Electrolyte is the solution, which contains the analyte and enables movement of
electrons across the cell. In some experiments, where analyte solution is not supportive of
conducting, supporting electrolyte solution is added to enhance the movement of ions.
Solutions with low ohmic resistance such as ionic solutions (e.g., NaCl), molten salts and ionic
polymers (e.g., Nafion) are the most popular choices for electrolyte solution. Various mineral

acids such as HCI, H2SO4, HCIO4 are widely used as supporting electrolytes as well.

2.1.1.9 Electrode

Electrodes are the conductors that enable application of potentials and flow of electrons
across the cells. Generally, 2-electrode or 3-electrode cells are very popular among
electrochemical experiments. Electrodes in practice vary in sizes from macro (few mm in
length) to micro to Nano scale. The electrode where oxidation occurs is termed as anode and
the electrode where reduction occurs is called as cathode. The nature and material of the
electrode differs according to the purpose of the electrode. Electrode reaction kinetics are
affected by the electrode surface cleanliness, surface microstructure, and surface chemistry.

Various types of electrodes are explained in detail in the subsequent sections.
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2.1.1.10 Electrical Conduction

Movement of electrons or ions cause the current in the cell. This movement can be
conducted in two ways. Metallic conduction that occurs at the electrode’s surface and
ionic/electrolytic conduction that occurs because of movement of ions across the solution in
the cell. The positive ions move towards negatively charged electrode and the negative ions

move towards the positively charged electrode.

2.1.1.11 Faradaic Current

The transfer of electrons is monitored during almost all of the electroanalytical
experiments. Faradaic current is caused by the change in oxidation state of the electroactive
species in the solution and can be directly related to the rate of the redox reaction in the cell.

This is the current, which is of interest during any electrochemical experiment.

2.1.1.12 Voltammogram

After the experiment is conducted, the measured (faradaic) current samples from the
cell are plot against the excitation potential applied across the electrode. The resulting current-
potential plot is known as voltammogram. The nature of the plot (such as magnitude of current
response and shape) of the voltommaogram is dependent on the reactions that occur at the
electrode. However practically, not all the current measured is faradaic current. Along with
the faradaic currents (of both sample solution as well as blank solution), non-faradaic

background currents add up to the measured current.

2.1.1.13 Charging/Background Current

Background current corresponds to the movement of all non-faradaic charges. Other
processes contribute as well to non-faradaic charges. Diffusion of electrolyte ions,
reorientation of solvent dipoles, adsorption or desorption that occur at electrode-electrolyte
interface can be related to the non-faradaic currents. For instance, if an electrode is at zero
charge and we instantaneously change its potential to negative charge. The anions near the
electrode’s surface repel and move away from the electrode while cations would attract and
move towards the electrode surface. This movement of ions continue until the negative charge
on the electrode’s surface equals the positive charge of the interfacing solution near the

electrode surface. The movement of these ions (charged particles) also causes a current that is
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non-faradaic. This is called charging current or background current. This phenomenon occurs
every time the electrode’s potential is changed. The migration ofions also leads to an electrical

double layer formation across the electrode-solution interface.[24]

2.2 Taxonomy of Electrochemistry

All electrochemical techniques, as the name indicates, involve processes that make use
of electricity to understand chemistry of electroactive species — the chemical parameters being
evaluated are in relationship with the electrical quantities measured such as charge, current or
potential. The major difference between other chemical measurements and electrochemical
measurements is that the former makes use homogenous bulk solutions while the latter

involves processes, which occur at electrode-solution, interface.

A minimum of two electrodes, an electrolyte solution in an electrochemical cell are
required to conduct an electroanalytical experiment. The electrode-solution interface can be
viewed as a transition point between metallic conduction and ionic conduction. One of the
electrode hosts the chemical reactions and responds to the target analyte in the solution, and is
called the working (or indicator electrode). The second electrode, independent of the solution’s
composition, all measurements are done with respect to this electrode — called as counter
electrode. ldeally, potential across the counter electrode is expected to be constant so that any
change in the overall cell potential will occur at the working electrode. However, in practice,
changes in current through counter electrode result in changing potential across the electrode
and hence counter electrode’s potential is not constant. Therefore, it is replaced with two
electrodes: an electrode whose potential stays constant irrespective of the current in the cell
(reference electrode) and an electrode that is used to complete the electrical circuit
(counter/auxiliary electrode) [6].

Electrochemical cells can be categorized into two kinds [6]:

i. Voltaic or Galvanic Cells: In which oxidation-reduction reactions occur

spontaneously without the need of application of any external energy. In fact, they
produce electrical energy because of this spontaneous flow of electrons. They find

direct applications in electrical batteries and fuel cells.
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ii. Electrolytic Cells: In which an external energy needs to be applied in order to

facilitate and study the oxidation-reduction reactions. All electroanalytical cells are
electrolytic cells. They are used in variety of industry applications such as
electroplating and grading of beverages. The cell employed for the present research

is an electrolytic cell.

Further, the electroanalytical techniques can be broadly classified into two categories —

Potentiometric Measurements and VVoltammetric Measurements.

2.2.1 Potentiometric Measurements

Potentiometry is considered a static technique because the potential of the
electrochemical cell is measured at zero current. Owing to zero current flow, the chemical
composition in the cell stays unaltered which makes potentiometric measurements ideal for
quantification. In practical conditions, a very negligible current flows in the cell. Figure 2.1
shows a typical potentiometric electrochemical cell. The cell is made of two half-cells. Both
the cells contain solution with an electrode dipped in it. The composition of the ions in the cell
will influence the potential across the electrode. The “electrical connection” between these
two half-cells is made using a salt bridge containing an inert electrolyte, such as Potassium
Chloride (KCI). The salt bridge is fit with porous frits at both the ends to ensure only ions
move through but not the solution. The circuit is complete electrically because of the charge
carrying ions moving freely across the bridge between the half-cells. When the electrochemical

Zn rc( I I \Agrod
[ I

Zn24 Ago
anode _ cathode
oxidation half cell ~ saltbridge reduction half cell
negative electrode positive electrode

Figure 2.1 A potentiometric electrochemical cell
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cell is represented by two half-cell reactions, one represents the reference potential while the

other is a potential which is a direct indicative of the concentration of the analyte [25].

By convention, the electrode where oxidation reaction occurs is called as the anode
thus
Zn(s) © Zn?**(aq) + 2 e~ 2.3
The reduction reaction is assigned to the electrode in the right half-cell and is called as
the cathode.
Ag*(aq) +e” = Ag(s) 2.4
The net potential of the cell shown in Figure 2.1 can be obtained from the reaction
formed by combining two half-cell reactions 2.3 and 2.4 as below:
Zn(s) + 2 Ag*(aq) < 2 Ag(s) + Zn?*(aq) 2.5
Potentiometric electrochemical cells are also defined so that working electrode is
represented by the cathode and the reference electrode by anode. The shorthand notation for a
potentiometric electrochemical cell is
reference electrode || working electrode

Zn(s) lznCl, (ag,azy+> = 0.0167) I| AgNO;(aq, ang+ = 0.100) lag 2.6

The shorthand notation is the representation of cell that has two parts as with two half-
cells. Both parts are separated by a double vertical slash (||) as a symbolic representation of
the salt bridge between the two half-cells. The electrode-solution interface where the potential
develops is represented by a vertical slash(]) and the species in the same phase are separated
by a comma.

The net potential of the cell, E, can be written as:

Ecen = Ewe — Ere + Ejp 2.7
where, E,y. is the working electrode potential, E,. is the reference electrode potential and E;,
is the potential developed across a liquid junction that forms when two compositionally
different ionic solutions coexist for which ion mobility are different. Therefore E;, can be
eliminated by choosing an electrolyte solution, which has similar ion mobility as the solution
in the cell. The characteristic of an ideal reference electrode is to maintain a constant potential
that can be used as a reference for other potentials measured across the cell. With E;,

eliminated and E,. maintained at a constant value, any changes seen in E..;; will therefore be
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attributed to analyte’s effect on the working electrode potential E,.. Standard Hydrogen
Electrode (SHE), Saturated Calomel Electrode (SCE), and Silver/Silver Chloride Electrode are
the most common reference electrodes while ion-selective electrodes (ISE) and metallic

electrodes are employed as indicator/working electrodes.

Hydrogen gas (H,(g)) l

At 1 At —

» To the high resistance voltmeter

Platinum wire

-

Platinised platinum electrode
Covered in platinum black

N\
_
£/

\ < 1M Hydrochloric acid solution

Figure 2.2 Schematic diagram of standard hydrogen electrode

Standard Hydrogen ElectrodeError! Reference source not found.Figure 2.2 shows a s
chematic of SHE which has a platinum electrode in a 1M acidic solution and hydrogen gas is
bubbled through a gas enclosure over the electrode. The working electrode whose standard
potential is to determined is connected to SHE through the salt bridge. The half-cell notation
can be written as:

Pt(s), Hy(g fu, = 1.0)|H* (ag,ag+ = 1.0) 2.8
and the standard-state potential for the reaction {H*(aq) +e = 1/2 Hz(g)} is, by definition,
0.0 V at 25°C. The working electrode potential for SHE is given by the Nernst equation as

below:

— [H*Y] + 2.9
2
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Figure 2.3 A typical setup to measure standard reduction potential
(Image source: http://www.docbrown.info/page07/equilibria7b.htm)

Owing to difficulty in preparation and maintenance, SHE is rarely employed in
electrochemical experiments. Major application of SHE is to setup standard reduction
potentials for various electrodes.

Standard Reduction Potentials

As mentioned earlier, the SHE is arbitrarily assigned zero potential at 25°C and
standard reduction potentials of various metal electrodes are calculated by connecting the SHE
half-cell to the negative terminal of a voltmeter (potentiometer) and half-cell of the metal
electrode to the positive terminal of the voltmeter. The reading on the voltmeter would give a
measure of the standard reduction potential. Figure 2.3 shows such a typical setup for
measurement of standard reduction potential of copper. In this setup, the copper half-cell
shows +0.34V on voltmeter with respect to the SHE. The direction of current will be from
more negative half-cell to more positive half-cell. In this case, electrons flow from Ho/H" to
Cu/Cu?*. If the reading on the voltmeter is negative, then the electrons flow in the reverse
direction (i.e., from metal electrode half-cell to SHE). A large negative reduction potential
means the metal is a good reducing agent. Conversely, a large positive reduction potential
indicates the metal is a good oxidizing agent.

2.21.1 Saturated Calomel Electrode

Hg and Hg2Cl> are used as the redox couple for SCE:
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Hg,Cl,(s) + 2e™ = 2Hg(l) + 2Cl~(aq) 2.10
The SCE comprises of a platinum wire dipped in saturated KCI solution along with a
paste of mercury and mercury chloride (solid and solution) as shown in Figure 2.4 (reproduced
from [26]). The conventional salt bridge is replaced by the porous wick placed at the bottom
of the outer tube and the electrical connectivity between the inner and outer tube solutions is
achieved by the small hole at the bottom of the inner tube. The fill hole on the outer tube can
be used to drain and refill the electrode with fresh KCI solution.
The short hand notation for SCE shown in the figure is:
Hg(1)|Hg,Cl,(s), KCl(aqg, sat'd) | 2.11

The corresponding Nernst equation is

0.05916
2

0.05916 —
E = Efg, a1, o ——log(ac;")* = 0.2682V —

log(acg™)? 2.12

The concentration of CI in the KCI solution has direct influence on the potential of an
SCE. The potential is determined by the activity of CI" in equilibrium with Hg and Hg.Cl. It
is therefore directly dependent on the ambient temperature of the electrode as well because

with increase in temperature, solubility of KCI also increases which results in reduction of

Wire lead

Pt wire

Hole to allow
drainage through
porous plug

Hgl/)

Hg, Hg,Cl,
+ KCI

Glass wool

Opening

Saturated KCI
solution

KCl(s)
Glass wall

Porous plug
(salt bridge)

Figure 2.4 Schematic diagram of saturated calomel electrode
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Figure 2.5 Schematic diagram showing an Ag/AgCl electrode

electrode potential and vice versa. This is a major limitation for SCE. Saturated KCI solution
is chosen because evaporation will not result in change in the activity of CI- and hence will not
affect the electrode potential. Another limitation of SCE is that it uses Hg and its compounds,

which are hazardous to health.

2.2.1.2 Silver/Silver Chloride Electrode

Ag/AgCl electrode is the most popular and most widely used reference electrode. Here,

Ag and AgCl form the redox couple.
AgCl(s) + e~ = Ag(s) + ClI™(aq) 2.13

The electrode comprises of a silver wire dipped in saturated KCI (or NaCl) solution.
The silver wire is coated with AgCl at its end. Similar to SCE, Ag/AgCl electrode uses a porous
plug/frit that doesn’t allow leakage of the solution, but allows movement of ions and thus
enabling electrical connectivity (Figure 2.5). Short hand notation for Ag/AgCl electrode is
Ag(s)| AgCI(s),KCl (ag,ac;- =x) |l 2.14
As with the case of SCE, the Cl" concentration plays a major role in the determination of

potential of Ag/AgCl electrode. The Nernst equation governing this electrode is given by:

E= EggCI/A —0.05916 log(ac;”) = 0.2223V — 0.05916 log(ac ") 2.15
g
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2.2.1.3 lon-Selective Electrode

ISEs are used as indicators or working electrodes. As indicated by their name, ISEs
respond to specific ions in the solution. They develop potentials that are a proportional
measure of the activity of ions in the solution. ISEs find their application in systems in
equilibrium and no current flows through the cell. There are a variety of ISEs used in various
electrochemical measurements such as glass electrodes, membranes, enzyme electrodes as well

as solid-state electrodes. pH electrode is an ISE.

2.21.4 Metallic Electrodes

Metallic electrodes are used in variety of forms in making potentiometric
measurements. In one kind, the metal electrode is dipped in its own solution as cation and is
in equilibrium involving M™/M(s) redox couple. Such electrodes can be used only on
deaerated solutions because they tend to oxidize other metals as well. Also these electrodes
suffer from a limitation that they respond to other cations as well. Another kind of metallic
electrode is a wire of inert metal (such as Pt, Au, etc.) which do not participate in the
electrochemical reactions, but completes electrical connection of the cell by passing the

current. They are apt for redox titrations.

2.2.2 Voltammetric Measurements

Voltammetric measurements are controlled-potential techniques, which are based on
electrochemical cells with non-zero current. Therefore, the analytical part involves study of
current flow at the electrode-solution interface. These techniques make use of the electrode
potential to trigger the oxidation-reduction reactions and measure the resulting current. Hence,
voltammetric techniques can be successfully deployed for measurement of any electroactive
chemical species — i.e., which can be oxidized or reduced upon application of external force.
The knowledge of standard potential of the target analyte helps to design the input potential to
the cell that can generate the currents, which are a characteristic of the analyte’s concentration.
In few situations where analyte is not electro-active, indirect procedures are employed where
the analyte is allowed to form a compound, which is electro-active, and then measure the

analyte indirectly through the compound.
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Figure 2.6 Controlled-potential techniques

Voltammetric measurement techniques have become extremely popular during the last
few decades owing to many merits such as high sensitivity (detection limits as low as parts-
per-trillion), conveniently portable, rapid response, lot cheaper than many other analytical
equipment for establishment, availability of a wide-range of electrodes and ability to quantitate
awide range of species. Voltmmetry can be combined with other analytical methods to achieve

higher sensitivity.

Figure 2.6 enlists various voltammetric techniques in practice [25]. They are broadly
classified under two categories in which the input potential is either fixed or variable. With
variable potential, experiments can be conducted with either quiescent solution or stirred
solution. Discussion of all the techniques is not in the scope of the present dissertation.
However, cyclic voltammetry and anodic stripping voltammetry (marked red in the figure) are

detailed in the next subsection as the research is based on these techniques.

2.2.2.1  Anodic Stripping Voltammetry

An ASV experiment is performed in two (or three) steps:

I Preconcentration/Deposition/Plating step — During this phase, arsenic in the
sample solution to be analysed is allowed to reduce to As(0) by applying a
potential which is more negative than the standard potential of arsenic at
working electrode. The reduced As gets deposited on the electrode. Typical

deposition times are from 30s to 300s.
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ii. Equilibration/Settling step (optional) —The sample solution may be stirred
during pre-concentration for mass transfer to enable uniform concentration
around the electrode during deposition step. After the deposition time is over,
the stirring action is stopped and the solution is allowed to settle. This
equilibration step typically from 5s to 30s. This step is optionally performed

only when the sample is stirred.

iii. Stripping step — After deposition step, the deposited arsenic is “re-dissolved”
back into the analyte solution by causing its oxidation. This is achieved by
applying a linear ramp potential across the working electrode, thus causing

“stripping” of arsenic. The resulting anodic current from oxidation is recorded.

stripping step

Potential -

Deposition step step

Time

Figure 2.7 A typical potential-time sequence used in ASV

The input potential-time sequence during ASV is depicted in Figure 2.7. During the
deposition step, the working electrode is held at a slightly negative potential that would cause
the analyte in the solution to get deposited. The solution is stirred during deposition step, the
stirring action is stopped a few seconds before the end of deposition period in order to allow
the analyte solution settle (equilibration step). After the equilibration step, input potential is
swept from lower to higher potential within a predefined range at a specific sampling rate and
the current responses from the cell are recorded/observed in the computer with the help of (data
acquisition software) DAS. The length of deposition, equilibration and stripping steps differ
as per the optimum parameters decided for each analyte. The plot drawn with input voltage

against anodic current is called voltammogram. The peak current is of high interest in the
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voltammogram because peak current is a function of amount of arsenic present in the analyte

solution.
The reduction and oxidation reactions occurring at the working electrode are as below:
Reduction (Deposition): As(I11) + 3e" > As(0)
Oxidation (Stripping): As(0) > As(llI) + 3e

2.2.2.2  Cyclic Voltammetry

In voltammetry, the only major difference between various techniques is the nature of
the input potential applied across working electrode and the study of the current signatures that
emanate out of the electrochemical cell as a result of the input potential sequence. For instance,
the input voltage is swept in positive direction linearly to perform anodic stripping
voltammetry and in the case of cyclic voltammetry, the input potential is scanned in both
positive and negative directions. CV requires completing scan in forward and backward
directions. Another major difference is that ASV is performed on a stirred solution and CV
requires the analyte solution to be in quiescent state [25,27]. Figure 2.8 (a) shows the
relationship between time and applied potential, with the potential axis as the x-axis to see the
relation with the corresponding voltammogram in Figure 2.8 (b). In this example, in the
forward scan, the potential is swept negatively from the starting potential E1 to the switching
potential E>. This is referred to as the cathodic trace. The scanning direction is then reversed,
and the potential is swept positively back to E1, referred to as the anodic trace. Both reduction
and oxidation reactions occur at the electrode surface and the solution in contact with the
electrode surface. As the potential is scanned negatively (cathodically) from point A to point
D, [M™] is steadily depleted near the electrode as it is reduced to M:

M™ +ne=M

At point C, where the peak cathodic current (ipc ) is observed, the current is dictated by
the delivery of additional M™* via diffusion from the bulk solution. The volume of solution at
the surface of the electrode containing the reduced Fc, called the diffusion layer, continues to
grow throughout the scan. This slows down mass transport of M™* to the electrode. Thus, upon

scanning towards more negative potentials, the rate of diffusion of M™* from the bulk solution
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Figure 2.8 (a) The Potential-Time curve of a typical CV input voltage sequence (b) A typical cyclic
voltammogram [26]

to the electrode surface becomes slower, resulting in a decrease in the current as the scan
continues (C — D). When the switching potential (D) is reached, the scan direction is reversed,
and the potential is scanned in the positive (anodic) direction. While the concentration of
M™*at the electrode surface was depleted, the concentration of M at the electrode surface
increased. The M present at the electrode surface is oxidized back to M™* as the applied

potential becomes more positive.
M= M™ + ne

At points B and E, the concentrations of Fc+ and Fc at the electrode surface are equal,
E=E1. This corresponds to the halfway potential between the two observed peaks (C and F)
and provides a straightforward way to estimate the E° for a reversible electron transfer, as noted

above. The two peaks are separated due to the diffusion of the analyte to and from the electrode.

Scanning the potential in both directions provides us with the opportunity to explore
the electrochemical behavior of species generated at the electrode. This is a distinct advantage
of cyclic voltammetry over other voltammetric techniques. Figure 2.9 shows the cyclic
voltammogram for the same redox couple at both a faster and a slower scan rate. At the faster
scan rate, two peaks are seen. At the slower scan rate in Figure 2.9 (b), however, the peak on

the reverse scan disappears. One explanation for this is that the products from the reduction of

26



M +ne = M

current

current

M = M= + ne M = M®" + ne

more (+) more (-)

potential potential
(a) (b)

Figure 2.9 Voltammograms obtained for M (a) at a faster scan rate (b) at a slower scan rate [25]
R on the forward scan have sufficient time to participate in a chemical reaction whose products

are not electroactive.

2.3 Arsenic Determination by ASV

Ever since “stripping analysis” was introduced in 1931 [28], it gained immense
popularity because it made analysis of elements like arsenic which are present in ultra-trace
amounts in samples using simple instrumentation. Of the stripping analysis techniques, anodic
stripping voltammetry has been more popular for quantification of arsenic. Innumerous works
have been reported and currently in progress to address the problem of rapid analysis of arsenic
in aqueous samples. Almost entire reported research is centered around development of novel
working electrode for detection of arsenic using ASV that would detect arsenite at nano molar
levels. Few works have made attempt to reduce the cost of working electrode as well. A

review of the existing literature is presented in this section.

Section 2.3.1 discusses research contributions, which reported development of new
materials to be used as working electrodes for detection of arsenic using ASV while section

2.3.2 discusses works done with respect to “hardware” required to perform ASV.

2.3.1 Literature Review — Chemistry Perspective

Majority of research pursued for arsenic detection using ASV was for synthesis of

novel working electrode that could further reduce the limit of detection of arsenic in the
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aqueous sample. There are a rich set of working electrodes synthesized during the past few
decades to address either the limit of detection or interference from other elements during
detection. The following subsections are an attempt to give an overview of the research done
in that direction.

2.3.1.1 Macro Electrodes

These have been the most popular choice for conducting ASV analysis of As. They
vary from solid metal wire (of few mm in diameter) to disk-type to film-type to nano particles
deposited on a substrate. A significant amount of research has been dedicated to increase the
efficiency of these electrodes and achieve lower limits of detection.

Forsberg et al. made a pioneering research with usage of gold electrode in place of
platinum for arsenic detection using ASV and differential pulse ASV (DPASV). In their
comparative study with platinum electrode, gold electrode exhibited superior performance
with more sensitivity, higher hydrogen voltage and a detection limit of 0.02 pg/L with
perchloric acid as supporting electrolyte. Experiments were conducted with both HCI and
HCIO4 as supporting electrolyte at varying molarity. It was also reported that beyond 0.7V (vs
SCE), gold and platinum electrodes perform poorly because of damped electron transfer
kinetics. The most common problem with macro electrodes has been reproducibility. Due to
repeated usage, the electrode’s surface suffers fouling and without proper restoration of the
original surface, the responses would be highly unreliable. The authors have reported that
when the electrode was left in 6M HNO3s before analysis was performed, they obtained
improved and reproducible results [29]. Though there were successful attempts using platinum
[30] and silver [31,32] electrodes as working electrode, gold electrode has been the mostly
used macro electrode for arsenic analysis [33-36].

Gold modified electrodes were also extensively used for arsenic detection like Au
modified boron doped diamond (BDD) electrode [37,38]. They detected arsenic in presence
of 0.1M phosphate buffered saline solution at a deposition potential of -0.4V (vs SCE).
Arsenate was reduced in two steps — arsenate to arsenite; then to arsenic at -1.5V (vs SCE).
Gold modified graphite electrode [39,40] was also experimented for arsenic quantification in
mixed EDTA-phosphoric acid and achieved a detection limit of 7 pg/L.
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Gold film deposited on glassy carbon substrate [36,41,42] was also successfully
employed for trace detection of arsenic as low as 0.19 pg/L with a deposition time of 4 minutes
in sea water samples [41]. A low cost bismuth film deposited on an exfoliated graphite
electrode was successfully used to detection of arsenic upto a limit of 5 pg/L without copper
interference. The study has also reported that addition of Cd to the analyte solution has resulted

in positive shift of arsenic peak [43].

After gold, carbon is the most popular choice in the recent years for voltammetric
analysis. Carbon forms an ideal substrate owing to its low cost, wide potential range, inert
chemical nature, fast response rate, flexibility in fabrication and low background current.
Carbon paste electrode (CPE) is the most widely used electrode because of the aforementioned
advantages and also because of ease of modification and renewal of electrode surface area.
Numerous modifications have been tested and reported with CPEs in order to increase the
sensitivity of the electrodes. Those modifications were both biological as well as chemical in
nature achieved mainly by applying modifier on the surface of electrode (adsorption or
covalent binding) or mixing modifier during preparation of the paste (dissolution or direct
mixing). CPEs are less costly and easier to handle than the gold macro electrodes. However
not much work has been reported on application of CPEs for arsenic detection using ASV.
CPEs can be made more sensitive to arsenic by modifying the process of paste making. Carbon
nanotubes (CNTs) and carbon nanoparticles (CNPs) have demonstrated very low detection
limits and these are the versions of carbon electrode with highest sensitivity [44-46]. Though
the detection limits as low as 0.05 pg/L have been reported, the application of CNTs have been
limited because of involvement of time-consuming preparation of chemical modifiers in the

process.

2.3.1.2 Microelectrodes

Microelectrodes (ME) or sometimes referred to as ultra-microelectrodes (UMES) are
the electrodes with dimensions in micrometer/sub-micrometer scale. Specifically, whose
dimensions are comparable or almost same as that of diffusion layer. MEs are preferred to
macro electrodes in the present day research owing to their advantages such as high mass

transport. Also, because of smaller surface area, they have low immunity to ohmic drop, less

29



_— O | ]

g h i

fa\ | LA

Figure 2.10 Microelectrode configurations: (a) disk, (b) cylinder, (c) hemisphere, (d) band, (e)
ring, () sphere cap, (g) cone, (h) nanopore, and (i) recessed microelectrode

background current and improved signal to noise ratio [47]. Figure 2.10 (directly adapted from

[47]) shows various configurations in which MEs are synthesized.

Gold ME/gold micro wire electrode has been the most popular choice as working
electrode for arsenic detection using anodic stripping voltammetry [9,48-54]. The sensitivity
of the MEs can be enhanced by reducing the diameter of the ME in application. Chi Zhou and
et al. have reported an improvement by 1.5 times in sensitivity by reducing the diameter of
gold ME from 25.67 to 15.41 pum while detecting As(I11) in 0.5M H>SO4. They have also
reported a 2.8 times reduction in detection limit for As(l11). For As(V) detection in 0.25M
HCI, they have reported an improvement of 1.6 times in selectivity and an improvement of 2.5
times in detection limit. They reported detection limits of 2.6 pug/L and 3.9 pg/L.for As(V) and
As(111) respectively.

2.3.1.3 Nanoparticple/Nanostructure Based Electrodes

Most research found GCE as a suitable substrate for gold nanoparticle (AuNP) or gold
nanostructure deposition [46,55-59]. Screen printed electrodes (SPEs) are the next popular
choice for AuNP deposition [60-62]. AuNP deposited SPEs and Ibuprofen-Au nanostructure

electrodes have achieved arsenic detection limits of 0.4 pug/L and 0.018 ug/L respectively
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The nano gold crystal violet (Au-CRV) film deposited on GCE and indium tin oxide
glass electrode was examined and it is found that nano-Au-CRV film on GCE had greater
sensitivity and achieved detection limit of 15 pg/L in both simulated as well as drinking water
samples [63]. In the most recent work, Trachioti et al. have prepared gold nanoparticles from
eutectic Au/Si alloy (Au - 97%, Si - 3%) by passing a 1.2 kV electric discharge between Au
and screen-printed electrode. When compared with gold nanoparticles synthesized from only
metal - gold(AuNP), eutectic gold nanoparticles (eAuNPs) were approximately 2.4 times more
electroactive and 5 times more sensitive. The analysis time was also lesser for eAuUNPs as
compared to AuNPs and achieved an LOD of 0.2 pg/L [60].

Gold electrode has been the dominant choice across all the research in detection of As
using ASV. However, presence of other heavy metals in the sample being analyzed hampered
the sensitivity of arsenic detection. Metals such as antimony, bismuth, copper, iron, mercury,
selenium, silver and zinc, when coexist with arsenic in the analyte solution, tend to interfere
with the stripping peak produced by the ASV experiment [11]. Of these metals, copper poses
a serious problem with interference. It is because copper is also present in water sources almost
as abundant as arsenic and the stripping peaks of arsenic and copper are seen in same potential
window while detected by ASV. Also, during the deposition (pre-concentration) phase of the
ASV experiment, copper forms an intermetallic compound — copper arsenide that could

produce an overlapping peak with that of arsenic.

Numerous works have been reported in an attempt to mitigate the interference caused
by Cu (I1) during the detection of As (I11). The solutions provided could be categorized into
the following:

2.3.1.4 Electrode Modification

Many materials have been modified to be used as working electrode for increased
sensitivity and immunity towards interference. Few examples are solid metals, carbon
nanostructures, metal oxides, organic ligands, enzymes, polymers, bi-metallic and
biomolecules [64]. Variants of gold electrode such as mercaptoethylamine modified Au
electrode [65], L-Cysteine modified gold electrode [66], Au microwire electrode [35,67]and
lateral gold electrode [68]were used successfully to demonstrate arsenite detection without

interference from copper. Various gold nanoparticle (GNP) modified electrodes were also of
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great interest to study the interference of Cu (1) in determination of As(l11). Few of the recent
works in this area are GNPs deposited on glassy carbon electrode and basal plane pyrolytic
graphite electrode [69], GNP modified screen printed electrode [61], nanorod like a-MnO>
decorated with ~ 5 nm GNPs [55] and glassy carbon electrode modified with internal-
electrolysis deposited GNPs [70]. Some contribution has been reported using platinum
nanoparticle modified glassy carbon electrodes [71] and most recently using thoria

nanoparticle-carbon paste electrodes [72].
2.3.1.5 Choice of Supporting Electrolyte

Mineral acids such as sulfuric, nitric, perchloric, phosphoric, and hydrochloric acids
with varying molarities were used more commonly as supporting electrolytes across majority
of the research contributions in determination of As (111). Of them, HCI have been the preferred
choice. However, interesting results have been reported mentioning less or no interference of
Cu (I1) when ASV is conducted with a variety of solutions other than pure mineral acids as
supporting electrolyte. ASV was successfully conducted in a mixed EDTA-phosphoric acid
as supporting electrolyte to detect As(111) in the presence of 30 times Cu(ll) [40]. Few other
choices made for supporting electrolytes for electrochemical detection of arsenite are HCI
containing 8 mM ammonium 2-amino-1-cyclopentene-1-dithiocarboxylate [73], acetate
buffer solution (with CV) [45], Britton-Robinson buffer solution with acetylthiocholine iodide
stock solution [74], phosphate buffer solution [65,75], HCI with addition of surfactant Triton
X-100 [76] and HCI with complexone 111[39].

2.3.1.6 Enhanced Mass Transfer

Formation of hydrogen bubbles during pre-concentration phase would severely affect
the detectability of arsenic in the experiment[77]. The interfacial region between the working
electrode and the solution is the area where accumulation of charges happens. To compensate
for the excess charge on the electrode, it attracts a layer of oppositely charged ions near the
interfacial region. This results in an “electrical double layer”. Also, the bulk concentration of
the analyte in the solution differs to that near the electrode. Therefore, a “diffusion layer” is
created. The thickness of the layer could be as much as 10nm depending on the ionic strength.
The charge accumulated in the layer is responsible for the “background current” that limits the

sensitivity of ASV[78].
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The interference from Cu (Il) added up to hydrogen bubbles and diffusion layer
significantly affects electrochemical determination of As (IlIl). The detectability of the
experiment can be enhanced by making sure that concentration around the electrode surface is
same as the bulk concentration. A magnetic/mechanical stirrer is employed in the majority of
the works to enhance the mass transfer around the electrode. A successful attempt was made
using an array of droplets of silicon oxinitride on the surface of a gold electrode which form a
protective surface against diffusion and prevents the interfering metal from reaching the
electrode [33]. Few other notable works in this area made use of a rotating electrode or made
an external rotor/a vibrating motor a part of the electrode making it “vibratable” [9,48,58,77].
Application of ultrasound also had resulted in reduction of copper interference [30]. Another
logical approach for the elimination of Cu(ll) interference would be to perform sequestration
[79]before ASV is conducted on the sample.

2.3.2 Literature Review — Engineering Perspective

Potentiostat is an indispensable component of an e-tongue experimental setup. With a
capability to interface with the modern day computers, scan rates those seemed unimaginable
two decades ago; are in use now. The advent of technology has resulted in miniaturization of
the circuitry and made the entire e-tongue setup highly portable. However, the cost of a
commercial potentiostat is still significantly high which can be a limitation for mass
deployment. Surprisingly the amount of research reported in reduction of the cost of the
equipment required for ASV is a very small fraction as compared to the work reported on
development of novel working electrodes. Almost entire work reported on design and
development of low cost potentiostat is very specific to a particular application and run either
linear sweep voltammetry or cyclic voltammetry. This section explains some notable
contributions that attempted to provide economic solutions for setting up e-tongue

experimental systems.

George Lauer et al reported pioneering work in design of a potentiostat for running
double step chronocoulometry in an attempt to automate the data acquisition system using a
digital computer [80]. Figure 2.11 shows the schematic of the system proposed in the work.
The electrochemical cell is interfaced to a computer and an analog to digital converter (ADC)

through an analog cell-control instrument. The computer, with help of additional digital
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Figure 2.11 Schematic of data acquisition and analysis stem proposed by George Lauer et al.

circuitry, applies the necessary input voltage potential through the analog cell-control
instrument and the current responses from the cell are fed into the ADC, which transforms the
analog current signal to discrete digital sample that could be stored conveniently as a number

in the computer.

The design of data acquisition and analysis system proposed in the work is in line with
present day potentiostat designs even after five decades. Present research effort had rightly
foreseen that the adaptation of computers into electrochemical experimental setup would solve
a multitude of problems with rapid analysis times analyzing complex data received from
various experiments. Soon enough lot of innovations and design changes were introduced and
a potentiostat interfaced computer is so embraced by the research fraternity that
electrochemical analysis is one of the most popular technique for the analysis of electroactive
species [81,82,91-100,83,101-110,84,111-113,85-90].

Most common application of a potentiostat is in lab-on-a-chip/system-on-a-chip
solutions such as glucose meters. Minimal size, light-weight, low power consuming
potentiostat is the need in these devices [85,88,100,102,104,106,112].
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The next popular application of a potentiostat is to run linear sweep voltammetry or
cyclic voltammetry [80,89,116-118,101,102,105,109,110,110,114,115]. Few attempts were
reported to provide low cost implementation for potentiostat to make them affordable for high-
school and promote the course of electrochemistry [98,102,110]. There were research articles
reporting potentiostats for monitoring/detection of heavy metal ions as well; however, limited

to either linear sweep voltammetry or cyclic voltammetry [87,90,92,95,111].

Umar et al in their report, claim that the low cost potentiostat presented can be used for
monitoring heavy metal ions in water [111]. However, validation for the field deployment of
the solution is yet to be evaluated. Cheapstat, an open-source potentiostat developed by Aaron
et al produce promising results for detection of arsenic in water samples using ASV [98]. They
devised the product to be versatile which can perform CV, LSV and stripping voltammetry.
They have also demonstrated application of Cheapstat for detection of As (V) using ASV.
Whether Cheapstat could be employed for detection of As(l11) across various concentrations
without interference from other elements is yet to be tested and validated.

Another notable work in detection of As(lll) using e-tongue (though not ASV) was
reported by Philip Wu et al [107]. They have developed Aquasift — a low cost potentiostat for
electrochemical detection of contaminants in drinking water. They made use of differential
pulse voltammetry for the purpose. They have demonstrated that the increasing current peaks
along with the increase in arsenite concentration is an indication that the device could be used
for electrochemical determination of arsenite up to 50 pg/L beyond which the current response
IS saturated.

2.4 Summary
In terms of cost of investment, time taken for analysis, portability, accuracy, safety-to-

use and expertise required, ASV has a clear edge over other conventional analytical techniques
such as AAS, ICP-MS and Colorimetry. Most of the research done in the field of ASV has
been concentrated around reducing the detection limits of ASV. However, not much notable
work had been taken up so far in reducing the cost of the ASV experimental setup. The present
dissertation intended to fill this gap so that with cheaper instrumental cost, mass deployment

of arsenic detection activity could be initiated.
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3 EXPERIMENTATION WITH ARSENIC
CONTAMINATED WATER

The prime motive of this research was to develop a novel and an economic electronic
tongue experimental setup that can reliably detect and estimate the amount of arsenic present
in a given aqueous sample. Copper is as abundantly present as arsenic in aquifers and causes
interference during electrochemical detection of arsenic. Therefore, the arsenic quantifier to
be developed should also be immune to the copper interference. A lot of research is being
pursued in this direction to address the arsenic problem. Innumerable contributions have been
reported proposing a large variety of working electrodes that are synthesized to detect ultra-
trace amounts of arsenic as low as part-per-trillion. However, this research was focused on
development of an economic e-tongue that could detect arsenic levels as low as 2 ppb which
is well below the WHO proposed guideline limit of 10 ppb for arsenic and costs almost one-
tenth of the commercially available potentiostat used for performing anodic stripping
voltammetry (ASV).

This chapter delineates the practical aspects of experiments conducted employing
commercially available potentiostat for detection and quantification of arsenic in water
samples using indigenously developed software. The optimal set of parameters used are
provided along with details of the materials and equipment used. ASV was performed using a
3-electrode e-tongue. The performance of gold wire as working electrode was analyzed with
varied supporting electrolytes, varying concentrations of supporting electrodes, varying
deposition voltages and sampling frequencies before arriving at the optimal set of parameters
for ASV. Observations made during study of copper interference in quantifying arsenic are

also presented.

The experiments conducted using the setup explained in this chapter are a proof-of-
concept for development of an economic field deployable e-tongue setup which is discussed
in Chapter 4.
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3.1 Experimental Setup

Figure 3.1 depicts a typical e-tongue setup to perform ASV. The following is a brief

description about various major components of the ASV experimental setup:

R Potentiostat
| e

electrode
DAS /

Computer

Au working
electrode

Ag/AgCl Reference Electrode

W’cor\ ‘ Magnetic stirrer
bead

tip ==

Figure 3.1 Schematic of a typical e-tongue experimental setup (not drawn to scale)

3.1.1 Electrochemical Cell

The electrochemical cell is the placeholder of the sample analyte solution where all the
required electrochemical reactions occur. The cell is generally a small glass container with
enough room to accommodate the analyte solution and the electrodes necessary. It also
contains a provision to pump-in a gas (such as nitrogen) to provide an inert environment during
the experiment. This research used Dr. Bob’s electrochemical cell procured from Gamry
Instruments (USA) for conducting all the ASV experiments. Figure 3.2(a) shows image of the
cell and Figure 3.2(b) shows image of the cell with various electrodes inserted for conducting
the experiment. The analyte solution is needed to be stirred for providing uniform
concentration around the electrode’s surface during the ASV experiment. Therefore, the cell
setup shown in Figure 3.2(b) was placed on top plate of a magnetic stirring setup with the

magnetic bead placed inside the cell.

The electrochemical cell holds the simulated arsenic contaminated solution, a magnetic

bead and the following three electrodes:
I. A 24-carat gold wire (length: 5mm, width: 0.6mm) used as working electrode
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ii. Commerical Ag/AgCl in 3M NaCl (Model No. 012167 RE — 1B, ALS Co., Ltd.)
used as reference electrode

iii. A platinum wire (length: 5mm, width: 0.4mm, part no. 935-00056, Gamry) used
as counter electrode

A detailed description of the purpose and function of these electrodes are given in

Chapter 2. These electrodes are connected to various leads of a potentiostat.

(a) (b)

Figure 3.2 (a) Electrochemical cell (b) A typical electrochemical cell with required electrodes
inserted to conduct the experiment.

3.1.2 Potentiostat

A potentiostat is the central control unit for any electrochemical experiment. A
feedback amplifier that is instrumental in maintaining a fixed voltage between working
electrode and the reference electrode. The present-day commercial potentiostats are versatile
instruments that can apply a variety of input voltage patterns across the working electrode and
also record the current responses from the electrodes in digital form. This research employed
Reference 600, a commercial potentiostat procured from Gamry Instruments, USA (shown in
Figure 3.3). The potentiostat is connected to various electrodes through appropriate leads on
one end and is connected to a PC through USB at the other end. There are six leads available
— working, working-sense, counter, counter-sense, reference and ground.  During
experimentation, working and working-sense leads are connected to the working electrode,
counter and counter-sense leads are connected to the auxiliary electrode, reference lead is

connected to the reference electrode and the ground lead is generally connected to a faraday
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cage. The required voltage patterns are applied to the working electrode by the potentiostat

upon directions given using a PC as needed through a data acquisition software (DAS).

Figure 3.3 Reference 600 potentiostat
(Image source: www.gamry.com)

3.1.3 Data Acquisition Software (DAS)

DAS is a driver software that can be used to instruct the potentiostat to behave as
required by the user. A DAS also has additional capabilities. The DAS is used for generating
the series of voltage signals across working and reference electrodes and then for recording the
electrochemical signals generated by the cell. Every commercially available potentiostat is
accompanied with its corresponding DAS. Gamry too has provided DAS that contained two

software modules:

i Framework — that can be used to choose the electrochemical experiment to be
performed, set up various parameters required to run the experiment, initiate the
experiment and during the experiment, record the current signatures as received
from the potentiostat into a file for further analysis. This module is bundled
with two packages, Physical Electrochemistry Experiments (PHE200) and
Pulse Voltammetry (PV220). These packages contain various electrochemical
or voltammetric experiments that can be performed using the potentiostat. They
provide dialog boxes, which can be used to set up parameters as per the

requirement and run the experiment. Figure 3.4 shows a sample dialog box.
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Square Wave Stripping Voltammetry

Echem Analyst - That can be used to load data from the files created by

Framework module and analyse. The module provides various useful features

such as finding peak current, subtracting background, linear fitting of data, etc.

Figure 3.5 shows a sample screenshot of the package.
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Figure 3.4 A sample dialog box from package PV220 for setting up parameters to
run square wave stripping voltammetry

3.1.4 Magnetic Stirrer

Magnetic stirrer (Model MC-02, Tarsons) was used to continuously stir the sample
analyte during electrodeposition phase of the ASV experiment. Stirring helps to control mass

transfer making sure that ideally bulk concentration is maintained and no concentration
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gradient occurs around the electrode surface. Figure 3.6 is an image showing all the major

components of the e-tongue experimental setup employed during this research.
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Figure 3.5 A sample screenshot of Gamry Echem Analyst
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Figure 3.6 E-tongue experimental setup with commercial potentiostat used in the research
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3.1.5 Materials and Reagents

Table 3.1 enlists the reagents that were employed to run ASV experiments using the e-

tongue setup with commercial potentiostat.

Table 3.1 List of reagents used during arsenic detection using ASV using commercial potentiostat

Description Manufacturer

Arsenic trioxide (As203) Loba Chemie Pvt. Ltd

Hydrochloric acid (HCI, 36%) Fischer Scientific Pvt. Ltd.

Cupric chloride dehydrate (CuCl».2H-0) Rankem

Potassium hydroxide pellets (KOH) Merck

Hydrogen peroxide (H202, 30%) Merck

Masterprep polishing suspension (alumina, Buehler

0.05)

Deionized water (18MQ) Milli-Q Ultrapure Water Purification System

Stock Solution Preparation:

A 75 pg/L stock solution of As (I11) was prepared by dissolving 19.81 mg of As20s in
8.3ml of HCI and then making up to 100ml with MilliQ water.

Similarly, a 75 pg/L stock solution of Cu (I1) was prepared by dissolving 50.30 mg of
CuCl2.2H,0 in MilliQ water with 1M HCI and further lower concentrations were prepared by

dilution method.

For each concentration of arsenic, in order to study the interference pattern of copper
over arsenic detection, five different samples with varying levels of copper (1x, 5%, 10x, 50x
and 100x times the arsenic present in the sample) were prepared. All solutions were prepared

with 1M HCI as supporting electrolyte and stored at room temperature.

3.2 Experimental Procedure

The ASV experiment was conducted as explained in section 2.2.2.1. The objective of
the experimentation was to achieve an optimal set of parameters for anodic stripping

voltammetry that would yield appropriate quantification of arsenic present in the simulated
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samples. Later, those ASV parameters were confidently used for designing an “e-tongue-

based” indigenous arsenic estimator.

Any experimental investigation at present time needs rigorous design of experiments
(DOE) apriori of conducting them. DOE is a systematic and efficient procedure to find the
relationship between inputs affecting a process output. The objectives of experimental design
are maximum possible inferences through minimum number of experimentation, identifying
the most important inputs and interaction among them, reduction of error in measurements
with enhanced confidence in results, and quantizing the inputs to optimize (maximize or
minimize) the output. There are different types of DOEs’: OVAT, Full Factorial design,
Fractional factorial design (Taguchi designs), Response surface design, Mixture design, EVOP

(evolutionary operations), and Plackett-Burman Design (two-level fractional factorial design).

OVAT (one-variable-at-a-time) experimentation is popular one. It involves variation
in the level of an input (with levels of all other inputs being fixed) to find the level that imparts
an optimal output. This procedure is then repeated for each of the remaining inputs. The inputs
that were varied in previous sets of experiments are kept at levels that gave optimal responses.
OVAT was used to optimize the process output (Current signature) by tailoring the main
factors; such as deposition voltage, deposition time, equilibrium time, voltage sweep

range/stripping potential, pulse size, and step voltage.

For the present case, to find out a main effect (amount of current) using OVAT, 32
experiments for the lower level of that variable and other 32 experiments for the higher level
of that variable keeping other input factors or variables constants. Hence, for six factors total
384 numbers of experiments had to be conducted. The OVAT approach necessitates more
experiments than the factorial design plans. Experiments were triplicated and averaged, which
ensured the reduction in measurement errors. The OVAT approach does not provide

information on the impact of the interaction among inputs on the response.

The following is the list of parameters that affect the current response generated from

the sample solution during ASV experiment.
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)] Deposition potential:

This is the negative potential applied at the working electrode during deposition
step of ASV experiment. The deposition potential should be near to the half-wave potential
of the analyte. During this research -0.4V was found to be optimal value for deposition
potential.

i) Deposition Time:

Time during which the analyte (As) is allowed to undergo reduction and get
deposited on the electrode. This is the duration of the preconcentration step. The sample
solution can be optionally stirred during the deposition phase.

i) Equilibration Time

This is the time after which stirring action is stopped and the analyte solution is
allowed to settle before stripping step begins. Typical equilibration time duration is 5 to
30 seconds. Five-second duration was chosen as equilibration time for all the experiments
performed.

1v) Stripping Potential Range

This is the input potential range that is applied at the working electrode, which
involves a positive-going potential scan to cause re-oxidation of the metal deposited during
deposition step. Various ranges of input potential ranging from -0.8 to -0.2V were tried
out across all concentrations and the scan potential range from -0.4 to +0.6V generated
reliable current signatures that would enable to distinctly quantify the arsenic content in
the contaminated water.

V) Pulse Size

Pulse size is the incremental value that is added to the present input potential to
generate next input potential until the highest value in the stripping potential range is
reached. The current responses were closely observed by varying pulse size from 10 mV
to 50 mV. A pulse size of 25mV was found to be the optimal value across all

concentrations.

44



Electrode Preparation:

To prepare for the experimentation, weekly once, the gold electrode was put in a
mixture of 50mM KOH and 25% H»0- for 10 minutes followed by potential sweep from -
200mV to -1200mV in 50mM KOH. Then after rinsing well with Milli-Q water, the electrode
was sonicated for 10 minutes, dried and polished using a 0.05u polishing grade alumina on a
polishing pad and finally the electrode was rinsed to remove the traces of adhering alumina

particles.

Simulated Arsenic Solution Samples:

Samples of lower concentration of arsenic were prepared (250 ppb, 225 ppb, 200 ppb,
175 ppb, 150 ppb, 125 ppb, 100 ppb, 50 ppb, 25 ppb, 10 ppb and 5ppb) by dilution method
from the stock solution. The concentration 5 ppb was chosen as the lower limit for testing as
it is sufficiently below the WHO guideline of 10 ppb for arsenic in drinking water. Required

amount of HCI was added to each sample as supporting electrolyte [119].

Experimentation:

A 25ml of analyte solution was transferred into the cell and various leads of the
potentiostat were connected to the electrodes. The "'SWASV procedure was run with
parameters as given in Table 3.2 and the resulting voltammogram was recorded into a file by
the DAS. The voltammograms were recorded three times for each sample and their mean was
considered for analysis. In between the experimentation, for every sample, the electrode was

buffed with polishing pad with alumina (0.05u) and rinsed well with Milli-Q water.

Study of Cu(ll) interference:

To analyse the interference of Cu (I1) during electrochemical detection of As (l11), for
each concentration of arsenite its variants containing different concentrations (1x, 5x, 10x, 50x
and 100x times the concentration of arsenite) of Cu (Il) were prepared and SWASV was

performed on all the samples.

All the potentials mentioned throughout the thesis are measured against Ag/AgCl (3M

NaCl) reference electrode.
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Table 3.2 Optimised parameters for SWASV experiment

Parameter Value
Deposition voltage : -0.4v
Deposition time : 180s
Voltage sweep range : -0.4 to +0.6V
Pulse size : 25 mV
Step voltage : 1mvV
Sampling frequency : 25 Hz
Supporting electrolyte 1 M HCI

3.3 Results and Discussion
3.3.1 Optimization of SWASV parameters

To arrive at the optimized set of parameters, numerous trials of experiments were
conducted by varying important parameters of the experiment. This section explains how these
parameters affect the detection of arsenic using SWASV and why a particular value was chosen
as an optimal value. All experiments were conducted in triplicate and only the mean of three
trials are considered for plotting. Since all the experimental data shown in various plots is the

mean data, error bars are not shown.

3.3.1.1  Arsenic Concentrations under Test

Constant care was taken throughout the research that the optimized set of parameters
are chosen such that SWASV performed using these parameters would successfully detect and
quantify arsenite across all the concentrations under consideration even in the presence of
copper in the analyte solution. The various arsenic(l111) concentrations considered during the
study were 5 ppb, 10 ppb, 25 ppb, 50 ppb, 100 ppb, 125 ppb, 150 ppb, 175 ppb, 200 ppb, 225
ppb and 250 ppb.

3.3.1.2  Choice of Supporting Electrolyte

HCI has been the most popular choice for SWASV of arsenic in water samples
throughout the literature. During the present work, H.SO4 and HCIO4 were also tested as
supporting electrolyte. For the same concentration, HCI has the highest sensitivity (higher
peak current recorded per concentration) as compared to the other two mineral acids. The

increased sensitivity for HCI can be attributed to the theory that the CI- ions facilitate the
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reduction of arsenite by acting as an ionic bridge between the working electrode and the
arsenious ions as per the following reactions:
As(OH)2 + CI- + € > As(OH)CI + (OH)- 3.1
As(OH)CI + CI-+e > As(l)
As(l) +e > As

HCI was used as the supporting electrolyte during this research.

3.3.1.3  Molarity of Supporting Electrolyte

Study was made on the variation of peak current with increasing molarity of the
supporting electrolyte. Supporting the theory of CI- facilitating reduction of arsenite, the
recorded peak currents increased along with the increasing molarity of HCI. Trend of the peak
current along with change in HCI molarity is depicted in Figure 3.7. Though 2M and 3M
concentrations of HCI yielded higher currents, 1M HCI was chosen to be the optimized
concentration because with samples containing higher concentrations of arsenic, the current
response was getting saturated owing to high current responses generated and therefore

affecting the linearity relation between peak currents and arsenic concentrations.

Molarity of Supporting Electrolyte vs. Peak Current
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Peak Current (nA)
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Figure 3.7 Variation of peak current with molarity of supporting electrolyte — ASV runs performed
on solutions containing 5ppb arsenic.
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3.3.1.4 Deposition Time

Deposition time is the duration during which the arsenite in the analyte solution is
allowed to get deposited on the working electrode. Experiments were conducted to study the

Deposition Time vs. Peak Current
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Peak Current (uA)

r T . I r
0 100 200 300
Depositioin Time (s)

Figure 3.8 Variation of peak current with different deposition times — ASV runs performed
on solutions containing 5ppb arsenic.

effect of change of deposition time on ASV. Current signatures were recorded varying
deposition time from 30 seconds to 5 minutes. The sample solution was constantly stirred

using a magnetic bead during the deposition time. Figure 3.8 shows the trend of current peak

variation with increasing deposition time.

As can be seen from the figue, the peak current recorded is directly proportional to the
duration of the deposition time. Highest peak current (250 pA) was recorded for 300s of
deposition time. However, it was observed that the deposition times 240 and 300s produced
higher peak currents that saturated the output of the potentiostat for subsequent higher
concentrations of arsenic above 5 ppb and hence found not suitable for maintaining linearity
relation between peak currents and arsenic concentrations. 180s was chosen as an optimum

value for deposition time as it resulted in linear response of ASV of arsenic across all the
concentrations under test.
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3.3.1.5 Deposition Potential

Deposition potential is responsible for the electrochemical deposition of arsenic on the
working electrode. This was chosen to be more negative than the standard reduction potential
of arsenic. Study was made on effect of variations in deposition potential on the detection of

Deposition Voltage vs. Peak Current

100 4 L]

50 4

Peak Current (uA)

v T T v
0.8 -0.6 0.4 0.2 0.0
Deposition Voltage (V)

Figure 3.9 Peak current as a function of deposition potential — SWASV run on 5 ppb As (I11) solution
arsenic. Figure 3.9 shows the peak current responses recorded as per the variations in
deposition voltage from -0.7 to -0.1V. The data was collected by running SWASV on 5 ppb
arsenite solution with 1M HCI as supporting electrolyte. The same is summarized in Table
3.3. Upon inspection, it was found that the deposition potential of -0.4V produced the highest
peak current. More negative deposition potentials did not produce higher peak currents
because of generation of hydrogen bubbles hampering electrodeposition of arsenic. -0.4V was
chosen as optimal value for deposition potential.

Table 3.3 Peak currents recorded during SWASV of 5 ppb arsenic solution for various deposition
voltages

Deposition Voltage (V) Peak Current (nA)

-0.1 11
-0.2 31
-0.3 74
-0.4 114
-0.5 108
-0.6 101
-0.7 69
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3.3.1.6  Equilibration Time

300
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Figure 3.10 SWASV responses of As (I11) concentrations varying from 5 ppb to 250ppb.

This is the time during which the solution is allowed to settle after stirrer is turned off
before the arsenic is stripped off the working electrode. It was found that a 5-second duration
would suffice for the solution to get settled before stripping step begins. Equilibration step
helps in two ways — it allows solution to attain quiescent state thereby avoiding movement of
ions because of convection and it is reported that maintaining the working electrode at
deposition potential during equilibration time will result in significant reduction in non-

faradaic (background) current thereby increasing the sensitivity of the experiment [120].

3.3.1.7 Sampling Frequency

The rate at which the samples are measured defines the sampling frequency.
Experiments were performed with sampling rates varying from 10 Hz to 100 Hz. It was found
that the lower peak currents were recorded as 10 Hz and 100 Hz runs picked up noise.
Therefore, a sampling frequency of 25 Hz was chosen as optimal value.

After the optimal set of parameters are obtained, SWASV was performed on simulated
water samples with parameter set as per Table 3.2. The experiments were conducted in two
phases: once on water samples containing only arsenic and then on water samples containing

arsenic along with varying concentrations of copper.
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3.3.2 SWASV on Water Samples Containing Only Arsenic

Experimentation was done on simulated arsenic samples varying concentrations from
5 ppb to 250 ppb. The voltammogram showing current responses of the samples is shown in

Figure 3.10. The numerical data pertaining to the figure is presented in Table 3.4.

The peak currents were recorded as 114 pA and 240 pA for concentrations Sppb and
250 ppb respectively. All peaks were around the voltage range from 0.3 to 0.34V as can be
observed from the table. The calibration curve for the entire concentration range is shown in
Figure 3.11

Table 3.4 Data for SWASYV of samples containing only arsenic (using commercial potentiostat)

As(111) Concentration Peak Voltage Peak Current (pn

(ppb) V) A)
5 0.3225 114
10 0.3275 124
25 0.3205 131
50 0.3185 143
75 0.3205 156
100 0.3255 160
125 0.3245 180
150 0.3175 190
175 0.3095 198
200 0.3155 218
225 0.3365 229
250 0.3165 240

Quantification of Arsenite In An Unknown Sample

For guantification using PCA, a data matrix is created by recording current signatures
of various known concentrations of arsenic varying from 250 ppb to 5 ppb. The data matrix
resulted from the collected experimental time series signatures was 603x10. Mean of three
samples were taken for each category of arsenic solutions, hence, a data matrix of 201x10 was
considered for PCA decomposition. The resulted scores were projected along two principal
component directions as shown in the Figure 3.12. The percentage variances captured were
67.2%, 21.1%, and 6.5 % by PC1, PC2, and PC3, respectively. Since, the first two principal
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Figure 3.11 Peak Current as a function of As(ll1) concentration

components (PCs’) captured 88 % of the total variance of the data considered, the scores were
calculated using first two PCs’ only. The data belonging to the different concentration of
arsenic samples find themselves segregated in different clusters possessing individual cluster
centers. When an unknown arsenic sample is considered, and the data is projected into PCA
space, the unknown sample finds its place into an appropriate cluster following the nearest

neighborhood principle.

Figure 3.12 reveals the fair amount of separability among the data pertaining to
different concentrations in ppb level and the authentication of unknown sample. The unknown
arsenic contaminated solution was simulated by incorporating 5 % noise to any of the 10
category data (mean of the 3 samples). This very figure represents the authentication
performance of unknown 75 PPb arsenic solution. In Figure 3.12, 10 ppb, 75 ppb or 25 ppb
are some attributes or features to the PCA based authentication algorithm. It can’t discriminate
to put them in a hierarchy of concentrations. The algorithm could correctly authenticate the

unknown sample of arsenic to place it to the nearest neighborhood.

The Euclidean distance of each of the data points from the origin were calculated. Then
the distances were correlated with arsenic concentrations using cftool (MATLAB). The
resulting model is as follows:

f(x) = ax? + ¢, Goodness of fit: R-square: 0.9692 3.2
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Coefficients (with 95% confidence bounds):
a= 5.463e-013 (-8.87e-012, 9.963e-012)
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Figure 3.12 Unknown arsenic sample (75 ppb) authentication

b= 16.14 (8.148, 24.14)
c = 35.87 (-13.44, 85.19)

The parameters b and ¢ seem to be statistically insignificant, which can’t be denied.
For developing a good quantifier, the range of concentration should not be that large and the
arsenic concentration ranging from 100 ppb down to the 5 ppb level is crucial to be quantified
and monitored. An exhaustive data collection within that range will ensure the successful

quantifier development.

3.3.3 Study of Interference of Copper during SWASV of Arsenic

Other cations like Bi, Cr, Cu, Pb, Sb, Se, Sn, Te and Zn are known to interfere during
the electrochemical detection of arsenic. Of these, Cu is the most common interfering element.
This research was hence centered around studying the influence of presence of copper during
detection and estimation of arsenic using SWASV. For each concentration of arsenic tested,

five samples of the same concentration containing 1x, 5x, 10x, 50x and 100x times copper
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Figure 3.13 SWASV of 75 ppb As(l11) with Cu(ll) added in the quantities of 1x, 5%, 10x,
50x and 100x times of As(l11) concentration.

were prepared. SWASV runs were performed on all of these samples and current signatures
were recorded. Figure 3.13 shows one such case with 75 ppb of As(Ill) and its variants

containing Cu(ll) concentration equal to 1x, 5x, 10x, 50x and 100x times of As(l1I).

As seen from Figure 3.13, the Cu (I) and As (111) peaks are distinctly produced with a
minimum distance of 250 mv between them. As (I1l) produced slightly higher peak in the
presence of Cu (1) than pure As (111). We attribute this slight increase in the height of the peak
to the contribution of copper arsenide that would have formed.

Similar trend was observed across all concentrations of As (I11) studied with Cu (lI)
presence and a summary is shown in Figure 3.14. Figure 3.14(a) shows SWASYV response of
pure As (I11) solutions of concentrations from 5 — 250 ppb. The maximum peak currents for 5
ppb and 250 ppb are 116.5pA and 240pA respectively. Figure 3.14(b) corresponds to
voltammograms of As (I11) solutions of same concentrations under study with equal amount
(1x) of Cu (Il) added. The peak currents have been recorded as 165.2pA and 279.9pA
respectively for 5 ppb and 250 ppb, which are slightly more than those recorded by pure As
(111) solutions. Figure 3.14 (c) presents current signatures recorded after adding tenfold (10x)
Cu(ll) to As(111) solutions and current peaks are at 1804A and 433.7A while with hundredfold
(100x) Cu(ll) added, the peaks were recorded at 240.8pA and 540pA (Figure 3.14 (d)). A

trend is seen such that with the increase in concentration of Cu (Il), the peak heights produced
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Figure 3.14 SWASV responses of samples containing: a) pure As (I11) b) As with 1x times Cu(ll) c)
As with 10x times Cu(Il) d) As with 100x times Cu(ll)

by As (I11) also increased. Cu (1) did not produce any significant peak when present in equal

concentration (1x) with As (I11). However, at higher concentrations (10x, 50x and 100x) Cu
(1) peaks reached as high as 2.2mA.

Figure 3.15 depicts the trend in change of peak currents produced by various As (I11)
concentrations with varying Cu (I1). It was observed that the peaks produced by As (l11) in
presence of Cu (Il) are higher than those produced by solutions containing only As (lI).

However, this trend was observed to be less influential on lower concentrations of arsenic.

3.4 Electrodics

Electrodics deals with the physical chemistry of electrically charged interfaces. It deals
with the study of interface between the electrode surface and analyte solution, and the

processes that arise due to bringing those interfaces together. Electrodics has a vast scope for
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Figure 3.15 Plot showing trend in change of SWASV peak currents in presence of Cu (I1)

discussion as it encompasses a great deal of mechanisms that occur at the electrode-solution
interface such as the electrical double layer, charge diffusion, convection current, etc.
However, the discussion in this section is limited only to the practical aspects which might

help researchers who are looking into venture into electrochemistry — especially SWASV.

Reliability, reproducibility and accuracy should be the primal conditions that should be
fulfilled by any analytical method to be employed for detection and quantification of arsenic.
Same applies to SWASV as well. Working electrode, reference electrode and auxiliary
electrode are the three electrodes in an SWASYV experimental setup. The success of an SWASV

experiment lies majorly on the performance of these electrodes.

3.4.1.1 Aukxiliary electrode (or counter electrode)

Auxiliary electrode serves the purpose of completing the circuit and thereby enables
current flow. It is generally made of an inert metal (platinum in the present research for
instance). The counter electrode doesn’t participate in any redox reaction that occurs inside

the electrochemical cell.

3.4.1.2 Reference electrode

A reference electrode is an electrode of known constant potential and no redox
reactions occur at this electrode. All voltages measured in SWASV experiment are with

respect to that of reference electrode. An ideal reference electrode does not change its potential
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Figure 3.16 Schematic diagram of Ag/AgCl reference electrode

even though current flows through it. Saturated calomel electrode (SCE) and Ag/AgCl
electrode are the two reference electrodes that are employed as reference electrode for decades.
Ag/AgCl is the most recommended and the most used reference electrode of the present day
because of simple design, low cost and construction using non-toxic components. This
research employed Ag/AgCI reference electrode in all the experiments and therefore the same

is discussed in this section.

The main characteristic of an ideal reference electrode is that the electrode should be
“non-polarizable” — meaning the electrode’s potential does not vary with the current flow
through it. However, the practical reference electrode cannot behave ideally. Therefore, it is
operated in the potential range where its behavior is almost ideal. It is not exaggeration that
when an electrochemical experiment does not produce a current output as expected, then most
probably the problem lies with the reference electrode. An improperly maintained reference
electrode causes incorrect results in electrochemical experiments. Knowledge about
constructional details and practical aspects of the electrode will help maintain it properly and

thereby mitigate undesirable results in the electrochemical experiments.

Figure 3.16 shows a schematic diagram explaining various components of the Ag/AgCl
reference electrode employed in this research. A silver wire coated with silver chloride is

enclosed in a thin glass tube of around 4mm filled with 3M NaCl solution. One end of the tube
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is fitted with a porous plug or a vycor® frit. The plug/frit will only allow the movement of
ions but not the NaCl solution (acts as a salt bridge). Another end is closed with a
rubber/plastic seal, which can be opened and closed; so that fresh NaCl solution can be added,
or the wire can be removed for maintenance. Another popular choice of filling solution is
either 3M KCI or saturated KCI.

The redox couple between silver and silver chloride is as given below:
AgCI(s) +e =Ag(s) + CI (aq) 3.3
The potential of the reference electrode (Eagcrag) is directly related to the concentration
of CI involved in the preparation of the electrode. Their relation is given by the equation
below:
Eagciag = 0.2223 — 0.05916 log [CI7] 3.4

where 0.2223V is the standard state reduction potential for AgCI/Ag electrode. Therefore, it
is evident that any change in the concentration of chloride ions will result in change in

electrode’s potential.

The remaining section details various factors that affected the electrode’s performance
during electrochemical experiments and the generic maintenance done during this research to

avoid erroneous results.

Chloride lon Concentration:

It is imperative that the reference electrode potential should be constant throughout the
SWASV experiments if their results are to be compared and the potential of the electrode
depends directly on the concentration of chloride ions in the filling solution. During the
SWASYV experiment, there is a large gradient of chloride ions across the porous plug/vycor®
frit with bulk CI" ions on one side of the frit and the sample analyte solution on the other side.
This gradient causes slow diffusion of chloride ions from the filling solution to the analyte
solution upon prolonged usage — which means change in chloride ion concentration in the
electrode solution and therefore, change in electrode potential. Another reason for change of

potential can be natural evaporation of water from the filling solution.
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Proper maintenance of the chloride ion concentration is very essential for correctness
in measurements during the experiments. Constant check was done on the electrode potential
during research. The potential of the electrode under use was compared periodically with
another internal reference electrode and whenever the difference was above 0.002V, the filling
solution was replaced with freshly prepared 3M NaCl solution and left overnight to stabilize
before it was used for running experiments. Also care was taken to not to put the electrode to
prolonged usage in the sample solution. When not in use, the electrode was stored in 3M NaCl
solution. Also, in between the experiments, reference electrode was removed from the

electrochemical cell and was placed in the solution.

Effect of Temperature:

The reference electrode potential is directly dependent on temperature. There can be
variation of as much as 10mV in the accuracy of measurements if experiments are not run at a
constant temperature. All the experiments in this research are executed at a constant

temperature of 25°C.

Internal Impedance of Reference Electrode:

The reference potential of the electrode is directly proportional to its internal
impedance. The lower the impedance of the electrode, the better is its performance. Change
in impedance of electrode means change in reference potential. Therefore, precautions must
be taken to counter any changes in the internal impedance of reference electrode. There are

two major reasons for increase in electrode’s impedance:

i The salt in the filling solution (NaCl or KCI) precipitates around the frit due to
natural evaporation of water from the solution or because of formation of
precipitates with the sample solution due to prolonged use. Deposition of such
precipitates will increase impedance of reference electrode and alters the
reference potential.

ii. Contamination of the frit due to prolonged usage of electrode is one more
reason. The vycor frit/porous plug loses its porosity because of cumulative

contamination caused during experimentation over a period of time.
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Figure 3.17 Cyclic voltammograms of 0.1mM K3Fe[CN]es reduced in 1.0 M KNOs as a supporting
electrolyte (a) and (b) run with high impedance Ag/AgCl reference electrode (c) run after the noise
was removed
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Increase in impedance of the reference electrode results in recording of noisy current
responses and this slows down the response of the potentiostat as well because the scan rate
has to be slower to reduce noise in the current signal. Whenever, regular maintenance of the
electrode is done, its performance was verified by running cyclic voltammetry with a standard
solution such as potassium ferricyanide. Figure 3.17 (a) and (b) shows cyclic voltammograms,
which were recorded using noisy reference electrodes on 0.1 mM potassium ferricyanide,
reduced in 1 M potassium nitrate. Figure 3.17 (c) represents voltammogram recorded after the
vycor frit was replaced and fresh NaCl was filled in and the electrode was allowed to stabilize

before cyclic voltammetry was performed.

3.4.1.3 Working Electrode

Working electrode surface is the area where all redox reactions happen in an
electrochemical cell. There are a variety of working electrodes in practice to detect arsenic in
trace amounts using SWASV. This research focused mainly on reduction of the cost of
potentiostat and increase the mobility of the experimental setup to enable in-situ analysis of
the water sources. So, an off-the-shelf electrode which doesn’t require complex procedure to
prepare for experimentation at the field level was needed to be used as working electrode. Gold
wire was the choice of this research. However, there are known limitations of using a metallic
macro electrode for ASV experimentation. The response of the gold wire electrode is
dependent on the “quality of the electrode surface”. The electrode surface suffers
contamination from past usage history, method of pretreatment used and also the oxide films
that form because of experimentation. Presence of oxide layer on the surface of the working
electrode is a serious problem for an ASV experiment because it inhibits the stripping process.

This problem is called passivation of the electrode.

Giacomino et al have proposed usage of cyclic voltammograms to study the
inconsistencies on the electrode’s surface and also to electrochemically activate the electrode.
For instance, cyclic voltammogram in Figure 3.18 was run on gold wire with linear potential
sweep from -0.4 to 1.2V. The oxidation peak that can be observed from the figure indicates
the Au electrode surface is optimal to run SWASV. Whereas in the cyclic voltammogram

shown in Figure 3.19, the absence of any significant peaks conveys the information that the
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electrode surface is severely passivated and hence cannot be used for stripping analysis

experiments.
ready for the experimentation before each run. In order to replenish surface quality of the gold

Therefore, proper preparation method is to be followed to make working electrode
wire, cleaning procedure as explained in section 3.2 (Electrode Preparation) was followed.
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Figure 3.19 Cyclic voltammogram of passivated Au electrode surface

3.5 Summary
quantification of arsenic using SWASV, firstly proof of concept was established by
successfully detecting arsenic using commercially available potentiostat. Gold wire was used

In the process of development of an economic version of potentiostat for detection and
as working electrode, Ag/AgCl electrode (3M NaCl) as reference electrode and platinum wire
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as counter electrode. Concentration ranges from 250 ppb to 2 ppb of arsenite were tested and
calibration curve was prepared. Any unknown sample could be analyzed using the data
available from the known solution concentrations followed by mapping the data from unknown
sample using multivariate statistical analysis techniques (principal components analysis).
With the proposed electrochemical experimentation setup, arsenic detection and quantification
was unaffected by the presence of copper concentrations up to as much as 100 times that of
arsenic. Various practical problems that might arise with electrodes during SWASV

experiments were also discussed and practices to mitigate those problems were suggested.
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4 DESIGN & DEVELOPMENT OF E-
TONGUE

The crux of this research lies in developing a reliable, economic version of commercial
potentiostat that can be employed in running SWASV experiments for on-field detection and
estimation of arsenic in given drinking water sample. After achieving proof-of-concept of
arsenic detection using SWASV with the 3-electrode setup using commercial potentiostat, the
next phase was to replace the potentiostat with a cheaper instrumentation that performs the

same functionality as the potentiostat and costs almost one-tenth of the potentiostat cost.

This chapter describes the design process of the hardware-software combination that
replaced the commercial potentiostat from the e-tongue setup. The e-tongue experimental
setup with the new circuitry was then used to detect arsenic concentrations from 250 ppb to as
low as 2 ppb. The e-tongue presented in this section was also immune to any interference from
copper during arsenic detection using SWASV. The last section presents results obtained
while analyzing water samples collected from various sites of 24-paraganas district (West

Bengal state, India) validated against those from AAS.

4.1 The Electronic Tongue

This section reveals the incremental development of low-cost, field deployable
electronic tongue setup for detection and quantification of arsenic in aqueous samples. This

was achieved by eliminating the usage of commercial potentiostat in SWASV experiments.

Figure 4.1 shows the e-tongue system that employs a potentiostat for generating input
potential sequence and recording current signatures. A data acquisition software (DAS)
controls the operation of the potentiostat. The potential sequence to be applied to the
electrochemical cell through potentiostat is directed through the DAS and it is responsible for
recording the current-analogous-voltage output produced by the potentiostat into a file. Hence,
the potentiostat is the interface between the PC and the analyte for recording current signatures.
However, a commercial potentiostat contributes to almost more than 90% of the total cost of

the e-tongue setup.
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Figure 4.1 Typical e-tongue experimental setup

A phenomenal reduction in cost of e-tongue system is implied if the commercial
potentiostat is replaced by an economic solution to perform electrochemical experimentation.
Few contributions have reported the replacing of potentiostat by cheaper version of electronic
circuits. However, almost all of them are restricted to pulse voltammetry and cyclic
voltammetry and there is no significant contribution made for anodic stripping voltammetry so

far.

Broadly, a potentiostat takes care of the following two tasks in an electrochemical

experiment:

Generation _of required input voltage patterns — the DAS records the experimental

parameters input by the user and directs potentiostat accordingly. The potentiostat then
generates input signal (to the electrochemical cell) with the required pattern that would be
applied across working electrode and the reference electrode.

Collect current/voltage responses from the electrochemical cell — After applying the

required input voltage pattern to initiate electrochemical reaction in the cell, the potentiostat
receives the current response from the cell, converts the analog current samples into equivalent
digital (discrete) voltage values and transfer these values to DAS so that they may be recorded

into a file for further analysis.

This research concentrates on simulating the above functionality of a commercial
potentiostat with the help of a software module and interfacing electrochemical cell to the PC

through a data acquisition card (DAQ) as shown in Figure 4.2; thus eliminating the potentiostat
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Figure 4.2 An alternative solution to potentiostat functionality in e-tongue experimental
setup

from the e-tongue experiment scenario thereby reducing the cost of the setup to almost one-

tenth of the cost with commercial potentiostat.

The functionality of the potentiostat was implemented by a hardware-software
combination where an USB-based data acquisition card (DAQ) with an I-to-V (current-to-
voltage) converter module is the hardware part and software module contains the program to
generate signal waveform and to record the output current pattern as received from the data
acquisition card. The data acquisition card takes care of the communication between the cell,
the software module — such as the generated excitation signal is applied across the electrodes
of the cell, and the current pattern produced by the cell is sent back to the software module.
The in-house developed I-to-V converter module is the analog circuit that acts as interface
between data acquisition card and the electrochemical cell. The I-to-V converter receives
current output from electrochemical cell and generates proportional voltage output. The
software part is also a machine-learning algorithm (developed using MATLAB) that helps in

detection and quantification of arsenic in simulated and real samples.

4.1.1 Hardware Module

The hardware module constitutes an USB-based DAQ along with an in-house

developed I-to-V converter module.
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Figure 4.3 Block diagram showing various functional blocks of 1-to-V converter module

4111 I-to-V Converter Module

The I-to-V converter module is an op-amp based analog circuit that interfaces the

electrochemical cell with the DAQ.
The major functions of the I-to-V converter module are:

e To maintain constant voltage between reference electrode and working electrode
e To be able to measure the current response from the working electrode

e To operate irrespective of current direction through working electrode

Figure 4.3 show various functional blocks inside an I-to-V converter module. The
reference electrode is connected as input to the buffer amplifier. The output of buffer amplifier
and the excitation signals as received from DAQ are fed to a summing amplifier and its output
is connected to the auxiliary/counter electrode. The output current from the electrochemical
cell is passed into an op-amp circuit working in current-to-voltage converter configuration and
the output of the circuit is connected to one of the analog inputs of the DAQ for storage into a
file.
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Figure 4.4 Schematic of I-to-V Module

The summing amplifier along with the buffer amplifer is responsible for the actual
potentioistatic action. The buffer amplifier is connected directly to the reference electrode and

draws almost no current from it.

The various components of I-to-V converter module can be op-amp based analog
circuits. Figure 4.4 shows schematic of a generic I-to-V converter module with each block
replaced by simple op-amp circuits. Additional components can be included in the circuit based

on the gain and noise reduction requirements.

Counter electrode supply any current/voltage required by the working electrode to drive
the reactions in the cell. Therefore, counter electrode acts as current source as well as voltage
supply. Reference electrode’s job is to measure the potential of the solution near the working
electrode and to supply a reference potential point. That reference point is connected to the
non-inverting input of OA2, which is wired up in voltage follower configuration. Therefore,
it acts as a buffer for the potential, which means input of OA2 has very high impedance. Ew
(external working voltage) and voltage through resistor Rw from OA2 are applied at inverting
input of OA1 and OA1 is a summing amplifier with a feedback. The current flows through the
counter electrode, and the feedback loop includes solution resistance. The output current of
OAL will be equal to input current of OA3. No current flows in or out of an operational
amplifier. Yet the WE is connected directly to the inverting input of OA3. This means that
the current has to come through the feedback resister Rs. Suppose, for e.g., a 1.0 pA current
was flowing into the op-amp from the WE. If the feedback resistor is 1.0 MQ, then a voltage
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of +1.0 V would have to exist on the output of OA3. If the output voltage rises too high, the
positive-going potential feeds back to the inverting input and forces the voltage back down;
the reverse happens if the output falls too low. The output voltage is therefore exactly
proportional to the current; the proportionality factor is the value of the feedback resistor Rs in
ohms. Importantly, the inverting input is held very close to ground by the operation of the
amplifier- so the working electrode appears to be connected to ground. Therefore, the current

at inverting input of OA3 eventually flows through Rt to reach output as Eo.

Autodesk® Eagle CAD software was used to design the printed circuit board (PCB)
for the I-to-V converter module. The gerber files were then used to get the PCB manufactured
from a local manufacturer. There were a series of such PCBs manufactured in the process of
arriving at the final version of the I-to-V converter module. Figure 4.5 is the circuit diagram
for the I-to-V converter module. Figure 4.6 is the hardware schematic made before it was sent
out for manufacturing on a PCB, and Figure 4.7 shows photograph of a PCB after manufacture

and soldering done with the components.

4.1.1.2 Data Acquisition Card (DAQ)
The DAQ chosen was USB-4711A (make: Advantech). A gist of features of the DAQ

are presented in Table 4.1. Various pin assignments are given in Figure 4.8. Desirable features
like availability to SDK and API available for development across various languages, a
maximum sampling rate of 150kS/s, availability of sufficient number of analog input and
output channels made 4711A a convenient choice for the research. Also, like many of the
commercially available DAQ cards, 4711A doesn’t need an external power supply — it draws
required power from the USB connection it is interfaced with. During the experimentation,
USB-4711A was used in the -10 to +10V output mode.

With usage of appropriate APIs, the DAQ can be directed to apply a voltage pattern
through analog outputs as per the requirement of the experiment. Similarly, APIs are provided
to read voltages appearing at analog input pins through software. The software module

manages the communication between the PC/Laptop and the DAQ.
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Figure 4.5 A sample circuit design for I-to-V converter module
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4.1.2 Development of Software Module

The responsibility of the software module is to apply the excitation signal to the I-to-V
converter module through the DAQ and also to receive the voltage signal from the analog
output of the DAQ and store it in a file for future analysis. USB-4711A is provided with arich
set of SDK and APIs to support software development across various programming languages.
LabVIEW was the first choice of language to develop the software module.

Figure 4.6 Hardware schematic of I-to-V converter module

Figure 4.7 Photograph of an I-to-V converter module PCB
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Figure 4.8 1-O Pin connector assignment of USB-4711A

Table 4.1 Relevant features of Advantech DAQ USB-4711A

Feature

Description

Analog Inputs

16 analog input channels (AlI0 — AI15) are available. The same
can be used as 8 analog input channels with differential inputs. A
reference analog ground AGND is also provided.

Analog Outputs

Two analog output channels (AOO, AO1) are available with a
reference analog ground AGND.

Analog Output Range

Works in four different modes: 0-5V, 0-10V, £5V, +10V with a
driving capability of 5mA output current.

Digital Inputs

8 digital inputs (DIO - DI7) are available with a reference digital
ground DGND.

Digital Outputs

8 digital outputs (DO0 — DQ7) are available with a reference
digital ground DGND.

ADC

12-bit resolution on-board Analog to Digital Converter.

External Trigger

Signal that acts as trigger for analog to digital conversion. This is
a negative-edge triggered input.

Sampling rate

Supports operation up to 150 kSamples/s.

Buffer

Has a FIFO buffer of 1024 samples.

Power consumption

Bus (USB) powered and consumes 450mA @ 5V.

Internal timer

Provides one 16-bit programmable/timer.

Software support

SDK and API available for a wide range of programming
languages such as LabVIEW, C#, Delphi, Visual Basic.

72



Figure 4.9 Screenshot of LabVIEW VI for running SWASV
Figure 4.9 is a screenshot of LabVIEW VI written to perform SWASV experiment with
4711A interfaced through USB. The user has to type-in the various parameter values required
for running the SWASYV experiment and run the VI. Figure 4.10 Shows the screenshot of the
Ul of the VI shown in Figure 4.9.

Though the software module developed using LabVIEW was fully functional, it

suffered with the following limitations:

ANODIC STRIPPING VOLTAMMETRY
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Figure 4.10 Ul for the LabVIEW VI developed to run SWASV
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Figure 4.11 Ul of the application developed using C#

I The module requires LabVIEW runtime environment for deployment. The size
of the runtime environment is very large (more than 100 MB) and often time-
consuming to deploy.

ii. Few components of LabVIEW VI required runtime license to be purchased for

execution. This would increase the cost of the overall solution.

Therefore, after careful consideration, C# was chosen for the development of software
module as an alternate solution. Figure 4.11 shows the Ul of application developed using C#

that accepts the required parameters for running SWASV.

The development of the e-tongue system was done incrementally. During the
development, the hardware as well as software modules have undergone lot of tweaking to
make sure the current signatures were recorded without noise. Figure 4.12 is a screenshot of
an Ul taken during one such moment when the output produced by the I-to-V converter module

was noisy and the same was shown in the Ul as well.

Figure 4.13 is screenshot grabbed from a video that demonstrates working of the new
e-tongue system with commercial potentiostat replaced and output produced was free from
noise. The C# application makes use of the APIs provided by the Advantech DAQ USB-4711A
to apply required potential through the analog output pins, receive the potential value through

the analog input pins and store the received value into a text file for further analysis.
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Figure 4.12 Screenshot of C# application after ASV run is finished with noisy current output

o

Figure 4.13 Screenshot captured from a video showing working of the e-tongue without noise

4.2 SWASV With Simulated Samples

Simulated samples were prepared with varying concentrations of arsenic (250 ppb, 200
ppb, 150 ppb, 100 ppb, 50 ppb, 25 ppb, 10 ppb, 5 ppb and 2 ppb). All solutions were prepared
with 1M HCI as supporting electrolyte. SWASV experiments were conducted using these
simulated samples with the developed e-tongue system and optimized parameters shown in

Table 3.2. The current responses recorded are shown in Figure 4.14 and the corresponding

current peak data is presented in .Table 4.2
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Figure 4.14 SWASV responses of As(I11) concentrations varying from 2ppb to 250 ppb
using newly developed e-tongue system

Table 4.2 Data for SWASYV of samples containing only arsenic

As(I11) Concentration (ppb)  Peak Voltage (V)  Peak Current (n A)

2 0.38 57
5 0.383 65
10 0.383 78
25 0.38 86
50 0.392 90
100 0.377 95
150 0.383 107
200 0.38 115
250 0.395 126

As can be observed from the data, the current peak increases with the arsenic
concentration in the analyte. The distinct peaks produced by each concentration without
overlap is an indication that the new solution can be employed for arsenic detection and

quantification without including commercial potentiostat in the experimentation.

4.2.1 Study of Copper Interference

Similar study was performed as done with the commercial potentiostat to analyse if the
presence of copper will affect the detection and quantification of arsenic with the newly

developed solution. The current responses recorded during the SWASV experiments are
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Figure 4.15 SWASV responses recorded using newly developed e-tongue system with
samples containing: a) only As (111) b) As with 1x times Cu(ll) ¢) As with 10x times Cu(ll)
d) As with 100x times Cu(ll)

shown in Figure 4.15. As in the case with the commercial potentiostat, it was observed that
the new solution also is immune to the presence of copper. All the concentrations ranging
from 2 ppb to 250 ppb were tested by adding copper concentrations varying from 1x to 100x.
The voltammogram from Figure 4.15(b) show that copper presence did not produce any
significant current peak when it is present in equal amount as arsenic (1x). The SWASV
responses in Figure 4.15(c) and Figure 4.15(d) explain that the copper and arsenic peaks are
separated by at least 400mV. Therefore, it can be deduced that copper will not interfere with

arsenic detection using the new hardware-software combination solution.

The trend in these observations were in line with those made with commercial
potentiostat and presented in section 3.3.3. It was also observed that with the increase in the
concentration of copper in the arsenite solutions, higher current peaks were produced as
compared to those produced by solutions containing only arsenite. Again, it was observed that
the influence of copper was less in lower concentrations. The trend of arsenic peaks produced
with varying concentrations and the data related to these peaks are presented in Figure 4.16

and Table 4.3 respectively.
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Figure 4.16 Trend of peaks produced by arsenic solutions with varying
copper concentration using newly developed e-tongue system

Table 4.3 Peak currents recorded on various arsenic solutions with varying copper concentrations
using hardware-software combination

Arsenic Peak Current (in pA) produced by solutions with
Concentration Only Aswith 1x  Aswith 10x  As with 100x
(in ppb) Arsenic _ times Cu times Cu times Cu
2 57 66 68 105
5 65 76 73 118
10 78 89 89 129
25 86 93 108 149
50 90 97 126 169
100 95 112 151 311
150 107 114 173 399
200 115 122 197 467
250 126 174 216 535

4.3 Data Validation with Field Samples

There is a significant difference between detection of arsenic with simulated samples
and that with field samples. The simulated samples which were used for analysis in the

previous sections were all laboratory-prepared to contain arsenite only. However, when it
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comes to analysis of samples collected from the field, the composition is a lot different. Along
with the arsenite, there is a high probability of coexistence of arsenate and other naturally
abundant metals such as copper, iron, mercury and lead. The challenge is to perform detection
and quantification of total arsenic without the interference of other metals present (if any).
Total arsenic content includes both arsenite as well as arsenate present in the water sample.
As(V) is electro-inactive and therefore, any arsenic detected using SWASV would be giving
the amount of arsenite only. The most employed procedure for detection of total arsenic is to
first reduce all arsenate present in the sample to arsenite and then perform detection of arsenic.

4.3.1 Analysis of Field Samples from 24-Paraganas District

The performance of the newly developed e-tongue solution was evaluated by analyzing
tube well water samples collected from various sites in the 24 paraganas district (of West
Bengal state, India) and the results were compared with those produced by AAS. Method of
standard addition was chosen for calibration and detection of the unknown sample as described

in the following sub-sections.

4.3.1.1 Experimental Setup:

Gold wire was used as working electrode along with an Ag/AgCI (3M NaCl) reference
electrode and a platinum wire as an auxiliary electrode. An electrochemical cell with these
three electrodes along with magnetic stirrer was setup. All the electrodes were connected to
an analog data card that in turn was connected to data acquisition card interfaced to a PC using

a software module developed in Visual C# .Net.

4.3.1.2 Reduction of Arsenate to Arsenite

Prior to analysis, 10% m/v of potassium iodide solution was added to the collected
water sample in 4M HCI to reduce any As(V) present in the water sample to As(ll1). After
adding potassium iodide solution, the sample was stirred thoroughly and allowed to settle for

four hours.

4.3.1.3 Experimental Procedure:

The following procedure described below is common for analysis of all field samples:
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Four 100ml volumetric flasks (A, B, C & D) were taken and 20ml of the field sample
of water after As(V) pre-reduction was transferred into each of the flasks. From 1 ppm stock
solution of As(Il), 7.5ml, 15ml and 22.5ml were transferred to volumetric flasks B, C, and D
respectively. Then all the four flasks are topped up with distilled water to volume. Hence,
flasks B, C and D had 75, 150 and 225 ppb of As(I1l) respectively along with the unknown
concentration of As(111). 4M HCI is used as the supporting electrolyte.

20ml of the sample from flask A was transferred to electrochemical cell. A -0.4V (vs
Ag/AgCI) was applied to the gold electrode for 180s for deposition (preconcentration) of
As(I11). The solution was stirred constantly during preconcentration step at 500 rpm. After
deposition, the stirrer is stopped and the solution is allowed to settle for 10s. A sweeping
potential was then applied from -0.4V to +0.6V at a frequency of 25 Hz with a step size of

3mV to determine the oxidation current.

Current vs. potential plot was recorded and peak was recorded. The experiment was
repeated under same conditions with samples from volumtertic flasks B, C and D and peaks
were recorded on the plot. Cuves A, B, C, D in Figure 4.17(a), Figure 4.18(a) and Figure
4.19(a) are the respective voltammograms of solutions from flasks A, B, C and D for each field
sample. Table 4.4 summarises peak currents recording by SWASV experiments on the

solutions from flasks A, B, C and D.

The peak current vs. arsenic concentration were plotted separately for preparing the
calibration curve. Figure 4.17(b), Figure 4.18(b) and Figure 4.19(b) are the plots showing
calibration curves drawn from the voltammograms for field sample-1, field sample-2 and field
sample-3 respectively. A linear nernstian plot was observed for each of the field sample and
x-intercept of the regression line gives the concentration of the unknown sample solution. The
concentration obtained from the calibration curve is then multiplied by 5 (because the sample
was diluted 5 times before analysis) to get the actual concentration of the sample under
analysis. The concentrations obtained from the standard addition method are compared against
those obtained from AAS in Table 4.5.
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Table 4.4 Peak currents recorded for solutions from various flasks prepared for analysis of field
samples

Sample No. Flask A FlaskB FlaskC  Flask D
Field Sample-1  4.40E-04 1.41E-03 2.82E-03 4.22E-03

Field Sample-2  6.95E-05 1.25E-04 3.09E-04 6.30E-04
Field Sample-3 1.56E-04 3.27E-04 7.59E-04 1.36E-03

Table 4.5 Comparative statement of concentrations of field samples calculated based on the calibration
curves and concentrations calculated from AAS

Actual Concen-

R- tration. by Concen tration Deviation

Concen-

Sample No. Intercept Slope Squared  Linear Fit —_tratlon fror‘r_1 (%)
(in ppb) (inppb)  AAS(in
(5x) ppb)
Field Sample-1 3.08E-04  1.70E-05 0.993 -1.81E+01 90.75 92 1.36
Field Sample-2 3.51E-06  2.49E-06 0.908 -1.41E+00 7.05 7.2 2.08
Field Sample-3 4.37E-05 5.39E-06 0.946  -8.10E+00 40.50 39.2 3.32

Note: Deviation (%) = (Concentration from AAS — Actual Concentration)/Concentration from AAS

Table 4.5 presents the concentration of each field sample calculated using the data from
the hardware-software combination and as well as from AAS. It was found that the congruence
between results obtained from the newly developed solution and those obtained from AAS is
more than 95%, which is a fair proof that the newly developed e-tongue solution can be used
as an alternative to the AAS. Field sample-2 has arsenic concentration of 7.2 ppb which is
well below the WHO approved limit of 10 ppb. This further supports our claim that the new
solution could be employed successfully to analyze samples of lower concentration than 10
ppb. Morever, the newly developed e-tongue system as a part of this research has a great cost
advantage as compared to the established analytical methods for detection and quantification
of arsenic in aqueous samples. A comparative statement of cost per sample is presented in
Table 4.6. The estimated cost includes the instrument’s price and the cost of the consumables
required to perform the experiment[121-123]. As shown in the table, when compared with the
established commercial methods of arsenic detection, the solution proposed in this research

has both the cost as well as time advantage.
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4.4 Summary

An economic alternative has been presented for the expensive commercial potentiostat
that is required to run ASV experiment. A novel hardware-software combination was
employed to eliminate the usage of commercial potentiostat thereby significantly reducing the
cost of the e-tongue setup required for detection and quantification of arsenic in drinking water
samples. The design and development of hardware-software combination was detailed and the
functioning various blocks of the hardware module was explained with circuit diagrams
wherever needed. In addition, the performance of the solution proposed in this research was
evaluated against that of AAS by estimating concentrations of various water samples collected
from various sites in 24-paraganas district of West Bengal state, India. When compared with
all the currently available commercial solutions used for detection of arsenic, the new
hardware-software combination is the cheapest analytical solution with the lowest analysis
time.

Table 4.6 Comparative statement of cost per sample for various analytical methods to detect and
estimate arsenic in agueous samples

Approximate cost per

Cost of g .
Method equipment sample for one year in INR  Time taken
. for analysis
(approx. in INR) (@1000 samples/month)
ICP-MS 80 Lakh 900 Few hours
Colorimetric 0.50 Lakh 140 45 minutes
ASV (Commercial .
Potentiostat) 12 Lakh 100 20 minutes
ASV (Hardware-
Software 1 Lakh 8 20 minutes

Combination)

4.5 Supplementary Reading — Operational Amplifiers

This section provides a brief description of basic concepts about operational amplifiers
(op-amps) and various configurations in which op-amps are employed for development of the

hardware module.

4.5.1 ldeal Op-Amp

The operational amplifier or op-amp as it is commonly called, is a fundamental element

of analog circuit design. It is most commonly used in amplifier and analog signal processing
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circuits in the frequency band from 0 to 100 kHz. Though an op-amp internally has complex

circuitry involved, it is treated a basic circuit element.

The ideal op-amp is a three terminal device that is modeled as a voltage-controlled
voltage source. That is, its output voltage is gain multiplied by its input voltage. The circuit
symbol is given in Figure 4.20. The op-amp is a differential gain amplifier, meaning it
amplifies the difference of inputs applied to it. The input at terminal marked with “+” is called
non-inverting input and the input terminal marked with “-” is called inverting input. The output

voltage is measured with respect to the circuit ground and is given by:
Vo = A(V+ - V).

where A is the voltage gain, v+ is the voltage at the non-inverting input, and v. is the voltage at

the inverting input.

Figure 4.20 Op-amp Symbol

There are three conditions that the terminal characteristics of the ideal op amp satisfy.

These are as follows:

1. The current in each input lead is zero. This means that the input resistance to each
input is infinite.

2. The output voltage is independent of the output current. This means that the output
resistance is zero.

3. An op-amp has a very high gain, ideally infinity. If the output voltage is finite, this

means that the difference voltage between the two inputs must approach zero.

The following are the various op-amp circuit configurations that were employed in

realizing the hardware module required to implement the new e-tongue system.
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4.5.2 The Inverting Amplifier

Figure 4.21 shows the circuit diagram of an inverting amplifier. The input signal is
applied through resistor R; to the v. op-amp input. Resistor Rr is the feedback resistor which

connects from the output to the inverting input. The v+ op-amp input is not used and is

grounded.
7
R

F
. <—
Uop AW

—
v o—AAN -

L

- Tout
Figure 4.21 Inverting amplifer configuration

For the circuit, the voltage at the inverting input is given by v. = vo/A. If v, is finite and
A-> oo, it follows that v. > 0. Even though the v. input is not grounded, it is said to be a virtual
ground because the voltage is zero. i.e., at ground potential. Because i- = 0, the sum of the
currents into the v- node through resistors R1 and Rr must be zero, i.e., i1 + ir = 0, where i1 =

vi/R1 and ir = Vo/Re. Thus we can write

i1 +ir =0 which implies, £ + 22 = 0
R1 Rp
This can be solved for the voltage gain to obtain ’;—" = — };—F
1 1

The input resistance is given by r;y = ? because v. = 0, it follows that rin = Ru.
1

4.5.3 The Voltage Follower

The voltage follower or unity-gain buffer is a non-inverting amplifier with unity gain.
The circuit diagram is shown in Figure 4.22. Because the output node is connected directly to
the inverting input, the circuit is said to have 100% feedback. Because v+ = v., it follows that
Vo = Vi. Therefore, the circuit has unity voltage gain. The voltage follower is often used to
isolate a low-resistance load from a source having a high output resistance. That is, the voltage

follower supplies the current to drive the load while drawing no current from the input circuit.
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It is also used as a buffer in applications where it is desired to prevent the frequency response
of a circuit from being a function of the output resistance of the source or a function of the load

resistance.

Vpe—/+

Figure 4.22 Voltage follower circuit

4.5.4 The Current-to-Voltage Converter

The circuit diagram of current-to-voltage converter is given in Figure 4.23. The circuit
is a special case of an inverting amplifier where the input resistor is replaced with a short

circuit. Because the v. terminal is a virtual ground, the input resistance is zero. The output

resistance is zero. Because i1+ ir = 0 it follows that v, = — ;—F. Therefore, output voltage is
F

proportional to the input current, but is inverted.

7
. ep Fep
Ty NMVV

—o Uy

-l_—+

Figure 4.23 Current-to-voltage circuit

4.5.5 The Inverting Summer Circuit

The inverting summer circuit is a basic op-amp circuit that is used to sum two or more
signal voltages, to sum a dc voltage with a signal voltage, etc. The circuit diagram of a four-
input inverting summer is shown in Figure 4.24. If all inputs are grounded except the j" input,
where j = 1,2,3 or 4, then the circuit behaves similar to a simple non-inverting amplifier. It

follows by superposition that the total output voltage is given by
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Figure 4.24 Inverter summer circuit
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5 CONCLUSIONS AND FUTURE
RECOMMENDATION

5.1 Conclusions

There are millions of tube-well water sources under use for drinking water, which
contain alarming amounts of arsenic. A large section of population is at the risk of arsenic
poisoning because of proper grading of water sources and people continue to consume water
from contaminated sources. Such situation exists because present analytical techniques are
restricted to laboratory and are very expensive. Most of the research for arsenic detection in
drinking water is focused on development of novel electrodes to lower the detection limit or to
detect with least interference from other elements. There is hardly any work reported that
centered around reducing the equipment cost required for the analytical technique. This forms
the motivation for the present research. The main objective of the work is to propose a solution
that is economic, reproducible and portable that can accurately detect and estimate arsenic. In
this regard, a novel hardware-software combination is proposed that is field deployable and is
capable of successfully analyzing field samples for arsenic detection. The dissertation has

chapters 3 and 4 as its major contribution whose highlights are presented below.

Experimentation With Arsenic _Contaminated Water: Optimal parameter set for

conducting ASV on simulated water samples using commercial potentiostat has been worked
out. The optimal set ensures linear current response of the analysis across all concentrations
of arsenite ranging from 5 ppb to 250 ppb. Experimental results have shown that the e-tongue
employed is immune to any copper interference in the water samples analysed. Arsenite
detection was successfully attempted with as much as 100 times copper across all arsenic

concentrations in the range from 5 ppb to 250 ppb.

Design and Development of E-tongue: A low cost alternative to the expensive commercial

potentiostat has been presented. The newly proposed e-tongue system consists of a data
acquisition card interfaced with an in-house analog card that is connected to the
electrochemical cell on one end, and an in-house developed software module implemented in

C# (4.0). The hardware-software combination was successfully tested for arsenic detection
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across various concentrations ranging from 2 ppb to 250 ppb using SWASV. The experimental
results have shown that the newly developed e-tongue system is also immune to any copper
interference during arsenic detection showing similar trend as with commercial potentiostat.
Finally, validation of the new e-tongue system was done by testing for arsenic in field samples
collected from different sites in 24 paraganas district of West Bengal state, India. The results
produced were validated against those produced by AAS. The newly proposed e-tongue
system, therefore can be reliably deployed for in-situ analysis of field samples and has potential
for large-scale deployment owing to its low cost and reliable results that could detect arsenic

concentrations up to 2 ppb which is below WHO limit.
5.2 Future Recommendation

The proposed setup has great potential for large-scale deployment to test arsenic in
drinking water. Another important application of the solution proposed can be foreseen in
academics. The proposed hardware-software combination reduces the cost of potentiostat by
90% and hence it could be a strong encouraging factor for universities to offer the course of
electrochemistry. The newly developed e-tongue system was extensively tested for the arsenic

concentrations ranging from 2 ppb to 250 ppb by maintaining ambient temperature at 25°C.
The following are few suggestions to take forward the present research:

I Miniaturisation: Though the present solution is portable, it still depends on a
PCl/laptop. This can be further miniaturized by implementing a microcontroller
based solution. Such solution would result in further cost reduction of the
equipment.

ii. Choice of electrode: The research was carried out with a macro gold electrode
as working electrode. The cost of the electrode can be further reduced by replacing
it with inexpensive working electrodes such as gold nanoparticle coated electrodes,
carbon nanotubes or screen-printed electrodes. CPEs may be a preferred choice for
real sample analysis and would perform in situ measurements.

iii. Remote Monitoring: The solution could be connected to cloud via internet

connectivity such that the field-analyzed data could be directly uploaded to a central
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server along with the location details of the site from where the sample was
collected.

Extension to Other Analytes: Though the present solution was developed for
arsenic detection, the same could be deployed for testing other heavy metals such
as chromium.

Effect of Temperature: A study of influence of variation in ambient temperature

on the performance of the newly developed solution is desirable.
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