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Abstract

Indium is a trivalent amalgamating element and one of the rare metals in the earth crust. It has
a vast application interest in the industry (e.g. alkali batteries, solar cells, electronic displays, etc.).
Such a high applicability of indium implies that its eventual leakage to the environment is
unavoidable and various ecotoxicological and health problems (e.g. lung, liver and kidney

diseases, etc.) could appear.

Hence, there is a strong need to find proper techniques in order to determine free concentration

of indium and parameters indicating the availability of indium complexes in different media.

In this thesis, we have proposed that the electroanalytical techniques Absence of Gradients
and Nernstian Equilibrium Stripping (AGNES) and Accumulation Under Diffusion Limited
Conditions (ADLC) could be proper choices. Free concentration of indium from pH 3 to around 6
has been measured. A new calibration for indium has been implemented and speciation
measurements in solutions with nitrilotriacetic acid and oxalate ligands have been carried out
successfully. ADLC has been applied to calculate the lability degree of indium oxalate and indium
hydroxide compounds. This information is a guideline for adequate deposition times in AGNES
experiments. AGNES has been successfully used to determine even picomolar concentration of
free indium in precipitated solutions. The dissolution of In,O3 nanoparticles in synthetic solutions
including seawater has been investigated. Results in background electrolyte solution from pH 2 to
4, have revealed that AGNES measurements at each pH have been significantly lower than the
predictions of NIST 46.7 expectation assuming that solubility was ruled by In(OH)s, consistent
with the less hydrated phases exhibiting lower solubilities.



Resumen

El indio es un elemento que forma amalgamas y uno de los metales raros en la corteza
terrestre. Tiene un gran interés aplicativo en la industria (por ejemplo baterias alcalinas, paneles
solares, pantallas electronicas, etc.). Tan alta aplicabilidad del indio implica que alguna filtracion
final al medio ambiente es inevitable y podrian aparecer diversos problemas ecotoxicolégicos y de

salud (por ejemplo, enfermedades pulmonares, hepaticas, renales, etc.).

Por lo tanto, es muy necesario encontrar técnicas adecuadas para determinar concentraciones
libres de indio y pardmetros que indiquen la disponibilidad de complejos de este elemento en

diferentes medios.

En esta tesis, proponemos que las técnicas electroanaliticas Absence of Gradients and
Nernstian Equilibrium Stripping (AGNES) y Accumulation under Diffusion Limited Conditions
(ADLC) podrian ser elecciones adecuadas. Se han medido concentraciones libres de indio en
sistemas con pH desde 3 hasta 6. Se ha implementado una nueva calibracion para indio y las
medidas de especiacidn en soluciones con ligandos acido nitrilotriacético y oxalato han permitido
elegir entre conjuntos alternativos de constantes de estabilidad. Se ha aplicado ADLC para calcular
el grado de labilidad de oxalatos e hidréxidos de indio. Esta informacién es una guia para encontrar
tiempos de deposicidn adecuados en los experimentos AGNES, llegando incluso a determinar en
-soluciones precipitadas- concentraciones picomolares de indio libre. Se ha investigado la
disolucion de nanoparticulas de In203 en disoluciones sintéticas, incluida el agua de mar. Los
resultados en disolucién con electrolito de fondo con pH de 2 hasta 4 han revelado que las medidas
de AGNES a cada pH son significativamente mas bajas que las predicciones de NIST 46.7 si se
supone que la solubilidad se rige por In(OH)s. Esto es consistente con el hecho que fases menos

hidratadas exhiben solubilidades menores.



Resum

L'indi és un element que forma amalgames i un dels metalls rars en I'escorca terresre. Té un
gran interés aplicat a la industria (per exemple bateries alcalines, panells solars, pantalles
electroniques, etc.). Unes aplicacions tan vastes impliquen que I'indi arribara finalment al medi
ambient i podrien sorgir diversos problemes ecotoxicologics i de salut (per exemple, malalties

pulmonars, hepatiques, renals, etc.).

Per tant, cal trobar técniques escaients per a determinar concentracions lliures d'indi (I11) i
parametres que indiquin la disponibilitat dels complexos d'indi en diferents medis. En aquesta tesi,
proposem que les técniques electroanalitiques Absence of Gradients and Nernstian Equilibrium
Stripping (AGNES) i Accumulation under diffusion limited conditions (ADLC) podrien ser bones
opcions. S'han mesurat concentracions lliures d'indi en sistemes amb pH des de 3 fins a 6. S'ha
implementat un nou calibratge per a indi i les mesures en dissolucions amb els lligands acid
nitrilotriacétic i oxalat han servit per a triar entre conjunts alternatius de constants d'estabilitat. S'ha
aplicat ADLC per a calcular el grau de labilitat de I'oxalat d'indi. Aquesta informaci6 fou una
orientacio per a trobar temps de deposicié adequats en experiments d'/AGNES que fins i tot
arribaren -en dissolucions precipitades- a concentracions picomolars d'indi Iliure. S'ha investigat
la dissolucié de nanoparticules d'In2O3 en medis sinteétics, inclosa I'aigua de mar. Els resultats amb
electrolit de fons en dissolucions amb pH des de 2 fins a 4, han revelat que les mesures d'AGNES
a cada pH son significativament menors que les predites per NIST 46.7 suposant que la solubilitat
fos regida pel In(OH)s. Aixo0 és consistent amb el fet que fases menys hidratades presenten menors

solubilitats.
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Chapter 1: Introduction 1

1.1.Chemical behavior of indium

Indium has the atomic number 49, and it is placed under Ga and above Tl in the
periodic table, with the configuration [Kr] 4d° 5s? 5pt. In its neutral state, its orbitals d
are completely full, so, when indium donates its three electrons to be reduced to In*, one
comes from the orbital p and two from the orbital s.* Some other times, if it donates only
one electron from orbital p, it will become In*. Many researchers have devoted their

attention to the reduction and oxidation of indium ions and indium metal.?

1.1.1. Indium (0)

Main group metals do not usually form complexes with neutral molecules such as
CO, PF3 and CzHs, but, in contrast, p-block metals (metals whose orbital d is fully
occupied) such as indium have such a tendency.® For instance, let us consider In(CO):
which is the main product of some indium experiments.® The structure is shown in
figure 1-1. Based on the IR-spectrum and on Density Functional Theory calculations, it
is seen that there is a tight angle C-In- C (almost 60 degrees) and In- C= O arms are in
a special position (bent outward), so that two carbon atoms are getting close to each other.
Such a special geometry provides optimum overlap between the vacant np orbital of

indium with 7z -orbitals of carbon-oxygen bond.

C/In\C

Z S

) o)

Figure 1-1: Structure of In(CO),. Adapted from 3

1.1.2. Indium (1)

In the group 13, it is very uncommon to have +1 oxidation state except for thallium.
Hence we can understand that indium (I) compounds are not very long lasting and

accordingly are not very usual in nature.®

As we said previously, the configuration of indium is [Kr] 4d'° 5s2 5p, so in case of
In* the resulting structure will be [Kr] 4d*° 5s2. The high energy of the two electrons that

are in orbital s makes such compounds to be ready for oxidization. Such an oxidation
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could be done by H* (aq), or, in the absence of oxidizing agent, could follow from the
disproportionation of indium (0).2

Possible explanations of the extremely low abundance of In* in the environment
could be: the extremely low solubility of indium (I) halide complexes in aqueous solutions

and the oxidation or disproportionation of in-situ generated indium (I).*

1.1.3. Indium (I1)

In general, it has been indicated that it is very rare to have even electron oxidation
states such as 2+ in group 13, which means that indium (I1) is not very common in the
nature. It has been reported that there are experimental evidences that demonstrate that
mononuclear indium (I1) species are intermediates or disproportionation products of
indium (1) compounds.®® The standard reduction potential for In(11)/In(l) is around -
0.23V, while for In(111)/In(11) this value is almost -0.65 V.3

Many years ago, the equilibrium reaction between In*(aq) and In°(s) was studied
and it was indicated that probably both In* and In?* exists in the equilibrium.? However
some years later, the results of another investigation turned to reject the existence of In?*
which was indicated previously.> Then, other researchers such as Clark et al.® and
Biederman et al.” tried to shed light on the electrochemical reactions of indium metal and
its ions in the solution. Both of them were only able to identify In* during their

experiments. So, any evidence for the existence of In* still remained uncertain.

Further investigations revealed that, although the exact nature of In?* is unknown,38
indium with such a oxidation state (In?*) is one of the species of indium and exists in the
electron transfer process. Polarographic studies demonstrated that the process of
reduction proceeds in a succession of one electron reduction steps.>®1° For instance,
Lovrecek et al. ® indicated that, in indium sulfate solution at pH=2.5, when the current

density was lower than 2.5x10° A cm, instead of the direct reaction In** + 3¢~ ——1In°

what happened was in fact

+_ +e +_ +e +e
In3 In? In*

0 -
—€ —€ = (1-1)

It was also indicated that at lower current densities (<2.5x10 A cm™), the reaction

below was the rate determining step for both anodic and cathodic polarization:

I3 = 12 (1-2)
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1.1.4. In®

Since In* and In?* are not very common in the nature, most works in the literature
devoted attention to study the chemical affinity of In®". For instance, some reports have
focused on the hydrolysis of In®" 1112 or on studying precipitation of indium hydroxide.*®
Also, in some other cases, they have concentrated not only on studying the hydrolysis of
In®*, but also on the hydrolysis of other metal ions to give a more complete view about
the process of hydrolysis.** A relatively recent investigation focused on comparing the
chemistry of In®" with that of its neighbors in the periodic table (AI** and Ga®*").
Interestingly, it was demonstrated that although InCls complexes were more stable than
those of AP and Ga®*, indium’s mononuclear hydroxide complexes were not as strong

as the mononuclear ones of aluminum and gallium.>1¢

Indium metal dissolves in mineral acids and produces In** ions which forms
[In(H20)6]** in aqueous solutions with a constant In*-OH; distance of 0.214 nm.'4*®
[In(H20)6]** can be hydrolysed to In(H20)s(OH)?* and In(H20)s(OH).*, before any
electron-transfer process or any other reactions occur. It was reported that, when the
concentration of indium is less than 0.001 mol L™, the main products of the hydrolysis
(at pH values lower than 5) are ions In(OH)?* and In(OH),".

Hydrolysis constants of In®* in solutions containing KNO3 0.1 mol L are organized

in the table 1-1. Kn1, Kn2 and Kiz represent the conditional hydrolysis constants. Reactions

associated to Kn1, Kh2 and Knz are defined respectively as equations (1-3), (1-4) and (1-5)

below;

In**+H,0 = INOH*" +H* (1-3)
In%*+2H,0 = In(OH); +2H* (1-4)
In3*+3H,0 = In(OH), +3H" (1-5)

It is reported that In®* is one of the ions that has a tendency to form complexes with
hard ligands such as OH", F~ and organic ligands which will bind with indium through
oxygen or acetate.” In a recently published work,*® several disagreements between some
previous reports about hydrolysis constants of InOH?*, In(OH)2* and In(OH)% were
identified. It was demonstrated that the 0.5 log unit of difference in estimated hydrolysis
constants of such indium complexes reported in some previous works 112 was probably

due to experimental errors.®
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The problem of determining hydrolysis constants worsens when higher mononuclear
hydrolysis species (In(OH);, In(OH)3, In(OH);) or polynuclear hydroxides of In** have

to be considered.®

Table 1-1: Conditional hydrolysis constants of In3+ in solutions that contained KNO3 0.1 mol L-1.
This table is adapted from previous literatures.1517

- . pKh PKna PKbs
lon Determination condition 24 + 0 Source
In(OH) In(OH), In(OH)5
In®* 25°C, 0.1 mol L™* KNO3 4.35 8.43 13.04 18
In®* 25°C, 0.1 mol L™* KNO3 431 9.35 - =
In® 25°C, 0.1 mol L™* KNO3 3.88 8.52 12.31 ol

Figure 1-2 represents that predominance diagram of indium hydroxide and indium
chloride complexes, while figure 1-3 shows the one of indium hydroxide and indium
fluoride complexes. As can be seen in figure 1-2, indium hydroxide complexes at pH
more than 7 predominate over chloride complexes, while as can be seen in figure 1-3,
indium hydroxide complexes predominate over the ones of fluorides at more basic values

(above pH 8). This means that at pH values higher than 8, indium hydroxide complexes (
In(OH)? and In(OH);) predominate over both chloride and fluoride complexes. Also
figure 1-2 demonstrates that in the region of the pH from around 4 to 5, InOHCI*
complexes predominate over In(OH); . In the case of figure 1-3 at pH of approximately 5,

with a fluoride concentration more than 10~ mol L™t and 10 mol L™, fluoride complexes

predominate over indium hydroxide complexes and free In®* ion.
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Figure 1-2: Predominance diagram at 1 bar and 252C of chloride, hydroxide and
hydroxychloride complexes of In3+ as a function of log[Cl-] and pH. This figure is adapted
from.15
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Figure 1-3: Predominance diagram of fluoride and hydroxide complexes of In3* at 25°C and 1
bar. This figure is adapted from.15

Figure 1-4 illustrates the solubility of In(OH),(s) in pure water at 25°C. As can be seen

in this figure, the minimum for the solubility of the system is wide (in the pH range from

—~45upto — 8.5), with the total dissolved concentration around 107 mol L.
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In(OH),(s) i

In(OH),”

log concentration

[ ——
- e

Figure 1-4: Solubility of In(OH)3(s) vs. pH at 259C and zero ionic strength. The lines show the
concentration (in mol L1) of individual In3+ species in equilibrium with In(OH)3(s) and the
curve indicates the total solubility. The green dashed circle shows the wide range of the
minimum for the solubility of the system. This figure is adapted from 15

This means that the more stable solid phases are formed, the lower will become the
solubility. Hence it is apparent that to be able to transport more quantities of indium, it

could be better to be in acidic conditions or to have strong complexes.

1.2. Uses and production of indium

Indium has been used widely in many applications such as in alkali batteries and in
producing alloy compounds that are binary (Al-In, Bi-In, Pb-In), ternary (Al-Sb-In, Cd-
Sn-In), quaternary (Cd-Ge-Sn-In) and quinary (Cd-Ge-Sn-Zn-In). Some of the indium
alloys, for instance InSb, InP, InN and InGaAs, are used in optoelectronic and
magnetoresistive materials and also as anodic substances for lithium batteries.? Many
years ago, indium was used as an additive to steel alloys in order to produce resistant
thermometers, optical instruments or component of metallic anticorrosion coating.*®

Recently, it is being widely used in high technology industries. In fact indium can be

labelled as one of the technology-critical elements (TCE)l.20 Some indium alloys have
conductive properties and are utilized as semiconductors, infrared detectors, high

efficiency photovoltaic devices and high speed transistors.*® One of the most widely used

! Technology-critical elements (TCE) are elements such as (Nb, Ta, Te, In, Ga, Ge and TI) that are
increasingly being used in modern technology.?°
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compounds of indium is indium tin oxide (ITO). It has been indicated that above 75% of
total indium consumption arises from 1TO.?* ITO is a mixture of In,O3 and tin-oxide
(Sn0O») in a ratio of 90:10 (wt:wt) which can be utilized as coating for plasma displays,
solar cells, electroluminescent lamps, cathode ray tubes, energy efficient windows, gas
sensors, aircraft, automobile windshields, LEDs (Light Emitting Diodes)*?? and LCD
(Liquid Crystal Display) screens.'® In fact these panels of LCDs are utilized in cell
phones, Cd/DVD devices, flat panel displays, computers and all kind of devices with a

display surface which is covered with a thin film of indium,92324

These vast applications of indium compounds justify that the world production of
indium has been increased over these past 30 years. It has been suggested that the interest
of using indium compounds will become considerably apparent during the next few

years.!

Countries with the largest indium production are China, Korea, Japan, Canada,
Belgium, France, Russia and Peru. The estimated world refinery production of indium of
these countries during the year 2015 in tons were 350, 195, 70, 70, 20, 41, 4 and 9
respectively. Hence, the summation of all of these productions during the year 2015 was
around 759,000 kg.%®

Also, according to a recent report, since late 1980 refined indium production has
grown year by year.?® For instance, the value of refined indium in 1980 was reported
around 70 tons, and increased dramatically to 570 tones as a total primary production of
indium during the year 2010.26 Another investigation revealed that in 2013 the primary
refined production of indium was around 770 tons and the second refined production of
this metal in the mentioned year was approximately 610 tons. From this reported value
(610 tons), 510 tons (84%) were produced nearby or in manufacturing centres in Japan,
South Korea and China. In fact, these amounts (510 tons) are probably recovered from
spent ITO sputtering targets that are mostly used in the production of flat panel displays
(see section executive summary in the reference?’). Accordingly, such wide productions
and high usages of indium compounds can demonstrate that it is important to study the

chemistry of indium that might be introduced to the environment.

1.3.  Toxicity of indium
Up to now very little is known about the toxicity of indium and there are many

concerns about health problems of some of its compounds.*®
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In principle, when it comes to study their toxicities, it is also important to take into

account the duration of the exposure and what organ of the body is being affected.?%2°

One of the compounds that could cause significant health problems is ITO, whose
inhalation not only might result in lung damages, skin problems such as irritations and

serious burns, but also eye illnesses.*®

For instance, shockingly, it was reported that more than 700 workers in Japanese
indium factories were diagnosed with lung disease as a matter of inhaling indium.
Additionally, in another paper it was reported that a very young indium worker who
suffered from interstitial pneumonia, despite of several treatments, died because of
inhalation of ITO.! Due to high levels of indium in his blood serum, it was concluded that
indium dissolution from ITO particles can damage the liver and enlarge the spleen.! Also
it has been indicated that oral ingestion of ITO can cause problems in gastrointestinal

tract.®

Moreover, pulmonary toxicity has been reported for other indium compounds, as an
example, exposure to indium arsenide (InAs) %% and indium phosphide (InP) 3232 can
cause several health problems such as lung inflammation, interstitial fibrosis,
emphysema, etc. On the other hand, the effects of being exposed to indium oxide was
also investigated in those reports. A report,? which was focused on the chemical
information profile for ITO, supported the conclusion of another work! about the harmful
effects of indium oxide exposition to rats and rabbits. It was observed that diseases such
as pneumonia, early fibrosis in the lungs, hyperplasia in lung lymph nodes, dystrophic
changes in livers, kidneys and hearts appeared in the body of the animals that were
exposed to indium-oxide. Additionally, the existence of ITO compounds in seawater

could have harmful effect on bacteria that are found in marine environment as well.33

Beside the mentioned compounds of indium, InCls is also toxic for several aquatic
species such as Americamysis bahia, Brachionus plicatilis, Artemia salina, Sillago
japonica 2 and Tilapia larvae.** Not only this compound is toxic as said for aquatic
species, but also it is harmful for humans. In fact, being exposed to InCls might cause
significant health problems such as lung inflammation, hyperplasia, interstitial fibrosis,

pneumonia and emphysema.t

Moreover, in another research the effect of injecting both In2Oz and InCls compounds
into the tail vein of mice was investigated. The results showed that In,O3 was 40 times

more toxic than InClz. Such a high toxicity of In2Os is really concerning. It has been
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reported that serious damages in the organs of the reticuloendothelial system (RES)2
appeared due to the absorption of In.Os3 compounds. It was indicated that these
compounds were accumulated in liver, spleen and bone marrow and were mostly excreted
in the feces.?® It was also revealed that, although InCls was less toxic than In,Os, such
compounds caused acute tubular necrosis of the kidneys and were excreted mainly in the

urine.?8

In another study it was reported that the half-life of In2Os in rats was around 10 days,
while in one of the recent studies it was demonstrated that indium might remain in the
human body for about 8 years.>>% All these investigations convince us that it is extremely
crucial to devote more time to find safer ways to work with such compounds and prevent

their leakage to the environment.

The Department of Health and Human Services of the National Institute for
Occupational Safety and Health (NIOSH) in the United States has recommended the
maximum exposure limits for indium in air to be around 0.1 mg/m33" but still no
limitations have been indicated in case of oral inhalation of indium and, more importantly,
there has been no standard rule published to know how much should be the proper level

of indium concentration in drinking water.1*

Accordingly, toxicity of indium and its compounds must be considered as an

important issue.
1.4. Indium in the environment

The average concentration of indium in the earth crust is almost the same as the
concentration of silver and mercury, which is around 52 pg/kg* and also it is
approximately half of that of arsenic and three orders of magnitude less than the

concentration of lead.

Two of the main sources of indium in the nature are zinc and lead-zinc ores. In 2007
approximately 600 metric tons of purified indium were produced from those ores. Indium
percolates, from zinc and lead-zinc wastes that contain hydrochloric or sulfuric acid, to
the environment.! Additionally, indium can be enriched in cassiterite ores and in rare

sulfide ores such as sphalerite, chalcopyrite and stannite.®

2 In Pathology, (RES) are types of monocyte cells that have the ability to protect the body by ingesting
harmful foreign particles. Such a mechanism of protection is called phagocytosis.®®
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Total indium concentrations in natural waters have been reported to be, generally,
extremely low, around 0.1 ng/kg.! For instance according to previous reports, total
concentrations of indium in the Pacific and Atlantic oceans were in the range of 0.06 to
0.15 pmol/kg and 0.6 to 1.5 pmol/kg, respectively, while in the river and estuarine waters
were approximately in the range 0.01 to 15 pmol/kg.® A recent review! reported
concentrations of indium in oceans from 0.006 to 0.5 ng L and from 0.13 to 15 pg L™*
for some freshwaters. The concentration of dissolved indium® could reach 6 to 29 pg/L

in streams influenced by acid mine drainage (pH around 3).

Total concentrations of indium measured near mining and smelting areas were very
high.! In natural sediments this concentration was approximately 0.05 mg/kg, while high
indium concentrations up to 75 mg/kg were measured in river sediments near smelters.
Additionally, according to another study, an average concentration of indium in coal is

100 pg/kg and its concentration in petroleum can vary from 1 pg/kg up to about 20 pg/kg.t

To explain the concentrations of indium in atmosphere, we can briefly take into
account two groups of fluxes: inputs to the atmosphere and outputs from atmosphere.!
Dusts, ocean sea spray and volcanic emissions are natural sources that can introduce
indium to the atmosphere.® Almost 0.04 ton/year®! is the amount of global indium dust
flux and this value is approximately the same in case of ocean sea spray.*? And more
importantly volcanic emissions can cause a global flux of indium to be around 0.01-21
tons/year*® which could result from a fractionation of the more volatile elements, such as
indium.>#* Industrial inputs to the atmosphere which can be due to fossil fuel combustion,
mining, smelting, semiconductor and electronics manufacture, and incineration are also
important in releasing huge amounts of indium into the atmosphere. Approximately, 300
tons of indium are released annually to the atmosphere from coal-burning, 600 tons/year
from mining and smelting emissions. Global releases from semiconductors and electronic
devices are presently smaller. The total input of indium into the atmosphere is around
1000 tons/year.*

On the other hand, human activities play an important role in the increase of indium
concentration in the environment. As an example, industrial inputs could be extremely
high and many researchers have indicated that anthropogenic sources might have
significant effect,*>® causing an increase in concentration of indium in the environment.
Hence these anthropogenic sources might be mentioned as a main source of indium input

into the ocean.!
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1.5. Speciation of indium

Many investigators have studied hydroxide complexes of indium.”1? These
hydroxide complexes have been described in section 1.1. Recently it has been indicated
that un-hydrolyzed In®* ion is only predominant at pH values lower than 4 at 25°C or in
presence of very high concentrations of F~ or CI".1*> The stability constant of complexes
that In®* forms with Iminodiacetic acid (IDA), tartaric acid, aspartic acid, maleic acid,
oxalic acid and picolinic acid have been studied some years ago.*’ Also some
investigations have been devoted their attention on complexes of indium with
acetylaceton, benzylacetone, malonic acid and phthalic acid.*® Another report performed
potentiometric titrations to study the behavior of oxalic acid and indium oxalate at higher
concentrations of the ligands to understand its stoichiometry and complexation.*® In
another investigation it was indicated that indium has higher complexation constant for
small organic molecules than Cu?*, Pb?* and Zn?*, but lower than Hg?*.1*® So, all of
these studies can show that still there is a need to devote more investigations to study

speciation of indium-complexes deeper in various media.

1.6. Analytical methods for the determination of indium

Many techniques have been applied to determine total and free concentrations of
indium in different samples. Up to now few studies has been focused on determining trace
concentration of indium. ! These studies involves using spectrometric®°>%8 and

electroanalytical techniques.1%-°1:°9-68

Tables 1-2 and 1-3 show various spectrometric and voltammetric techniques which

were respectively used for determining total concentration of indium.

Table 1-2: Spectrometric techniques which were applied to determine total concentration of
indium in various samples.

Spectrometric Combined with
. - Some comments Source
techniques the technique
To be able to preconcentrate target ions such as
gallium, indium and thallium, Triton X-114 was
Flame Atomic Preconcentration | used as a non-ionic surfactant. This method was
Absorption technique: Cloud | not affected by interferences and such a property 52
Spectrometry Point Extraction made this technique to be appropriately used to
(FAAS) (CPE) determine concentration of the mentioned target
ions in sediments and mobile-phones liquid-
crystal display samples.
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Spectrometric Combined with
- - Some comments Source
techniques the technique
A sensitive method to determine total
Electrothermal concentration of indium by Graphite Furnace
Atomic Absorption i Atomic Absorption Spectrometry (GFAAS) using 53
Spectrometry a L’vov platform coated with tungsten. This
(EAAS) method was successfully used to determine
indium concentration in aluminum-rod samples.
Dispersive
Liquid-Liquid- | This method was used to preconcentrate indium—
Solidified 1-(2-pyridylazo)-2-naphthol complex in 25 pL of
EAAS Floating Organic 1-undecanol and was applied successfully to 54
Drop Micro extract and determine indium in water and
Extraction standard samples.
(DLL-SFODME)
In this method, the ligand 2-(5-bromo-2-
Inductively pyridylazo)-5-diethylaminophenol (5-Br-
. PADAP) was used to form a complex and non-
Coupled Plasma Complexation ionic surfactant (t-octylphenoxy-
Optical Emission and separation . yip y- %
- polyethoxyethanol). Triton X-100 was utilized for
Spectrometry (ICP- technique . -
the separation step. Satisfactory results were
OES) . e . h
observed in determining concentration of gallium

and indium in urine and lake water.
The comparison of the results obtained from two

ICP-OES and (5- techniques revealed that ICP-OES is more
Br-PADAP)? - suitable option for determining indium 56
Spectrometry concentration in the solutions than (5-Br-

PADAP) Spectrometry technique.
The two methods consisted in the application of

the flow injection ICP-MS technique, one using
isotope dilution technique **3In enriched spike

Inductively - Isotope dilution
Coupled Plasma technique and the other one utilizing natural yttrium which 38
Mass Spectrometry - Using Y as was present in the sample as an internal standard.
(ICP-MS) Internal Standard These methods resulted in the determination of
picomolar concentrations of indium in Pacific and

Atlantic ocean seawater.

Different target ions including indium were
Concentration concentrated and separated from major ions in the
ICP-MS and separation seawater by using 8-hydroxyquinoline chelating 57
technique ion exchange resin (TSK-8HQ). Picomolar
concentrations of target ions were measured.
Fiber Optic linear Dispersive Ligand PAN* was used to form a complex and a
P : DISPErsive cloudy solution. Then (FO-LADS) was utilized to
Array Detection Liquid Liquid : . . -
. . determine concentration of the enriched analyte
Spectrometry (FO- | Micro Extraction - .
in the sediment phase of the water samples and
LADS) (DLLME)
standard alloys.

3 (5-Br-PADAP) stands for 2-(5-bromo-2-pyridylazo)- 5-diethylaminophenol ¢
4 PAN stands for 1-(2-pyridylazo)-2-naphthol



Chapter 1: Introduction

Table 1-3: Voltammetric techniques which were applied to determine total concentration of

indium in various samples.

Voltammertic
techniques

Some comments

Source

Differential Pulse
Polarography (DPP)

DPP was developed to determine trace concentration of
indium in standard alloys, synthetic and biological samples. In
this technique the ligand PAN was used. Such measurements

were done in the pH range 6.5-11.5.

59

Adsorptive
Stripping
Voltammetry
(AdSV)

Bismuth electrode was used to determine trace
concentration of indium in natural water samples. Additionally
cupferron was utilized as a complex agent to form In(l11)-
cupferron complex.

19

AdSV

In(IIT) was complexed with 2,3,4'-5,7-
pentahydroxyflavone (morin) and static mercury drop electrode
was used with the technique AdSV. In this investigation
samples of jarosite® which contains high quantities of indium
were used.

65

AdSV

The complex of indium ion with xylenol orange was
absorbed on the surface of the Hanging Mercury Drop
Elecetrode (HMDE). Indium was determined in the real samples
such as water, alloy and jarosite (zinc ore).

66

AdSV

LLMES® and Anodic Stripping Voltammetry (ASV) were
coupled to determine traces concentrations of cadmium, lead,
thallium and indium. This method was applied to determine
concentration of each single metal in presence of large amounts
of interfering metals.

67

Anodic Potential-
Step Stripping
Voltammerty

(APSSV)

The technique (APSSV) was tried for determining various
metal ions. Results were compared with the ones of ASV. It was
concluded that, when it comes to determine concentrations of
metal ions that their electron transfer is irreversible, APSSV is
more sensitive than ASV. However, the APSSV technique was
founded to be difficult to provide precise analysis of ion
mixtures with the proximate anodic peak potentials.

60

Square Wave
Anodic Stripping
Voltammetry
(SWASV)

Indium was determined in presence of lead and cadmium
using the Bismuth-film electrode (BIiFES).

It was concluded that redox process of cadmium and lead
were more reversible than the case of indium on the BiFEs. Also
it was revealed that peaks of indium and cadmium were better
separated on a BiFE than on a Mercury Film Electrode (MFE).

62

SWASV

Indium and gallium were determined using the technique
SWASYV at mercury, bismuth and mixed mercury-bismuth thin-
film electrodes, which were generated in situ on the surface of
glassy carbon rotating disk electrode. Two competitions for the
surface site of the glassy carbon electrode was observed. One
was the contest between indium and bismuth and the other one
was the rivalry between gallium and mercury.

68

5 Jarosite is an industrial residue from the refinement of zinc ore
¢ LLME stands for Liquid Liquid Micro Extraction.
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Voltammertic

. Some comments Source
techniques

A sensor array was formed by a combination of ex-situ
Differential Pulse antimony film deposited on a screen printed carbon nanofiber-
Anodic Stripping modified electrode (ex-situ-SbSPCNFE) to determine thallium
Voltammetry and indium ions in water. Concurrent determination of thallium
(DPASV) (1) and indium (111) in the spiked tap water was also satisfactory
in comparison to ICP-MS measurements.

61

Several proposals for measuring free indium concentrations (i.e. the free
concentrations of the hexaaquo complex) have been reported, including lon Selective
Electrodes 5% or molecularly imprinted polymer sensors,®® but their limit of
quantification (around 107 mol L) is still relatively modest. Table 1-4 explains more

details about the investigations that are mentioned above in case of measuring free indium
concentration.

Table 1-4: Indium selective sensors which were applied to determine free concentration of
indium in various samples.

Selective sensors Some comments Source

) All-solid sensor which was selective for In(111) was developed and
Solid sensor

) then Flow Injection Potentiometry FIP was used to determine indium 63
selective to In (111)

in alloys.

. Polyvinyl Chloride membrane sensor with the property of being
Indium (111)

] ] sensitive to indium (I11) was used. Utilizing such sensors provided
selective Polyvinyl

. satisfactory results in partially non-aqueous media. Finally the 64
Chloride (PVC)

quantitative application of the sensor was investigated by analyzing

sensor ) . . ]
synthetic seawater solution with the technique AAS.
Highly selective This technique successfully analyzed In®*. This investigation was
molecularly performed in real samples such as sphalerite, blast furnace dust, 51
imprinted sensors ground water and silver powder.

So, up to now, no investigation was found to be focused on measuring free In%*
concentration in mixtures of ligands. This justifies the interest of another technique,

Absence of Gradients and Nernstian Equilibrium Stripping (AGNES) to measure free
indium concentration.
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Now, we can specify some advantages and disadvantages of the most common

techniques that we mentioned above.

ICP-MS is one of the most used techniques to determine total indium concentration
in environmental samples, but one difficulty of this technique is that a sample
preconcentration step is previously needed to remove other ions that might interfere with
the target one and to be within the detectable range.*

Regarding preconcentration techniques such as solvent extraction, we have to
indicate that most of the times there is a need to evaporate the solution. This process might

cause interferences in the measurements due to the formation of complicated complexes.

FAAS techniques are also problematic when it comes to use them for determining
indium. In fact, in these techniques some ions such as tellurium, tin, silicon, and particles

containing sulfate can interfere with indium.>!

Stripping methods such as Anodic Stripping Voltammetry techniques (ASV),
Adsorptive Stripping Voltammetry (AdSV) and Polarographic techniques'® can be
indicated as powerful ones for determining trace concentrations of metals in various
environmental samples, especially for the case of indium. Simplicity, being not
expensive, fast responses with high sensitivity are the main advantages of ASV and AdSV
techniques.’® However, they can rarely access directly to the free ion concentration. More
details about potentiometric, polarographic and voltammetric techniques will be
discussed in detail in chapter 2.

1.7. Objectives and outline of this thesis

The objective of the present thesis is to study the speciation of indium with
voltammetric techniques. The capability of the electroanalytical techniqgue AGNES
(Absence of Gradients and Nernstian Equilibrium Stripping) to determine low
concentrations of free indium in different media, different ligands and pH values is
examined for the first time. The application of the technique named Accumulation under
Diffusion Limited Conditions (ADLC) to calculate the lability degree of indium-oxalate
complexes is another novelty of this project. ADLC results can improve the ability of
AGNES to determine extremely low free concentrations of indium in precipitated

solutions (solutions that are in equilibrium with precipitated In(OH)z).
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Then, finally, we aim to apply AGNES to study the kinetics and dissolution of indium
nanoparticles (In;O3) in dispersions containing KNO3z and synthetic seawater solutions.

This thesis is organized into 5 more chapters (besides this one):

Chapter 2 firstly gives a brief description about the electroanalytical techniques often
used in speciation studies, i.e. potentiometry and voltammetry, and then focuses on the
techniques that are predominantly applied in this thesis, AGNES and ADLC.

Chapter 3 presents the application of AGNES technique to the determination of free
indium concentration in solution. In particular, speciation of free indium in In-NTA and
In-Oxalate mixtures at pH around 3 using AGNES is assessed.

Chapter 4 shows how ADLC can be used to determine the lability degree of indium
oxalate complexes and how these results can provide a guideline to determine low
concentrations of free indium in solutions that are in equilibrium with precipitated
In(OH)z in the pH range 4 to 6.

Chapter 5 sheds light on kinetics and thermodynamic features of the dissolution of
indium nanoparticles (In203) in solutions that contain KNO3 0.1 mol L™ from pH 2to 5

and in synthetic seawater solutions at pH around 8.

Chapter 6 presents the general conclusions from the results of this thesis.
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2.1.Electroanalytical techniques

The aim of this chapter is to gather some background information about

electroanalytical techniques and their use to determine metal speciation.

2.1.1. Suitability of electroanalytical techniques for metal speciation

The term speciation indicates a set of chemical forms in which an element distributes
in a living system or in the environment. In an aquatic system, chemical species can be

classified as:2
1) Particulate (>1pum)
2) Incorporated to colloidal particles (1nm-1um)

3) Dissolved species (<1 nm), which includes free metal ions, complexes with

anthropogenic and natural ligands, and also simple inorganic complexes.

Monitoring metals which might cause health problems is significantly important and

sometimes just total metal concentrations would not provide sufficient information.!

Two models, the Free lon Activity Model (FIAM)? and the Biotic Ligand Model
(BLM) 4, are based on the common key point that free metal ion is the only directly
bioavailable species. These models suffer from some limitations.> Both are based on a
direct (linear) relationship between free ion concentration and the surface bound metal,
but this relationship is only reasonable when the species are at equilibrium.> This
equilibrium is, perhaps, valid for metal ions equilibrating with microorganisms and
inorganic ligands in water. So, it seems that these models probably would not be
applicable for more complex media such as soil, sediments and biofilms, or when
heterogeneous ligands like humic substances exist.> When the metal is transported from
the bulk to the biological surface, it might undergo many dissociation and association
reactions.® This property is not included in FIAM/ BLM. In fact what has been assumed
in these two models is that the transport of metal species is not limiting.® But in reality,
some transport happens both directly and through the dissociation of the labile complexes.
So, still there is a need to develop techniques which should provide more trustable
information about speciation of metals,®® which can be harmonized within the current

understanding of the environmental functioning.

Up to now, many analytical techniques have been developed to study the speciation

of metals® in aquatic solutions, such as potentiometry (e.g. using ion selective electrodes),
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voltammetry and spectroscopic techniques.* Some examples of spectroscopic techniques
that were used in speciation measurements are hyphenated techniques (e.g. Gas
Chromatography- Inductively Coupled Plasma- Mass Spectrometry, GC-ICP-MS) that
were applied to analyse organometallic elements!®!* and X-ray Spectroscopic
techniques.® But the major drawback of spectrometric techniques such as Graphite
Furnace Atomic Absorption Spectrometry (GFAAS) and Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS) is that, although they can be applied for large number of
elements, they are all very expensive and are used to determine the total concentration of
the metals.? So, in principle, these techniques cannot be directly applied for speciation
measurements.® Hence, to make them applicable for such an aim, they must be coupled
with separation and extraction procedures and this coupling increases the risks of
contamination during the sample storage or handling. Additionally, the cost of sample

analysis with these techniques is often high.?

In contrast, voltammetric techniques are suitable for speciation measurements. They
are low cost, and when applied in situ they have minimum probability of sample change
or contamination by reagents and losses by adsorption on containers.?> Stripping
techniques can be considered as very indicated because of the low detection limits.
Anodic Stripping Voltammetry (ASV) is the most popular one and has the property of
determining labile fractions that have sometimes been correlated with the bioavailable

fraction of the metal 1213

2.1.2. Potentiometric techniques

Potentiometry measures the potential difference between two electrodes, without
affecting the solution relevantly. Two electrodes are used, one is called the reference
electrode with a constant potential, while the other one is the working or indicator
electrode which responds to the analyte activity. In the simplest case, the analyte is an
“electroactive species”, that is, part of a galvanic cell. These electroactive species can

donate or accept electrons at an electrode surface.'*

2.1.2.1. lon selective electrodes (ISE)

The common lon selective electrodes belong to the potentiometric techniques. These
electrodes respond selectively to one specific ion. Figure 2-1 represents a classical
potentiometric setting which includes indicator electrode (1), reference electrode (R) and

potentiometer device (PM).
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7

Figure 2-1: Basic representation of a classical potentiometry. I= indicator electrode;
R=reference electrode; PM= potentiometer device. This figure is adapted from reference 1.

These electrodes are one of the most important groups of chemical sensors.’® Many
articles and reports describing their applications and the methodology have been written

about such electrodes.t’20

In case of an ion selective electrode, the measured electromotive force ( E,;) of a
cell depends on the potential across the interface of the sample and the membrane phase.?

As can be seen in equation (2-1), E.. is a sum of potentials:*

Eemf = E + EJ + EM (2'1)

const

In this equation E_ is a constant potential, E,, is the potential of the membrane and

const

E, is the potential of the liquid junction at the sample/bridge electrolyte interface. 2 When

two non-similar electrolytes are in contact, a voltage difference, which is called liquid
junction potential (E;) develops at their interfaces. Sometimes this junction potential can
cause limitations in the accuracy of the direct potentiometry measurements, because the
exact contribution of the junction to the measured voltage most of the times is not clear
_14

Equation (2-2) can be used to relate Em with the composition of the sample and the

internal filling

E, = p & (2-2)
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B a
In this equation, @, and @, stand for the activity of substance i in a phase # and

a  respectively, additionally z; represents the charge of species i.2 Phase « and phase
S correspond to the test solution (the sample) and internal filling solution of the

electrode, respectively. If the activities of specie i is kept constant in one phase, then the
membrane potential can be calculated with a Nernstian-like equation and the ion activity

in the other phase (see page 74, chapter 2 section 2.4.1 of the reference??).

lon selective electrodes are immersed in a solution and respond to the activity of the
free analyte, not the complexed ones. A potential difference will appear between the
electrodes or membranes as a result of a charge imbalance or movements of ions. The
crucial factor in an ideal lon selective electrode is to have a special membrane that is
sensitive and capable to bind to the needed specific ion.**

Now, we can briefly see different types of ISE.

21.21.1. Glass membranes

They consist of a glass bulb membrane with a wire of Ag inside it. This bulb separates
the internal filling solution (HCI 0.1 mol L) and an Ag/AgCl electrode from the solution.
This Ag/AgCl is utilized as a reference electrode which is connected to the wire of Ag.?>%
This tiny glass membrane is immersed inside the target solution. One of the common
usages of such electrodes are pH electrodes. The glasses used in these electrodes are

mostly amorphous silicon dioxides with embedded oxides of alkali metals.

Although the pH sensing ability of the glass electrode provides information about the
activity of hydronium H* in water and can be used for measuring the pH of the solutions,

there are some problems to take into account while using these electrodes.

As an example, in solutions that have high concentrations of alkali metals, while the
activity of H* is very small, the equilibration is more difficult. Besides that, strong
alkaline solutions or solution containing fluoride might damage these electrodes.
Additionally the electrode might be affected by the absorption of certain proteins on its
surface. Moreover noble metals such as Ag* and Cu* could also damage the electrode by

being reduced and deposited on the surface of the electrode.?®

21.21.2. Crystalline membrane
Electrodes based on crystalline membranes are called solid state ion selective

electrodes. Their structure is based on inorganic crystals. One common kind is the fluoride
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electrode which employs a crystal of LaFs; doped with Eu?* (doping means adding a small
amount of Eu®* as a replacement of La®"). Other frequent types are AgCl, AgBr, Agl,
Ag:S, CuS, CdS and PbS. For instance, AgzS responds to Ag* and S? .24 Generally the
surface of these electrodes tends to respond to ions or species that form almost insoluble

precipitates (see section 2.4.3 in ).

2.1.2.1.3. Ligquid-based ion-selective electrodes

Typically, the membrane that is placed at the bottom of these electrodes is made from
polyvinyl chloride and is impregnated with an ion exchanger and the plasticizer dioctyl
sebacate.!* Figure 2-2 shows a liquid-based ion-selective electrode that is immersed in an
analyte solution and how it works. The inside of the electrode has cations (C* (aq)) and
anions (B*(aq)) and the outside of the electrode is immersed in the analyte solution which
contains C*(ag) and A*(ag) and many other ions. Essentially, it does not matter what
exactly are A", B~ and other ions. The voltage across the ion-selective membrane is
measured using two reference electrodes, which are usually AglAgCl. When the activity
of C" is modified, the voltage measured between the two reference electrodes will change
as well. One of the important issues in this figure is the ligand L, which is called
ionophore. This ligand is not soluble outside the membrane and can selectively bind to
the target ion, for instance if we consider a potassium ion selective electrode, L could be
a ligand such as valinomycin. This ligand is a natural antibiotic and carries K* across the
membrane of the cell. Also we can assume that C* and R™ are K™ and tetraphenylborate
(C2Hs)4B, respectively. L has a high affinity for C* and low affinity for R", so this means
that in an optimal electrode L should only bind to C*, but in reality the ionophores of ion
selective electrodes have a tendency to bind with some other cations. This might cause
some interferences when the aim is to measure C*. Inside the membrane we have a
complex LC in equilibrium with C*. Also, some excess of L exists inside the membrane.
C" can pass through the outer surface of the membrane and enter the analyte solution and
cause excess positive charge inside the solution. Taking into account that in an ideal
electrode R and A are insoluble (or very poorly soluble) in aqueous and organic phase
(membrane) respectively, then the diffusion of C* and its entrance in aqueous solution
will provide an imbalanced charge and an electric potential difference will result. It is
also important to take into account that the diffusion of C* cannot be sustained for ever.
In fact relatively few C* ions can pass across the membrane because each C* tends to stay

close to an R in the membrane (for electroneutrality), so after a certain potential
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difference is generated it can block more diffusion of C*.** As can be seen in figure 2-2,
the indicator electrode and the reference electrode are both immersed in the solution and
the cell is connected to the potentiometer device. One problem that might appear with
these electrodes is that some special types of them work in a specific region of
concentrations. As an example, the response of the Pb?*- selective electrode might be
levelled off at a concentration of an analyte around 10° mol L. Lower free
concentrations (~ 10! M) have been reached by using a metallic buffer solution as inner
electrolyte. Also, generally, it has been reported that leakage of a target ion from the
internal filling solution through the ion-exchange membrane can limit the sensitivity of

these electrodes

Internal referenifa External reference electrode
electrode m Ve
lon
selective -1 N1 T ~
electrode \(
\\ 1 4
e 4
— V=L
) ———_ Analyte
lon selective A . . solution
membrane illing solution

inside

electrolyte
Inner surface

of membrane

lon selective
membrane

Outer surface

Analyte of membrane

solution

Figure 2-2: lon selective electrode placed in an aquatic solution, C*, L*, R-, A- and LC represent
the analyte cation, ligand, hydrophobic anion, analyte anion and complex, respectively
(adapted from 14),

Now, we turn to evaluate the attempts?42>1416-23 to measure free concentration of

indium with ISE (see chapter 1, section 1.6, table 1-3).

Two main characteristics of In-ISE are the selected ionophore and polymeric
membrane. In a recent published work,? it was concluded that the decline in the
sensitivity of their polymeric membrane could be related to the limited lipophilicity and
chemical stability of ionophores. Such a deterioration in the sensitivity of this polymer
could result from the leakage of the ionophore from the membrane. As indium (111)-

ionophore chelates are compounds with high lipophilicity, their leakage should be
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minimal. This membrane could be used for a long time (3.5 months) without any drift in
the potentials if it is stored in 0.01 mol L In®* when it is not being used. Additionally, it
was found that there is a limitation of pH range, the safe pH values in presence of indium
(111) selective PVC based sensors needs to be in the range 4.5 up to 7.5.2° It has been
indicated that this could result from the interference of H™ at acidic pH values (pH= 1-3)

and of OH"at basic pH values (higher to pH 8) in the aqueous solutions.?®

In another work, the effect of membrane composition on the potentiometric response
of the coated graphite indium (I11) sensors using 107~ 102 mol L™* indium InCl; at pH 5.4
was studied. In fact they claimed that they measured the concentration mentioned above,
but they did not comment on the expected concentration under these condictions. They
revealed that sensors with the solid contact had a good performance with the Nernstian
slope 19.09 mV/decade, a linear range 3x10 to 1x107 and a Lower Detection Limit of
1x107 mol L™ for In(111) was achieved.?

2.1.2.2. Zero current potentiometry

Zero current potentiometry is a potentiometric technique where the ceasing of flow

of current indicates the end point.
In fact at equilibrium conditions the net current is zero and the electrode potential is

related to the bulk concentrations of oxidized (c) and reduced form (c;) of the redox

couple, as prescribed by Nernst equation.??

LU (2-3)
nF ¢

E=E

2.1.2.3. Constant current potentiometry

The end point of constant current potentiometries can be determined directly as a

result of a large change in the electrode potential.®

This technique is mostly practical for redox titrations where one of the couples is
irreversible i.e. in cases that equilibrium on the surface of the electrode would not be
achieved very fast.™ Constant current potentiometry has been developed in variants such
as Stripping Chronopotentiometry (SCP),?%%’ Stripping Chronopotentiometry at Scanned
deposition Potential (SSCP) 28 and Potentiometric Stripping Analysis (PSA).?°

In all constant current potentiometry variants, the evolution of potential is recorded
while a fixed current is prescribed. Figure 2-3 represents current voltage curves for two

redox couples (a) and (b), one behaved irreversible (b) while the other one is reversible
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(a). As can be seen in this figure, for practically zero currents, the potentials are almost
close to each other, but, then, as the current increases they start to diverge one from
another. This divergence is not always the same; in some cases it can be even more than
that.

Thermodynamically, a process can be categorized as reversible if just an infinitesimal
reversal in a driving force can cause the direction of the process to be changed. Also we
need to take into account that the concept of “electrochemical reversibility” is different,
as it is a kinetic concept related to the inability of the concentrations and potential to meet
electrochemical equilibrium (i.e. Nernst law is not applicable). More explanations about

reversibility or irreversibility are discussed in the section 2.1.3.4. in this chapter.

1(A)

E(V)

Figure 2-3: Current potential curves, a) reversible and b) irreversible couple. Constant current
I, presents better separation of potentials than I;, Adapted from 15) .

2.1.3. Voltammetric techniques

In voltammetric techniques, the current I which flows between the working electrode
(WE) and the Auxiliary electrode (AE) is recorded. This current is measured as a result
of the oxidation or reduction of the target element and is plotted as a function of the
potential, E, which is imposed on the WE and expressed with respect to that of a reference
electrode.? The reduction and oxidation of the species at the surface of the working
electrode not only generates current, but it also requires a mass transfer of the various
species to/from the surface of the electrode.®® Voltammetry, especially with mercury
electrodes, is one of the powerful techniques for analysing both inorganic and organic
analytes with high reproducibility and low detection and quantification limits.3!

Additionally we can consider voltammetry as one of the versatile techniques that can
be used for various fields of research and, mainly, it has been used for quantitative
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analysis of trace metals at pg/L levels or less 2% For instance, table 2-1 gathers some

of the applications of voltammetry techniques in biochemistry.

Table 2-1: Some voltammetric techniques used in biochemistry

Voltammetric techniques The aims Source

Square wave voltammetry (SWV)’, . o
quare wave v y( ) To spot changes in the oxidation signal

Differential pulse voltammetry (DPV) and “

Cyclic Voltammetry (CV)

of tyrosine (Tyr)8

Adsorptive Transfer Stripping Voltammetry
(AdTSV)’, DPV and Alternating Current To detect DNA hybridization effect 42

Voltammetry (ACV) 10

To measure the oxidation signal of
(SWV) ) " 43
Homocysteine (HCys)

2.1.3.1. Indicator electrodes used in voltammetry

In this section, we will present different types of indicator electrodes, such as the
Ultra microelectrode (UME), the Rotating disk electrode (RDE) and the Mercury drop
electrode (MDE). Additionally we will describe their applications, advantages and
disadvantages.

2.1.3.1.1.  Ultra microelectrodes (UME)

The small surface of UME, which are less than 50 um in radius, leads to steady-state
diffusion-controlled currents.®® They also include electrodes with micrometre length in
one direction with millimetre length in another direction. The use of these electrodes can
help to understand mass transport at the electrode surface better, since it can be seen that

7 Square wave Voltammetry (SWV) is usually applied at stationary electrodes such as HMDE and was
invented by Ramaley and Krause.??

8 Tyrosine (Tyr) or 4-hydroxyphenylalanine is one of the 22 amino acids that cells use for synthesizing
proteins.®

% In the technique Adsorptive Transfer Stripping Voltammetry (AdTSV), target molecule is strongly
absorbed on the electrode surface at an open electrode circuit, then by using a rinsing buffer the electrode
is washed and thereafter is transferred to the supporting electrolyte.®!

10 Alternating Current Voltammetry (ACV), is one of the powerful techniques used for quantitative
evaluation of the mechanisms of electrodes.®?

"' Homocysteine (HCys) is an intermediate of methionine metabolism in which at it high levels could
result in vascular disease and antherothrombosis.®
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such a transport might be diverse from planar diffusion normal to the electrode surface
and, rather, consists in two or three dimensional diffusion.** Advantages of using these

electrodes can be mentioned as follows:*>4*

1- Steady-state or quasi-steady state can be observed even in absence of supporting
electrolyte. This can be obtained even in non-polar or resistive solutions with high

accuracy of measurements.
2- The current-potential curves provide rapid measurements.

3- Using these electrodes can enhance the opportunity of studying fast reactions of

electroactive species.

In some cases, to perform quantitative measurements in aqueous solutions, it might
be convenient to increase the size of the microelectrodes, even up to a point where such
a condition is no longer suitable. For instance, some authors have suggested to use radii
larger than 4 mm radius, to avoid contributions of edge effect that comes from radial

contributions® and these electrodes are clearly macroelectrodes.

2.1.3.1.2. Rotating disk electrode (RDE)

This electrode is one of the hydrodynamic working electrodes which consists of the

electrode disk (commonly platinum wires) fixed in a rod of isolating material.

Through three transport phenomena molecules can arrive to the surface of these
electrodes: convection, migration and diffusion. Convection is the movement of bulk
fluids which could happen as a result of using physical means such as stirring and boiling.
Migration occurs when an ion is attracted or repulsed by a charged surface. And diffusion
takes place when atoms or ions move from a region with high concentration to a region
with low concentration. Among these three ways of ion transport, in the case of RDE,
convection is the most relevant phenomena. Now let us simplify the effect of convection
by considering that increasing the rotation rate implies reducing the diffusion layer. As
can be seen in the figure 2-4 if the applied potential is high enough, the analyte will arrive
to the surface of the electrode and react very fast, so the concentration of the analyte will
become almost close to the zero. The higher is the difference between the concentration
of the analyte in bulk solution and the concentration of the analyte at the surface of the
electrode, the higher is the rate of arrival of the diffusing analyte from the bulk solution
to the surface of the electrode * The diffusion layer will be decreased if the disk electrode

spins faster and consequently the diffusion current will be higher.*
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In the figure below, the symbol & represents the thickness of the layer. From this

figure we see that we are assuming that the analyte arrives to the layer just by diffusion.

Diffusion layer Convection region

T

Reactant
concentration in the
bulk solution

Reactant concentration

o

Distance from electrode surface

Figure 2-4: Schematic concentration profile of an analyte close to the surface of the RDE when
the potential is high enough to reduce the concentration of an analyte to 0 at the surface of
the electrode. This figure is adapted from reference 14,

Current oc rate of diffusion o [C] -[C]’ (2-4)
In the equation above, the symbol oC means that the current is proportional to the

rate of diffusion and to the difference between the concentrations. [C] stands for the

concentration of analyte in the bulk solution while [C]0 reflects the concentration of
analyte at electrode surface.

Hence, in a case that the rate of reaction is sufficiently fast and the applied potential

is high enough, the equation will change:

Diffusion current oc [C]0 (2-5)

The advantage of the RDEs is that they have a very simple structure which includes
a rotating disk imbedded in a rod of insulating material?® and, also, the rapid rotation of
these disks supplies fresh analyte to the surface of electrode very fast.* Indeed, the
reduction of the thickness of diffusion layer can increase the fluxes and consequently
lower the LOD that could be achieved.
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At high rotation of the disk, two factors are important: the configuration of the
insulating material and the arrangement of the disk embedded in it. At high rotations,
turbulences and spiral formations might appear and this can cause problems during the
measurements. Also it is crucial to be sure that there is no leakage of the solution between

the electrodes and the insulating material. 22

2.1.3.1.3. Mercury drop electrodes (SMDE and HDME)

The invention of the Static Mercury Drop Electrode (SMDE) was one of the
important factors that caused polarography to develop (see chapter 7 in ?). This electrode
is designed in a way that after the voltage and current are measured, the drop is dislodged
by a drop knocker and falls down from the tip of the capillary. Then, the electronically-
controlled valve remains open for 30-100 ms and during this short period of time a new

drop is formed (see figure below).

Hg Storage

Electronically
controlled valve

—

Drop Knocker

———— Large-bore capillary

Counter electrode Reference electrode

\‘
Solution Hg Drop

Figure 2-5: Schematic diagram of the static mercury drop electrode. Adapted from 22

SMDE can serve as Hanging Mercury Drop Electrode (HMDE). The difference is
that in SDME the drop falls down consistently after each measurement, while in HMDE

the whole potential program is applied in a unique drop.??
Now let us consider their applications, advantages and disadvantages.

These electrodes have been applied widely in the reduction of organic and inorganic
electroactive compounds.*® SDME has been used in pulse polarographic techniques
(polarography is a subclass of voltammetry), and electrocapillary studies (that follow the

study of changes in interfacial tension of the dropping mercury electrode as the electrode
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potential varies), while HMDE electrodes have been applied #7 in stripping analysis

(explained in section 2.1.3.3.) and cyclic voltammetry (discussed in section 2.1.3.4.).

Special properties of dropping mercury electrodes such as their renewable electrode
surface and wide cathodic potential range, made polarography techniques useful for
determining different species. When SMDE is used, the continuous formation of the drop
prevents any difficulties that might arise through the progressive passivation process on
the surface of the electrode. In fact it has been reported that at negative potential regions
(0.0 to -1.8V vs. Saturated Calomel Electrode (SCE)) passivation of some metals often
occurs, therefore the electrode surface of solid electrodes needs to be regenerated
periodically, but with SMDE or HDME each new drop is a new surface. Additionally the
accumulation of some metals (such as Ni, Cu and Fe) on the surface of solid electrodes
can affect the measurements, causing a decrease in the overvoltage of hydrogen (large
hydrogen overvoltage exists in mercury electrodes) and increase the background
current.*® Hydrogen overvoltage can be explained as the difference of the potential
between a reversible hydrogen electrode and an electrode in the same solution. In such a
situation H is being formed from hydrogen ions. In other words, we can say that
hydrogen overvoltage is related to the fact that H* (despite being in negative potentials),
due to some kinetic limitation at the Hg electrode, does not becomes H: at this surface.*®

The other advantages of the mercury electrode is its simplicity and trustable results
which could be more apparent if the capillary is placed in a correct position and its
maintenance is proper enough.*’ The main disadvantage of the SMDE electrodes is its
high consumption of the mercury and higher charging current, so for these reasons HMDE
electrodes are more used. In fact, not only HDME electrodes are capable of eliminating
such problems, but also can provide other positive points such as increasing the
reproducibility of the results, and decreasing the possibility of adsorbing electrolytic
accumulations of analytes on the surface of electrode. Nevertheless, there exists the risk
of operator poisoning (as a result of using mercury) and sometimes the drops are
dislodged out of the proper time.*® Hence, it is important to take care while working with

these electrodes and to find a way to overcome the problems mentioned above.

2.1.3.2.  Pulse techniques
These techniques are aimed to reduce the detection limits of voltammetry

measurements. In fact, the limit of quantification can be reduced to 10 mol L™ as a result

of increasing the ratio between faradaic and non-faradaic currents.*” Here we will discuss
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two variants of pulse polarography: Normal Pulse Polarography (NPP) and Differential

Pules Polarography (DPP).

2.1.3.2.1. Normal Pulse Polarography (NPP)

This technique has been widely used to determine low concentrations of metals in
environmental samples 22 and it is based on series of pulses. During the first step (t<to),
the base potential (Ep) is sufficiently positive to prevent any electrochemical reaction.
During most of the life of each mercury drop, the electrode is kept at the base potential
(Eb) in which partial electrolysis does not appear.?? At to the potential changes to the new
value Ei which is applied during the time t, (about 50 ms). Next successive drops have
new potentials E; increasingly negative which can cause a very intensive reduction of the
electroactive species at the electrode.®® 7 is the time at which the current will be measured
(slightly before the end of the drop life) and (for DPP) 7' is the time of a measurement at

the end of the base potential period.?? Figure 2-6 supports this explanation.

Drop 3

-E Drop 2

E(V) Drop 1

ktoaktp toan—tan—toagtpa

Ey,

Current T T t(s)
measured Drop fall

Figure 2-6: Potential program for three drops in a normal pulse polarographic experiment.
Adapted from references 22.50

Figure 2-7 is a schematic representation of an NPP polarogram where the abscissae

axis is inverted for a case without electrodic absorption. |, stands for limiting current

which happens when there is no variation in the current although the potential becomes

more negative. Diffusion limited conditions occur when the potential is very reductive
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and the concentration of the electroactive species drops to zero at the surface of the
electrode. During this process the current is regulated by the diffusion of the electroactive

species across the solution.>®

1(A)

N |

-E (V)

Figure 2-7: Typical wave in one NPP experiment after discounting the capacitive current. The
figure is adapted from the reference 0.

2.1.3.2.2. Differential Pulse Polarography (DPP)

Differential pulse polarography is a polarographic technique (i.e. based on the use of
a static mercury drop as working electrode) whose potential program is a series of
separated potential steps.??5! Figure 2-8 shows that the potential program is a combination
of a linear ramp with a superimposed square wave. During the life of each drop, two
potentials are applied: the base potential E, during a time denoted to (first pulse) and the
potential Ep +AE during a time tp=tg-to (second pulse or pulse width). The polarogram
takes, for each drop, the E, +AE potential as abscissa while, for ordinate, it takes the
difference between two current samples: one immediately before the time to and the other

just before the end of the drop lifetime (tq).

In uncomplicated systems (i.e. just metal ions and background electrolyte with
negligible complexation), the height of the peak is proportional to the free metal ion
concentration (which is also the total metal concentration), but such proportionality
vanishes -in general- when the metal is complexed. Relatively cumbersome mathematical
expressions are needed to describe the differential pulse polarogram, even in cases

without electrodic adsorption.
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Figure 2-8: Potential program for two drops in a differential pulse polarographic experiment.
Adapted from reference 22.
Assuming a reversible redox couple and planar electrode, the peak potential (Epeak)

or position of the maximum of the polarogram can be computed (see page 295, section
7.3 equation (7.3.30) in 22) with

U D 0
Epeac = E° ROy [ 2w _AE (2-6)
nF D .. 2

M

where E® is the standard formal potential of the redox couple, R is the gas constant,
T is the temperature, n is the number of exchanged electrons, F is the Faraday constant,

D, s the diffusion coefficient for the reduced metal inside the amalgam, D, . is the

M ™
diffusion coefficient for the free metal ion in solution and AE is the modulation amplitude

(or pulse height).

DPP is an ancillary technique for AGNES because the gain can be computed from
Epeax for several analytes (Zn, Cd, Pb, Sn).

Complexation of the electroactive metal (with ligands including OH") changes the
position of the DPP peak and its height. So, in the particular case of indium, a low pH
(such as 3) is convenient to avoid an impact on Epeak due to the formation of indium
hydroxides.>? DPP will be used in chapter 3, sections 3.3.2 and 3.4.1.
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2.1.3.3.  Anodic Stripping Voltammetry (ASV)
In stripping techniques three steps could be observed.
e Deposition.
e Rest period.
e Stripping.

Essentially, in this technique there should be a long deposition stage to pre-
accumulate the analyte, followed by a short stripping stage to measure the current.

ASV is one of the most used methods among stripping techniques in voltammetry.
In this process, metals will be electroplated on the surface of the electrode (or inside the
amalgam electrode) during a relatively long deposition step. Convection and diffusion
with stirring can help the ions to reach the surface of the electrode, where they will be
reduced and preconcentrated. The needed time for the deposition step can be controlled
from the minimum 0.5 min (for the concentration of the metal around 10" M) up to 20

min (for the concentration of the metal around 1071° M).%’

When the potential is scanned anodically, the stripping step can be applied in various
forms such as linear, pulse, square wave or staircase.*” Along the anodic scan, the

amalgamated metals will be re-oxidized and stripped out of the electrode.

Figure 2-9 represents a schematic view of an Anodic Stripping Voltammogram of an
indium solution using the deposition time 30 s (which is related to the ASV presented in
figure 5-1 in chapter 5). a) Represents the deposition step, Eq is the applied potential -
1.30 V and during this step indium is electroplated at the surface of the electrode (from
where it diffuses inside the amalgam). Then the stirrer will be turned off and the rest
period (b) will start. In the rest period the solution will be allowed to become quiescent
and the concentration of indium inside the amalgam becomes more stable. A typical time
for this period is tw = 5 s. Thereafter the process will be continued to the stripping step
(c), in which the linear scanning of the potential will start from negative potentials to the
more positive ones. The time that is needed for scanning is represented with ts (e.g. 15 s).

Ep is the peak potential (which is close to -0.51 V for indium) and Iy is the peak current.
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Figure 2-9: Schematic representation of the three steps of Anodic Stripping Voltammogram.
The input program (blue graph) is related to figure 5-1 in chapter 5 using the deposition time
(ta) 30 s. a) Deposition step, b) Rest period (when the stirrer is off) and c) Stripping step. E4 is
the potential applied in the deposition step which is equal to -1.3 V and Epeax represents the
peak potential around -0.51 V. t. stands for waiting period which is equal to 5 s and t;
represents scan time which is 15 s. The measured Ipeq= 2.5x10-6 A. This figure is adapted from
reference 22.

The peak current can, for simple systems, be calculated using the equation below.

1, =2.72x10°n** ADYA"* [ M’ | (2-7)

Symbols A and D represent the area and the diffusion coefficient, respectively and, v

(in V/s) is the potential scan rate during the stripping process .*’

ASV can be categorized as one of the most useful methods for determining ions, but
there are some issues needed to be taken into account when ASV is performed. For
instance, overlapping stripping peaks can derive from the similarity in oxidation
potentials of some metals such as Pb, Tl, Cd, Sn or Bi, Cu and Sh. Also adsorption of
surface-active organic compounds on the mercury electrode is another negative point,
since this can impact on the metal deposition and reoxidation. Moreover, it is important
to indicate that the position and size of the peak can be affected when intermetallic
compounds such as ZnCu are present.*’ In chapter 5, sections 5.4.1., 5.4.6. and 5.4.7.

ASV results for solutions containing indium are presented and discussed.
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2.1.3.4. Cyclic Voltammetry (CV)

Potential sweep methods are widely used to study electrode processes. One of the
variants is Cyclic Voltammetry (CV), where the sweep direction is inverted at a certain
chosen potential.

The applied potential is varying within time in a symmetrical saw-tooth wave form>3

as shown in figure 2-10.

0 50 t(s) 100 150

E(V)

Figure 2-10: Variation of the applied potential with time in cyclic voltammetry, showing the

initial potential, E; = -0.100 V, and the return potential Emi,=-0.800 V. Adapted from reference
53

In this technique, as can be seen in figure 2-11, the resulting current is recorded over
the whole cycle of forward and reverse sweeps. Indium species reduced in a forward scan
of each cycle can be re oxidized in the reverse scan, hence two (cathodic and anodic)
peaks appear which can be identified with the reduction and oxidation processes,
respectively. Epc represents the cathodic potential while Epa stands for anodic potential.
More details about the calculations will be discussed in chapter 3, sections 3.3.2. and
3.4.1.
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Figure 2-11: Cyclic voltammogram applied to a solution with indium. cz,»,=1.00 umol L-! at pH=3
between -0.1V and -0.8V, scan rate 10 mV/s.

2.2. Instrumentation used for experiments

Voltammetric measurements were carried out with Autolab pJAUTOLAB type 111
PGSTAT10 and PGSTAT101 potentiostats attached to Metrohm 663 VA Stands. All
experiments were performed using GPES 4.9.007 (Eco Chemie) and NOVA 1.11

(Metrohm Autolab) softwares.

As can be seen in figure 2-12, the working electrode was a Metrohm Hanging
Mercury Drop Electrode (HMDE). Glassy carbon was used as the auxiliary electrode and
the reference electrode was double-junction Ag/AgCl/3 mol L™ KCI with KNO3 0.1 mol
Lt in the salt bridge. A glass jacketed cell was used in all the experiments and
thermostated at 25.0°C.

A glass combined electrode (Crison, 5209) was attached to an Orion Dual Star ion
analyzer (Thermo) and introduced into the cell to measure and, accordingly, control the
pH.



Chapter 2: Electroanalytical techniques 45

Figure 2-12: Voltammetric cell with stirrer, double-junction Ag/AgCl/3mol L1 KCl, Metrohm
Hanging Mercury Drop (HMDE) and Glassy carbon were used as reference, working and
auxiliary electrodes, respectively.

Figure 2-13 shows a glass cell, Autolab potentiostat and Metrohm polarographic

stand all contected to the computer and ready to start the experiment.

Before starting the experiments, purging with purified water-saturated nitrogen N2
(purity > 99.999%) was necessary not only to spare a large signal from oxygen reduction,
but also to avoid dramatic pH increases close to the electrode surface which would lead

to indium hydrolysis.>*

Figure 2-13: Equipment used for the measurements including glass cell, Autolab potentiostat
and Metrohm polarographic Stand.

2.3. Techniques developed in this thesis

2.3.1. AGNES
AGNES (Absence of Gradients and Nernstian Equilibrium Stripping) is an

electroanalytical technique that, up to now, has been used -with mercury electrodes- to
determine free concentrations of amalgamating elements such as Zn, Cd and Pb in various

Samples 34,35,56-58
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2.3.1.1. Fundamentals of AGNES

AGNES is a stripping technique consisting of two stages with specific goals. We

detail here its principles and implementation considering indium as the target analyte.

2.3.1.1.1. First stage: Absence of Gradients in the concentration profiles and Nernstian
Equilibrium at the electrode surface

The aim of this deposition stage is to reach a special situation of equilibrium, where
two conditions have to be fulfilled: i) Absence of Gradients in the concentration profiles
and ii) Nernstian equilibrium at the electrode surface. The deposition is due to the

reaction:

In* +3¢” = In°(Hg) (2-8)

About condition i): Absence of Gradients. Figure 2-14 shows a schematic
representation of the desired concentration profiles. As can be seen in this figure, in the
mercury electrode we want a uniform concentration of reduced indium and a flat

concentration profile of free indium cation in the solution.

Electrode

Figure 2-14: Profiles aimed at the end of the first step (t=t1).

About condition ii): Nernstian equilibrium for the redox couple (e.g. In**/In°, in this
work). The concentrations of the oxidized and re-oxidized species of indium at the

electrode must fulfil Nernst equation, which can be written as:

a,.
E=E°+ R0 jn dn (2-9)
3F a,

In

where E° is the standard redox potential and aj is the activity of species j. When

equilibrium is reached, Nernst equation can be re-written in terms of concentrations as
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B L N
Y ———exp[—R—T(El—E )} (2-10)

[1n*]
where Y is the gain or preconcentration factor, which represents the proportionality
between the reduced indium concentration in the amalgam and its free form in the

solution. E; is the deposition potential associated to the gain Y and E® stands for the
formal redox potential.

There are several ways to reach the two equilibrium conditions (i and ii). The simplest
one is the 1P strategy, where the same potential E: is applied all along the first stage,
while waiting for as long time (t1) as needed to achieve the goal of the two equilibrium
conditions. Figure 2-15 shows a scheme of the 1P strategy. Usually, the potential E; is
just a few millivolts more negative than the standard redox potential of the couple, so that

moderate gains are aimed, because larger gains require longer deposition times.

Measurement
E, I
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Figure 2-15: Representation of the simplest potential program (i.e. using one potential pulse,
1P) for the first stage. E; is the deposition potential associated to the concentration gain Y. In
the variant AGNES-1, E; corresponds to a potential for a re-oxidation under diffusion limited
conditions. t,, is the duration of the period of no stirring at the end of the deposition time.

Alternatively, especially for large Y, one may use the refined strategy “2 pulses” (or
2P). In this methodology, two potentials: E1.and E1p are applied in two sub-stages of the
deposition stage, see figure 2-16. In the first sub-stage E1 . (prescribing diffusion limited
conditions for deposition, which might be associated to an aimed gain Y1, which will

never be attained) is applied during ti.. In the second sub-stage, the potential Eip
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(corresponding to the desired gain Y) is applied during tip (which could be called

“relaxation time”).

E(V) |
measurement

E, .

Eip 5((((((((((((((

. (€
diffusion | f
limited
conditions t(s)

ta tip t,

Figure 2-16: Schematic representation of the potential and stirring program using two
potential sub-steps in the first stage (AGNES-2P). The total deposition time t; is the summation
of the first potential step time t; the second potential ti» and the waiting time t..

To enhance mass transport, stirring is activated along most of the deposition stage.

See table 2-2 with the specification of the periods where stirring is on.

Table 2-2: Combination of parameters for the two strategies available for the first stage (1
Pulse and 2 Pulses) of AGNES.

a: Parameters for 1P

Stage Time Stirring Potential Gain
t1-tw On E; Y=Y;
1P Deposition
tw Off El Y:Yl
Stripping t Off E, Y2

b: Parameters for 2P

Stage Time Stirring Potential Gain

t1a On Eia Yia
2P Deposition tip on E; Y=Y1p
tw Off E; Y=Y1p

Stripping t Off E, Y2
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After the application of the first sub-stage in 2P, three situations can arise:
undershoot, equilibrium or overshoot. The undershoot appears when the number of moles
accumulated during the first sub-stage (i.e. throughout the time ty1,) is less than those
needed for equilibrium. The overshoot appears when the number of moles is greater than
those needed. Using the 2P strategy there is a reduction of the deposition time (with
respect to the 1P strategy) that might even reach a factor of ten, if ta is optimally chosen.
Figure 2-17 shows how a large overshoot can be spotted in the currents recorded during
the first stage of a 2P experiment.
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0.05 - S
0.04 -

0.03 -

1 (uA)

0.02 -
0.01 - *

0 T

100 2 300 400
-0.01 M t(s)
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Figure 2-17: Currents recorded during the first stage of a 2P experiment. Y1, =101%; Y=50;
t1,=100s; t15=300 s; crin=4.97umol L1, crox=69umol L1 and pH=3.00.

To check whether a given t1. produces overshoot, undershoot or equilibrium in our
system, one can compare experiments with various t1. See figure 2-18. If experiments
with longer t1» produce higher analytical responses (in the stripping stage), one concludes
that the applied t1. has been too short (i.e. undershoot). If longer ti, produce lower

analytical responses, one concludes that the applied t1,2 has been too long (i.e. overshoot).

Regardless of which strategy (1P or 2P) is adopted for the first stage, it is convenient
to use small electrodes, as the required deposition time increases with the size of the
electrode.® So, drop size 1 -the smallest in our stand- is selected to reach to the

equilibrium faster. Its approximate radius is 141 um.
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Figure 2-18: Schematic representation of possible situations for the first sub-stage of 2P
experiments, as seen from the stripping charges (Q) in three series of experiments (each
characterized by a given tiq) along increasingly long relaxation times (ti). The markers
triangle, circle and cross, exhibit overshoot, equilibrium and undershoot situations,
respectively. The series indicated with triangle markers are associated to a ti, larger than the
optimum one (for the aimed gain), while the cross series are associated to a too short tiq.

2.3.1.1.2. Second stage: quantification of the reduced indium inside the amalgam

The goal of the second stage is to quantify how much In° has been accumulated in
the amalgam during the first stage. There are different ways to achieve the goal of this
second stage, which lead to the variants AGNES-I, AGNES-Q, AGNES-SCP and
AGNE-LSV 5657

In AGNES-I, the metal is reoxidized at a constant potential under diffusion limited
conditions, then the current is measured and the calibration and measurement can use the

equation below.

I =Yn[In* ] (2-11)

Some irreversible systems (e.g. those with Zn) can also be analyzed with AGNES-I
33 because the reoxidation potential can be sufficiently more positive than the standard
redox potential (to overcome the irreversibility and reach diffusion limited conditions),
without reaching a potential where the reoxidation interference of other cations (e.g. Cd)

occurs.

Also for studying indium we could use AGNES-I as well, by using a much more
positive potential to prevent any irreversibility, but a problem might be the interference
of Pb. The standard redox potential of Pb and In are very close to each other, in fact this
value for Pb is -0.317 V and for In is -0.510 V.
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Hence to prevent any interference from Pb %52 and from the slight irreversibility
(more details about the semi irreversibility of indium can be found in section 3.4.1 of
chapter 3) of the indium couple, we used a fixed reoxidation potential E>=-0.450 V (vs.
Ag/AgCI) in AGNES-Q (this value of E2> was chosen from an ASV).

In AGNES-Q the stripped charge is measured during a very long stripping time (t2)
at constant re-oxidation potential (E2). All accumulated moles of In® will be stripped out
(full discharge of In% from the amalgam to have the total faradaic charge. This total
charge cannot be affected by any kinetics because the stripped charge is the one that
corresponds to the total number of moles of In®in the amalgam. When all this In° is
stripped, the speed at which this stripping is happening is irrelevant (as long as we wait
long enough for the complete stripping).

Once discounted the blank (i.e. the capacitive charge in an experiment with no
analyte, just background electrolyte)®” from the total charge, one obtains the faradaic

charge (Q). According to Faraday’s law, one can write:

Q = 3F(moles in amalgam) = 3FV,, [In"} (2-12)
By defining the proportionality factor as

g =3FViy (2-13)

and combining with equation (2-11)

Q=7,Y[In"] (2-14)

This expression indicates the direct proportionality between faradaic charge and the
free concentration of indium in the solution.

In AGNES-Q, during the second stage, the current is sampled at short time intervals
(e.g. each 50 ms) and it is recorded into a file (see figure 2-19). The integration of these
currents provides the charge. Because of the existence of traces of oxygen and other
interferents we need to subtract I (which is taken from the average of the last 20 points

of the stripping process).>’
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Figure 2-19: Stripping currents during the second stage. cri, =10.3 umol L-land crnra=12.2
umol L1, square marker represents the results using higher gain while the diamond marker
stands for the results using lower gain.

In practice, Q is just the summation of the cells containing the faradaic intensities I;

(once we have subtracted 1) multiplied by the fixed interval time (At) in an Excel file:

Q=] 1dt zAt[flj] (2-15)
j=1
Nmax 1S the number of intervals taken (usually 1000 intervals corresponding to the 50
s of t).

In AGNES-SCP, during the transition time 7 (re-oxidation time), a constant
oxidizing current Is is being applied. In AGNES-SCP, electrons that result from the
oxidation of M° and from the discharging process (of the electrode that functions as a
capacitor), all can be consumed by oxidants such as oxygen molecules or any other
interfering cations (also named the electroless effect) or provided as Is (see equation (2-
20)).%’

Is = Ifaradaic + IOx + Icap (2'16)

Hence, as can be seen in the equation above, the imposed stripping current (ls) can
be calculated as the summation of the faradaic current (Ifaradaic), the current due to oxidants

(lox) and the capacitive current (lcap).

The faradaic current will be calculated using the expression below:

Q=(l,-1,)r (2-17)
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So, this type of variant of AGNES is more useful when we cannot consider only our

analyte. In another words, other electroactive metals also exist.

In AGNES-LSV, LSV stands for Linear Stripping Voltammetry. In this version of
AGNES, the stripping current is recorded when the potential is being scanned at a

constant rate.>’

Complexation of the electroactive metal with ligands in the solution (including OH"
) does not impact on the equilibrium analytical response of AGNES, neither charge nor
intensity, provided one is comparing solutions having the same free metal ion
concentration. Moreover, the presence of ligands can only shorten the needed deposition
time, as (if they are not totally inert) they might contribute to the flux that builds up the

required amount of reduced metal in the amalgam. 338

2.3.1.2. AGNES applications

In a recent review, it has been indicated that AGNES is a proper technique to
determine free concentrations of amalgamating elements such as (Cd, Pb, Zn, Sn, Sh and
Cu) and could be a good option for measuring free concentrations of other metals (eg. Tl
and Ga). Additionally, there is a great potential to improve its application using solid

electrodes (eg. Cu on gold electrode and Pb on BiFE, Bismuth Film Electrode).*®

We can report that AGNES technigue has been successfully applied for determining
free concentrations of metals in a wide range of systems such as natural samples
(seawater,®® river water,®4% estuarine water,® solutions containing dissolved organic

matter,%7 soil extracts)® and in systems containing nanoparticles.>"%¢-"

Also AGNES has been successfully applied to measure free metal ion concentrations
in different systems. In a recent review, details on the applications of AGNES and its
comparison with some other chemical methods have been presented.® Table 2-3 gives
more information about some of the investigations that have been done using the

technique AGNES in different systems.
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Table 2-3: Some applications of AGNES.

Analyte System Type of electrode Comments source

Basic principles of AGNES 58

Cd NTA HMDE were described

NTA AGNES 2P was developed.
7n EDTA HMDE !rr'evgrsibi_lity and 3
precipitation did not affect
Oxalate AGNES results
Aldrich Humic AGNES results described with 2
Cdl Zn Acid HMDE NICA Donnan model
Wine and AGNES results were in
Zn synthetic HMDE agreement with DMT (Donnan "
solutions Membrane Technique)
Coastal . I
7n Mediterranean HMDE First application of AGNES to 35
seawater.
seawater

Rhine water and .
: AGNES results were in 64
Zn Dutch soil HMDE agreement with DMT results

extracts
M?JOHI_C an(_j VGME (.V |bra_t|ng For the first time Au-electrode 78
Cu Iminodiacetic gold microwire .
. was used in AGNES.
acids electrode)
HMDE and SPE
Cd, Zn Oxalate and (Screen Printed AGNES-SCP was developed. 2z
and Pb NTA
Electrode)
2.3.2.ADLC

ADLC (Accumulation under Diffusion Limited Conditions) technique has been

developed by our group and up to now has not been published.

In this technique, we apply an extremely negative potential during a time t,, and then
we measure the charge in the stripping stage. This charge is equal to the charge
accumulated in the deposition stage and is proportional to the steady-state flux (under

diffusion limited conditions) and ti a.

Q= nFAJtma (2-20)

(if we neglect the short transient). The negative potential that is used in ADLC
corresponds to a huge gain, similar to the one (Y1) applied during the first sub-stage of
AGNES-2P. Figure 2-20 provides more details about the potential program of ADLC. As
it is shown in this figure, a very negative potential is applied during the time ty.. Then the

charge that we measure in the stripping step (Q) equals to the accumulated charge during
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the deposition stage (Q1), which is proportional to the steady-state flux (J) and the

deposition time (t1,2).

More details about ADLC will be discussed in chapter 4, section 4.3.2,

E(V)

Measurement
I

E,

Qz :Ql

Diffusion Stirring
limited Ql = 3FA‘]tl,a
conditions | F1 lm

e t(s)

Figure 2-20: Potential program of ADLC, t1 represents the needed deposition time during the
stirring in the deposition stage and E1,q is the potential applied during the ti ..

2.4.Conclusions

The techniqgue AGNES might be a proper technique to determine extremely low free
concentrations of indium in different samples. The solubility of indium in mercury is very
high (57%)"° and the couple In®/In®* has a standard redox potential which is more negative
than that of Hg, so such properties renders it a suitable candidate to be tackled with the
technique AGNES.

The other techniques such as ASV, DPP, Cyclic voltammetry and ADLC might
provide ancillary information about the behavior of indium in various samples. In the next

chapters all of these aspects will be discussed more specifically.
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Part of the material of this chapter has been published in:

Tehrani, M. H.; Companys, E.; Dago, A.; Puy, J.; Galceran, J. Free Indium Concentration
Determined with AGNES. Sci. Total Environ. 2018, 612, 269-275

3.1.Abstract

Speciation of In in waters is important for its direct ecotoxicological effects, as well
as for the fate of this element in the environment (e.g. fluxes from or towards sediments).
Free indium concentrations in the environment can be extremely low due to hydrolysis,
especially important in trivalent cations, to precipitation and to complexation with

different ligands.

In this chapter, partially published recently,! the free indium concentration (which is
a toxicologically and geochemically relevant fraction) in aqueous solutions at pH 3 has
been measured with an adapted version of the electroanalytical technique AGNES
(Absence of Gradients and Nernstian Equilibrium Stripping). Speciation measurements
in mixtures of indium with the ligands NTA (nitrilotriacetic acid) and oxalate will be

discussed.

3.2.Introduction

Indium is a critical element present in a huge number of electronic devices 2 from
which it will eventually leach towards environmental waters and other compartments.>®
To understand fluxes of indium from the anthroposphere to the hydrosphere, lithosphere
and biosphere, the relevant chemical properties of this poorly-studied element have to be
adequately elucidated. For instance, the large hydrolysis processes of indium are key to
explain the transfer from some natural waters to the sediments.”® Moreover, hydrolysis
also hinders the accurate study of its speciation with most conventional techniques and,
so, there are many unresolved aspects of the behaviour of indium in a number of
systems.*® In particular, values of the reported stability constants of indium with most

ligands are remarkably uncertain.®

Although solid electrodes of Bi and Au have been able to determine free
concentrations of Pb° and Cu,! respectively, the typical implementation of AGNES with
mercury electrodes requires amalgamating elements such as Zn, Cd, Pb or Sn. Given that
indium is also an amalgamating element with a negative standard redox potential, it can

be tackled with AGNES and conventional Hg electrodes.
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This work is the first application of AGNES to a trivalent ion. pH 3 is chosen here to
avoid any complication from hydrolysis,”® for which conflicting formation constants
have been reported.®'? This pH is also relevant for acid mine drainages where high In
concentrations have been reported. '8 Speciation capability will be assessed with a ligand
(NTA, nitrilotriacetic acid) forming a relatively inert complex and another one (oxalate)
forming a labile one. In-NTA is also interesting for its application, in radiodiagnostic
medicine,’® as vector of isotopes In-111 and In-113 to transferrin (implying iron
substitution).

3.3.Experimental

3.3.1. Reagents

Indium solutions were prepared by dilution from a 1000 mg L stock solution (Fluka,
indium standard for ICP, Fluka, St Louis, USA). NTA (p.a., Fluka, Buchs, Switzerland)
and potassium oxalate monohydrate (both Fluka, analytical grade, Buchs, Switzerland)
were used as ligands. Potassium nitrate was used as the inert supporting electrolyte at 0.1
mol Lt (for all experiments) and prepared from solid KNO3 (TraceSelect Fluka, St Louis,
USA). KOH and HNO3 0.1 mol L (both Fluka, St Louis, USA) were used to adjust the
pH of the solutions.

3.3.2. Procedures

Differential Pulse Polarography (DPP) was used to have an initial estimate of the
potential to be applied in AGNES for a desired gain, compensating any drift from the
reference electrode. For DPP experiments, the largest stand drop (labelled "3" which
according to the catalogue corresponds to a radius ro = 203 um) has been used in order to
be able to apply an expression, valid for planar geometry, to the DPP peak potential.*4*°
For the "short" DPP variant, the drop lifetime was t4=0.1 s, while for the "long" DPP was
ts=1s; the scan rate was 4.5 mV/s and 0.45 mV/s, respectively. In both DPPs, the typical
initial potential was -0.4 V and the final potential was -0.6 V; a modulation amplitude of

49.95 mV and a pulse time t,=50 ms were applied.

To assess indium reversibility (i.e. the fast reaching of equilibrium conditions -ruled
by Nernst equation- between In® and In®* at the electrode surface) in the conditions of this
work, Cyclic Voltammograms (CV) were performed between -0.1 V and -0.8 V with a

scan rate of 10 mV/s. More details on the ancillary techniques (DPP and CV) and on
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AGNES can be found in chapter 2, section 2.1.3.2.2 (DPP), 2.1.3.4. (CV) and 2.3.1.
(AGNES).

We faced some difficulties while we were doing the speciation measurements with
indium. The capillary of the mercury drop electrode was blocked more often than usual

and we had also some irreproducibilities.
From Faraday's law and the equilibrium condition (3-1) reached by the end of the
first stage:
Q=3FV,,[In°] =3FVHgY[In3+] (3-1)
where Vhg is the volume of the mercury electrode. The normalized proportionality

factor (no, obtained from a calibration in previous works with Zn, Cd and Pb)*® can be

defined as:
Mo =NFVy, (3-2)
Combining equations (3-1) and (3-2), one reaches the key equation for AGNES,

which relates the analytical signal (faradaic charge in this case) with the free metal ion

concentration

Q =75Y[In*] (3-3)
The faradaic charge can be obtained by subtracting a synthetic blank (i.e. the solution

with just background electrolyte) to the total charge.’

3.4.Results and discussion

3.4.1.Impact of irreversibility: specific calibration for In

For Zn, Cd or Pb, the potential (E;) associated to a given gain (Y;j) can be computed

from the peak potential of a Differential Pulse Polarogram (DPP) with the formula:

D,,.. nF AE
M" exp| ——| E,-E_, —— 3-4
D, p{ RT( ok o ﬂ -4

M

<
I

where DMO is the diffusion coefficient for the reduced metal inside the amalgam,

Dw is the diffusion coefficient for the free metal ion in the solution, Epeax is the potential

of the maximum obtained in a typical DPP (with the largest drop) and AE is the
modulation amplitude of the DPP experiment. More details can be found in chapter 2,

section 2.1.3.2.2. The expression for DPP assumes no complexation of the metal, so
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working at pH 3 limited the impact of the formation of hydroxocomplexes of indium on
the DPP peak potential. However, this formula assumes that the couple In%In3* is
behaving reversibly at the mercury electrode, while conflicting reports on the
irreversibility of In"182 are known. The Cyclic Voltammogram (CV) shown in
figure 3-1exhibits its cathodic and anodic peaks at -0.502 and -0.479 V, respectively. So,
their difference is 23 mV. According to the rule in,** the expected difference in a

reversible system should be:

E,, —E :ﬂln(lo)z@mvugmv (3-5)
nF 3

pa pc
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Figure 3-1: Cyclic voltammogram in cr,,=4.98 umol L1 at pH=3 between -0.1V and -0.9V, scan
rate 10 mV/s. Measured: E. = -0.502 V, E; = -0.479 V. The distance between the peaks is 23 mV.

This means that, in the CV timescale, the In couple is behaving quasi-reversibly.
Thus, the (short term) irreversibility of indium prevents a direct accurate computation

with the existing expression (3-4), so a new calibration procedure has been designed.

The key idea of the procedure is to fix 7q according to equation (3-2) (instead of
finding it as done with all other elements previously studied with AGNES). Using the
radius of the drop 1 (which according to the catalogue corresponds to ro= 141 um), one

obtains:
17, =0.0034C L mol™ (3-6)

One can calibrate the gain by measuring the charge with AGNES for known free
indium solutions applying a (judiciously chosen) fixed potential (called Ecain). Figure 3-

3 shows one of the calibrations used in this work. Taking into account equation (2-14) in
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section 2.3.1.1.1 which is now written as equation (3-7), from the slope of the plot Q vs.
[In®] and the fixed value of ng given by (3-6), one can find the gain actually applied

during the calibration (called Ycaib) associated to the used E1= Ecaiib.

L0 R I
Y = _exp{—R—T(El—E )} (3-7)

As a rough initial guideline, and to avoid a blind trial-and-error process when starting
with a new reference electrode, Ecaib can be computed from an aimed gain by using an

empirically modified version of equation (3-4) suggested here:

D, 3F AE
Yestimated =2.11x . eXp|:_ (El - Epeak - jj| (3'8)
\/ D, RT 2

where Epeak Was determined from the “short” DPP (i.e. t4=0.1s), see figure 3-2.
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Figure 3-2: Differential Pulse Polarograms in an indium solution 4.90 umol L-! at pH=3. Purple
line stands for the "long" or “standard” DPP (ts=1s) while the red line stands for the "short"
DPP (t4=0.15).

In this work, the used diffusion coefficients were D, =1.38x10° m? st 2 and

D= 4.363x10™ m? s (taken from table 1 in,?® who reported this value from a previous

research).?8 Equation (3-8) provides a guideline (previous to the calibration) of the gain
associated to a candidate Ecainb because, from this gain, one can estimate the necessary
deposition time (see section 3.3.2). After a succesful calibration, there is no longer need
of any additional DPP run or use of equation (3-8), unless there is a dramatic change in
the reference electrode, because (before a new calibration) one can use the estimate of the

gain associated to the new Ecaiib from the previous calibration.
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Figure 3-3 is an example of such kind of calibrations, where the free indium
concentration in the abscissae is just a fraction of the total dissolved indium (e.g. around
82% at pH 3, see details in table 3-1).

Table 3-1: Computed free In concentrations (using NIST 46.7 database in VMINTEQ 27) and
percentages of the other main species in the solutions used for the calibration shown in
figure 3-3.

Code (unﬁg*l'”l__l) pH ['(”: n]];?”;_NTlfQ %In* | %INNOz* | %In(OH);" |ng)H2+
M: 0.85 2,997 0.70 825 14.4 0.18 2.86
M, 167 3.002 1.38 82.6 14.3 0.19 291
Ms 3.26 3.000 270 82.7 14.1 0.19 293
Ma 6.24 3.002 5.18 83.0 13.8 0.20 3.00
Ms 8.94 3.002 7.44 83.2 135 0.20 3.06

Once the correspondence between Ecaib and Yecaib is known, the necessary potential
(E;) to achieve any desired gain (Y;j) (and viceversa) can be computed with

RT, Y,
Ej =B “3F In Y_J (3-9)

calib

Even though the true values of nq and/or Y;j might be away from the computed ones
in a calibration, the correction factor would cancel out because the same offset applies to

the calibration and to the measurement.

The slight irreversibility which affects CV and DPP signals does not impact on the
achievement of Nernstian equilibrium by the end of the first stage of AGNES, just might
delay it. Moreover, the timescale of the relevant redox processes in CV and DPP
experiments is short (of the order of seconds), while the deposition stage of AGNES is of
the order of hundreds of seconds. On the other hand, if any irreversibility still had an
effect, one would just see (in 1P variant) that longer deposition times would lead to higher
charges (because the response signal increases monotonously with t1 as equilibrium is
progressively approached as seen in figure 3-4 and one would just lengthen ty until the
stabilization of the analytical response. The irreversibility cannot affect the second stage
of AGNES, either, because of the long re-oxidation step (t2=50 s, ample time for diffusion

inside the drop) stripping off all the material at a potential far away from equilibrium.
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Figure 3-3: Calibration of In for faradaic charges (Q) at pH=3 using Ecain=-0.4996 V. From the
slope, Ycaiv=5.90 was derived. The free indium concentration in abscissae is computed with the
speciation program VMINTEQ.

3.4.2. Time required to reach equilibrium

The attainment of equilibrium can be checked by performing a "trajectory” (time
course or time profile): a set of experiments with a given gain and successively longer
deposition times. When the charge stabilizes into a plateau or horizontal line (i.e. longer
deposition times do not alter the measured charge), it is indicative of equilibrium. Before
the plateau, lower values of charge are measured, which we term as undershoot values.
Panel a) in figure 3-4 shows that the trajectories reach higher plateau values for higher
gains, as expected from equation (3-7) (which only applies when equilibrium has been
reached). Also, the time needed to reach the plateau increases with the gain. For
previously studied divalent cations (Zn, Pb and Cd), the following rule 28, when using the
smallest radius (drop 1) of the stand, for the deposition time (with stirring) needed to
reach a certain gain had been suggested:

t—t, =7Y (3-10)

(where the resulting time is expressed in seconds). Previous formula has proved

useful when a standard stirring speed (“6” in the stand, corresponding to 3000 min™) is
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in operation and when only the free metal contributes to the flux, i.e. for systems with just

metal or with totally inert complexes.

The trajectories in panel a) of figure 3-4 have been plotted in panel b) in terms of a

normalized charge, Q/Y, vs. a normalized deposition time with stirring (ti-tw)/Y.
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Figure 3-4: Trajectories at different gains in a solution cr;,=5.00 umol L1 at pH=3. For both
panels, purple circles, green triangles, blue diamonds, red squares and green horizontal lines
stand for Y=100, 50, 20, 10 and 5, respectively. Panel a) Charge vs. deposition time with
stirring; panel b) Collapse of the trajectories using normalized charge vs. normalized time.

The collapse of trajectories into practically one master curve demonstrates two

conclusions:

i) The rule for the required deposition time can be re-formulated, for indium, as:

t —t, =10Y (-11)

The slight increase in the deposition times required to reach AGNES equilibrium can

be due to the described slight irreversibility of the In couple (as it is well known that
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irreversibility is more critical close to equilibrium situations) and to the lower diffusion

coefficient of indium.

ii) The collapse of the plateaus of the normalized trajectories confirms the Nernstian
behaviour: there is a direct proportionality between the gain and the accumulated charge

(as also indicated by equation (3-7)).
3.4.3. Speciation measurements

3.4.3.1.In+NTA

A first checking of AGNES measuring the free metal ion concentration, when
complexes are present, involved a ligand (NTA) typically forming inert complexes in
voltammetric experiments.?® Markers in figure 3-5 show the experimental results of the
evolution of free indium in several mixtures with NTA (see table 3-2), computing the
plotted concentration from the average of the stabilized signals (typically at two different
gains).

AGNES 1P strategy with gains from 2 to 50 and deposition times (t1-tw) up to 800 s
was convenient until the total concentrations of NTA and indium were almost in the
stoichiometric proportion 1:1. From this point of the titration onwards, the required
deposition times with the 1P strategy were very long, so AGNES 2P has been used. The
point at ctnta=12.14 pmol Lt applying Y1,.=10° produced large overshoots, even with
such a short t1, as 1.5 s. It was observed that the accumulation rate during the first
substage declined with decreasing Y1, S0 -to avoid large overshoots- Y1,=10% was used

for NTA concentrations higher than 12.14 pmol L.
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Figure 3-5: Free indium concentrations for several mixtures of In (cr, around 10 umol L)
with NTA at pH=3 (see table 3-2). Circle markers stand for AGNES 1 pulse measurements, while
cross markers stand for AGNES 2 pulses measurements. Theoretical computations using
VMINTEQ: Green dashed line for database NIST 46.7 (default in VMINTEQ); violet dotted line
for values from Harris et al (1994),3° and continuous red line for values from Biver et al
(2008).13

These lowest free indium concentrations involved gains (Y) in the range 5000 to 10°
and relaxation times (t1,) in the range 1000 to 2000 s (see table 3-2).

Table 3-2: Composition of the mixtures NTA+In and AGNES parameters applied at pH
3.0040.03 (t1,.=0 indicates a 1P strategy) with KNO3 0.1 mol L1 as supporting electrolyte.

CTin/ CTNTA [In4] [In%4] % [In*]
pH umgl / wHOI AGN E§1 VM INTE_(lQ tals Y ti-twor tip/s VMINTEQ
L L / umol L / umol L
3001 | 9.88 | 0.00 9.84 8.17 0 | 10,20 | 200,400 82.7
2998 | 1031 | 0.0 8.40 8.54 0 | 25 100, 200 825
2992 | 1034 | 0.00 8.84 8.51 0 | 25 100, 200 82.6
3033 | 987 | 237 6.79 8.53 0 2’100'2 100,200,400 | 62.9
3015 | 1030 | 4386 451 6.21 0 | 510 | 200, 400 441
3003 | 1033 | 487 5.14 4.54 0 | 510 | 200, 400 441
2997 | 1033 | 487 5.14 4.56 0 | 510 | 100,200 441
3013 | 987 | 511 4.03 4.56 0 | 510 | 200, 400 405
3014 | 1029 | 7.77 201 3.99 0 | 10,20 | 200, 400 219
2999 | 1032 | 7.79 211 2.26 0 | 10,20 | 200,400 220
3005 | 1032 | 7.79 218 227 0 | 10,20 | 200,400 220
2997 | 1031 | 944 | 0632 227 0 | 15,30 | 200,400,800 | 0.021
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CTin/ CTNTA [In®] [In%] % [In*]
pH pumol | /umol | AGNES | VMINTEQ | t1,a/s Y ti-twor tun /s VMINTEQ
L? L /umol Lt | /pmol L
200, 400, 800
(for Y=20)
3.007 | 10.26 9.44 1.05 1.14 0 20, 50 500, 1000, 11.1
2000 (for
Y=50)
3.015 | 10.30 12.24 1.93x1073 1.11 15,5 | 1x10* | 5000, 10000 2.72
6,10, | 1x10*
-3 1 H 1
3.000 | 10.20 12.82 1.20x%10 0.280 12,20 | 2x10° 2000 2.23
8,9 5x10*
-4 1 1 H
3.004 8.56 14.78 1.72x10 0.227 10 5x10° 1000, 2000 1.03
1x109,
3.004 8.59 14.84 1.58x10* 0.0880 9,18 Ex10¢ 1000, 2000 1.02
X

As seen in table 3-2, at the first additions (say until crnTa=9.46 pmol L), the
decrease in free In concentration measured with AGNES is practically equal to the
amount of added ligand, indicating a strong complexation between one In atom and one
NTA molecule (and perhaps other species such as H" or OH"). When the stoichiometric
proportion 1:1 is reached, there is a sudden drop in the free indium concentration (see
figure 3-5). The use of NIST 46.7 (default database in the speciation program VMINTEQ
21} for predicting the concentration is only acceptable below the proportion 1:1. Using the
stability constants of Harris et al. (1994),%° the agreement is practically the same as
NIST46.7 for the first additions, but, for the values above the proportion 1:1, Harris'
predicted free concentration is too low. The essential difference between NIST's and
Harris et al's models is the value of the stability constant for INH(NTA)2 (see table 3-3).
In Harris et al's model this is the overwhelmingly principal species for In. On the other
hand, the model of Biver et al.®3, which completely disregards the species INH(NTA)2%,
agrees much better with AGNES results in the probed conditions, albeit for the highest
probed NTA concentration, Biver et al's predictions are somewhat higher than the free
concentrations measured by AGNES. In summary, AGNES confirms the accuracy of

Biver’s constants in concentration regions of [In®"] spanning several orders of magnitude.
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Table 3-3: Logarithm of the accumulated thermodynamic stability constants (ﬂo or ﬂth ) for
In+NTA complexes from the literature

log R
Default VMINTEQ . .
Complex formed Harris et al. Biveretal. 12
database
InNTA 15.73 15.74 18.39
In (NTA)> 25.62 25.63 27.99
INH(NTA)2 18.6 29.14 -

3.4.3.2. In+Oxalate

A second speciation experiment involved oxalate, which had been seen to form labile
complexes with Zn.3* A titration of a fixed amount of In with increasing amounts of
oxalate is shown in figure 3-6). The green dashed line shows the expected concentration
according to VMINTEQ 3.1 using its standard database, where the In-Oxalate constants
are taken from NIST 46.7 (which, in turn, takes the stability constant values from

Pingarron and coworkers®?). The thermodynamic accumulative stability constants derived

from the NIST values (i.e. extrapolating at zero ionic strength) are log 3,=7.3; log 5,

=13.19; log f,,=15.82; log f3),=8.16 (where the subscripts indicate the metal, ligand

and proton stoichiometry, respectively). AGNES results diverge from this standard

prediction, with values very close to the predictions based on the constants more recently
reported by Vasca et al. (2003)*: log /3},=7.95; log f3),=13.57; log /3, =15.5 (with the

complex INOxH?* not being specifically considered). Notice the good agreement between
AGNES and Vasca et al.'s prediction over five orders of magnitude variation in the free
indium concentration (almost from millimolar to nanomolar). Due to the decreasing [In®*]
at each oxalate addition, the gain had to be increased (see label close to each point in the
figure 3-6)). However, the deposition time (t:-tw) could be kept to just 25 s and reached

equilibrium (checked with longer times).
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log ([In*3]/(mol L))

Y=310828
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cT,OxaIate /mmOI L-l

Figure 3-6: Free indium concentrations along a titration of an initial indium concentration of
5 umol L1 with increasing amounts of oxalate at pH 3. Dashed green line: theoretical
expectation according to the stability constants in NIST 46.7. Continuous red line: theoretical
expectations according to the stability constants of Vasca et al (2003).33 Diamond markers:
experimental results obtained with AGNES. Gains are indicated with labels. Deposition time,
tl'tW: 25 S.

This is not contradictory with the time rule (3-11), because, in this case, the
complexes of In with oxalates contribute to the flux.3! We conclude that these complexes
are very labile and mobile (i.e. diffusion coefficient similar to that of the free ion), because
their contribution to the arrival of In" at the electrode surface is so large. Further

exploitation of these properties is discussed in detail in chapter 4.

3.5.Conclusions

The determination of free In** concentration at pH 3 using the electroanalytical
technique AGNES has been successfully achieved. The partial irreversibility of indium
leads to inaccuracies in the computation of the gain from DPP peaks (as was the case for
Zn and Cd at very low ionic strengths),®* but they can be overcome by means of a new
calibration strategy where the gain (rather than mg) is the calibrated parameter (see
equation (2-14) in chapter 2, section 2.3.1.1.1, which in this chapter is written as equation
(3-7) and see also equations (3-6) and (3-9)). The times required to attain equilibrium are
slightly longer than the ones needed for reversible metals like Pb, Cd, and Zn, following

the rule indicated in equation (3-11) rather than in equation. (3-10).

Speciation of indium at pH 3 in systems containing either inert (with NTA) or labile

(with oxalate) complexes can be followed with AGNES which discriminates between
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different published set of constants (models). Values reported in NIST 46.7 seems to be

less accurate than other more recently published for In-NTA® and for In-oxalate.*

Very promising appears to be the application of AGNES in the presence of labile
complexes, like In-oxalate complexes, where very short deposition times are enough,
even for very low free concentrations, due to the contribution of the complexes to attain
the equilibrium. Current assessments of the stability constants -for oxalate or NTA- at pH
3 do not rely on any particular set of In hydrolysis (contrarily to what happens in other
methods such as the potentiometric titrations).™ In the next chapter, with the help of our
knowledge achieved in this chapter, not only more studies will be devoted to lability
degree of indium complexes such as indium oxalate and indium hydroxides, but also the

behaviour of indium in precipitated solutions at different pH values will be discussed.
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4.1. Abstract

This Chapter investigates how the new technique ADLC (Accumulation under
Diffusion Limited Conditions) can be used to calculate the lability degree of indium-
oxalate complexes and hydroxides. It also inquires whether AGNES can be used in
determining free concentrations of indium in precipitated solutions with the help of labile
complexes such as indium-oxalate. With the term “precipitated solutions” we mean

solutions that are in equilibrium with precipitated In(OH)s.

Here, we hypothesized that the lability degree measured with ADLC is a guideline
to estimate proper deposition times to be used in AGNES to determine low concentrations

of free indium in precipitated solutions.
4.2. Introduction

To study the behaviour of indium in a wide variety of systems, it is crucial to check
its solubility at different pH values. It is well known that if we increase the alkalinity,
indium hydroxides start to precipitate. It was also indicated that studying the kinetics of
the re-dissolved metastable precipitates of indium and its complexes was challenging and
very difficult.! Additionally, due to the increased interest of using indium in modern
technology, scientists have been attracted more than before to study not only the solubility
of indium complexes, but also to study its cycling in the environment. Accordingly, some
reports showed that low concentrations of indium and its compounds in the environment

are related to the extremely low solubility of the hydroxides.?

Despite of many investigations that have been conducted, there is still a lack of
certainty about the solubility product of indium and the mobility of its complexes. Also,
it is crucial to find a proper technique to determine its free concentration in precipitated
solutions. Therefore, this chapter is focused on using a technique named ADLC
(Accumulation under Diffusion Limited Conditions) to calculate the lability degree of
indium complexes such as indium-oxalate and indium-hydroxides. Additionally, it will
present how ADLC can help in finding optimum deposition times under diffusion-limited
conditions (t1,2) for our measurements using the 2 Pulses strategy of AGNES, especially
at very low free indium concentrations. Moreover it will cover our study on the evolution
of precipitated solutions at different pH values through ADLC and AGNES
measurements. Our claim is that AGNES can be utilized in determining free

concentrations of indium in precipitated solutions and ADLC can be used to study the
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rate of dissociation of the complex (by providing the lability degree). Hence the use of

these two techniques might shed light on indium’s behaviour in different solutions.

4.3. Experimental section

4.3.1.Reagents

Indium solutions (1000 mg Lt indium standard for ICP, Fluka, St Louis, USA) and
inert supporting electrolyte solutions were prepared in the same way as it is explained in
chapter 3, section 3.3.1.

Potassium oxalate monohydrate (analytical grade, Fluka, Buchs, Switzerland) was
used as a ligand. KOH 0.1 mol L? (Fluka, St Louis, USA) and HNO3 0.1 mol L (Fluka,
St Louis, USA) were used to adjust the pH of the solutions. MES buffer (> 99%, Sigma,
St Louis, USA) with the concentration of 0.1 mol L™ was prepared and used to fix the pH
of the solutions at 5.6 and 6.

4.3.2.Procedures

The ADLC technique (Accumulation Under Diffusion Limited Conditions) was used
to determine the lability degree of indium hydroxides and indium oxalate complexes. A
brief explanation about the principles of this technique has been presented in chapter 2,

section 2.3.2.

Two strategies of AGNES, 1P at pH=4 and 2P at pH=5, 5.5, 5.6 and 6, were used to
be able to determine free concentrations of indium in precipitated solutions. More details

about both strategies can be found in chapter 2, section 2.3.1.1.

4.4, Lability degree of Indium complexes

4.4.1. The concept of lability degree

It is almost impossible to have a solution where 100% of the indium is in its free form
with no complexes. Indeed, even at very low pH a certain fraction of In will be in the
form of complexes such as hydroxides or ion pairs like INNO3?*. So, complexes are
practically always present in indium solutions. AGNES measures directly the free form,
but the presence of complexes can impact on the deposition time.

We start by considering the reaction of one generic metal (M) with just one ligand
(L) to form one complex (ML):

M+ L——ML (4-1)
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The supply of a metal from the medium towards a consuming sensor or organism
will result from the contributions of its free form plus the contributions of the complexed

forms.

J=J J (4-2)

+
free = “complex

The lability degree, &, is a quantification of the contribution of the complex to the
flux. As can be seen in equation (4-3), & is defined as the ratio of the current complex

contribution to the flux over the maximum possible contribution.3#

E= Jcomplex _ ‘]_‘]inert (4-3)

J Jlabile -J

complex, max inert

In the equation above J is the current flux, Jibile is the hypothetical flux if the
complexes were fully labile and Jinert (Sometimes also labelled Jsree) is the hypothetical
flux if the complexes were totally inert. The value of & lies between zero (totally inert)
and 1 (fully labile).

From the previous definition, it follows that the total flux can be computed as the
summation of the contribution of the free metal ion plus the maximum possible
contribution of the complex multiplied by the lability degree. If we further assume a

steady state where the species diffuse through a diffusion layer of thickness 9,

*

c o
J =Dy M +D,, ML 4-4
M 5 ML 5 g ( )
The normalized diffusion coefficient, ¢, is defined as
g=Dum (4-5)

The conditional stability constant, K, associated to reaction (4-1), can be defined as

the ratio between the concentration of the complex and the free concentration of the metal:

K= S (4-6)
c'M

Then, finally, the expression of the total flux can be condensed into

_Dulh , Dulia _pp Gull+eK'E)

J =
5 S M S

(4-7)

If we have a collection of complexes, each one labelled with a subscript i,
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numcomplex

C:/l A+ Z &Ki&)
J =D, i; (4-8)

One alternative method to compute the lability degree is retrieving information from
techniques such as SSCP (Scanned Stripping Chronopotentiometry) or SCP (Stripping

Chronopotentiometry).® It has been indicated that, in systems with one complex ML, we
can calculate the lability degreefromz’,,, andz’,, (which represent the limiting

deposition transition times in presence and absence of ligands, respectively):

T 14 gK'E (4-9)
[y

But, in our experiments, we used the ADLC technique to calculate the lability degrees
of hydroxides and oxalate indium complexes taking into account also the impact of the

ion pair INNO3?* and the case of multiple complexes.

4.4.2. Derivation of equations

As presented in chapter 2, the deposition program of ADLC consists just in a constant
potential pulse under diffusion limited conditions, while the stripping step quantifies the

accumulated amount (via the charge).

In ADLC our aim is not to reach equilibrium conditions. So, we can spare any waiting

time and proceed immediately from the deposition stage to the stripping step.

Using expression (2-22),
Q=nFAJt (4-10)

and combining it with equation (4-8), the resulting expression will be:

[In* ] @+ X6 K &)
5

Q” =nFAJt, =nFAD,, t,, =slope” t,, (4-11)

where the superscript a is a reminder of the parameters that are dependent of some
conditions (e.g. pH or solution composition). Slope® indicates the slope of the plot of

charge versus deposition time at the conditions denoted by o and can be identified with

[In* " @+ Y & Ki* &)
5

slope” =nFAD,, (4-12)
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Since all here considered complexes (hydroxides and oxalates) are very small, we

will assume
gInNO3 = Ein-oxalates — gln—hydroxides =1 (4' 1 3)

The lability degree of indium-nitrate can be taken as equal to one because one expects
a weak binding in this ion pair:

é:InNos =1 (4-14)

Now we turn to consider the calculation of the lability degree with ADLC for the

specific cases of hydroxides and, then, of oxalate indium complexes.

4.4.2.1. Lability degree of hydroxides in the absence of oxalates

Since there is a mixture of hydroxide complexes, we can define a global (conditional)

stability constant at each pH. For instance, at pH 4:

at pH=4

nmax , JatpH=4 ,
rat pH=4 = nZ::1 [In(OH)n} — CT*M —[|n3 ] (l+ KInNO%*) (4_15)

hydroxides 34 Tt pH=4 34+ TJatpH=4
['n :I In

The last member of the equality relies on a mass balance, so that it only applies in

non-precipitated conditions or understanding that crm is just the dissolved concentration

(not including the precipitated amounts).

Extending eqn 20 in,® we can define the global lability degree of hydroxides as:

rat pH=4 rat pH=4 rat pH=4
X X X
ég|n0H2+ K INOH?* + In(OH); K In(OH)3 + éln(OH)s K In(OH),

gat pH=4  _
hydroxides —

(4-16)
rat pH=4
K hytd'ioxides

If -using eqn. (4-12)- we divide the ADLC slope at pH=3 by the one measured at
pH=4, then the lability degree of hydroxides at pH=4 can be calculated as.

Slopeat pH=4 [|n3+

Slopeat pH=3 |:|n3+

AGNES at pH=3 | 3+ AGNES at pH=4
et _ ] [in”] (4-17)
éhydroxides -

1+K/ -1-K’ x

INNO3* ) INNO32*

]AGNES at pH=4 ( :|AGNES at pH=4

A+K' )

InNO3*

CT,M _[In3+

if we use the free indium concentrations measured with AGNES. Alternatively, we
can use the free indium concentrations obtained from VMINTEQ calculations using NIST
46.7:
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NIST at pH=3

slope ***=* [ In*" |
NIST at pH=4 (1+ KlnNoa2 ) —1- KlnNoa2 )

at pH=3 3+
gatpHA ~ slope [In ]

hydroxides — rat pH=4
Khydromdes

(4-18)

4.4.2.2. Lability degree of oxalates in the presence of hydroxides
For the sake of simplicity in the notation, we specify now the treatment of just oxalate
complexes (without concomitant hydroxides, which are negligible compared to oxalate
complexes in the experimental conditions for determining the lability degrees). In this
case, we can also define a global conditional stability constant as:
PALLICON .

ra _ n=1 ra
Koxalates = [|n3+]a = E KIn(Ox)n (4-19)

(where the charges of the complexes are omitted for the sake of simplicity). Notice
that this average conditional stability constant depends on the conditions of the

experiments (indicated by the superscript o). Under ligand of excess conditions and

constant ionic strength, K'*

oxalates

is a function of the free ligand concentration (in the

conditions a.):

K;fa.atefnfo.’:OX nfo o) ([ al ) (4-20)

As previously done for hydroxides in eqn(4-16), we can define a collective lability
degree for oxalates

nmax
ra

z gln Ox KIn Ox

goxalates = K,

oxalates

(4-21)

For determining the collective lability degree of oxalates, we compare ADLC slopes
from two experiments with different composition, using equation (4-12) . One solution,
which could be called the “reference solution”, contains just In and KNO3 at pH 3
(indicated by superscript “R”, which replaces o), while the other solution has added

oxalate (indicated by superscript “oxal”).

By dividing equation (4-12) applied to both solutions,
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SIopeoxal _ [In3+}0><a| (1+ KI’nNO? + goxal Kc,)xalates)
slope” [0 (14 K] s )

InNOZ*

(4-22)

!

oz 1S the same in

where &, =1 in consistency with previous hypotheses and K

both solutions as we are working with a fixed large concentration of background

electrolyte (0.1 mol L) so that the ionic strength is essentially constant.

Solving for the desired lability degree of the mixture of In-oxalate complexes:

slope”™ [InﬂR (1+ K| oz ) _(1+ K’

L = slope”[1n" mNO?): slope™ [ In* | 1 (14 K (4-23)

’ oxal ’
Koxalates SlOpeR [ In® :' Koxalates

Previous equation relies on the values of the stability constants of oxalates, because

’
oxalates *

of the computation of K As the values that we consider optimal are those from

Vasca et al. (see previous chapter), we have replaced in VMINTEQ the existing values
(which, previously, were taken from NIST 46.7) by those of Vasca et al.” So, we will
label as “Vasca” (see superscript) the lability degrees computed with equation (4-23)

together with Vasca et al.’s values of the stability constants for oxalate complexes.

In order not to depend on the accuracy of a given set of constants (such as those of
Vasca et al.), we derive now an alternative expression where the knowledge of these
constants is not needed. As the result will depend on AGNES measurements of the free
concentration, we will label the lability degree computed in this manner as “AGNES”.
We start by replacing the summation in eqgn. (4-19) by a balance of indium: the amount

in oxalate complexes is the total one minus what is bound to nitrate or free:

nmax

> In(0x), ]oxal ey —[In* ]Oxal ~[ InNOZ’ ]Oxa'

T,In

K _a _ (4-24)

oxalates oxal oxal
(0] (0]

Substitution in equation (4-23) and simple algebra, leads to

|
oxal 3+ R 1+ K’ ) |r]3+ o
FAGNES _ slope [In ] _ ( InNOZ* [ ]
oxalates — oxal oxal oxal
slope® [ In*" | ey —[In* ] ~[ InNO3" |

(4-25)
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4.4.2.3. Reduction of the deposition time due to the contribution of the

complexes

The presence of complexes reduces the deposition time because they contribute to
the flux.® In this section, we derive guidelines for the deposition times t1., required in the

2 Pulse strategy if we take into account the help of complexes.
As in reference,® one can equate the number of moles of In® desired inside the

amalgam by the end of the first substage computed from:

i) Multiplication of the area (47zr02) by the steady-state flux under diffusion-limited
conditions (see equation (4-7)) and by the time of accumulation (ty,a).

i) Multiplication of the volume of the drop by [In°] which is Y [In®].

So,

D, .. (1+ > &K j[lnﬂ

4rr?
0 S

t, = gnrjv [In*] (4-26)

Then, we can solve for t1 4

orY

= (4-27)
’ ' ' ' ’
3D|n3+ (l+ Khydroxideséhydroxides + Koxalatesé:oxalates + KInNO3§InNO3 + Kbufferé:buﬁer + )

The particular case without help of any complex is included in previous equations by

just taking all K’=0.

The numerical factors can be gathered in

5 6
or, N 2.0x10™° mx141x10>°m <25 (4-28)
3D .. 3x4.363x107° m?s™

In

taking a value of 20 um for §.1°

So, it turns out that a theoretical simple rule, when having no help from any complex,

would be
tlt:eoretical — j[r;)Y ~ 2Y (4_29)

In

However, we prefer to rely on the experimental result found in previous chapter for

K’=0 (only metal), where we needed 10 Y for 1P (see eqgn. 3-11) combined with the fact
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that the rule for 2P had been found to be 10 times shorter than for 1P.2! So, the practical

rule, for a case without ligands, is:

tpractical ~ Y (4_3 O)

la

For more details, see comments around eqgn. (4-34), below.

So, in the case of 2P with contribution of oxalates and hydroxides, while neglecting
the contribution of the ion pair with nitrate or from complexes with a buffer, the practical

applicable rule is

Y

4-31
1+ K/ ( )

’
hydroxides é:hydroxides + Koxalates é:oxalates )

b

We will refer to the product K{ g isesShyarorices s “helping factor of hydroxides” and

to K

oxalatesSoxalates @S - helping factor of oxalates”.

4.4.3. Determination of lability degrees

4.4.3.1. Lability degree of indium hydroxide complexes

Figure 4-1 shows an example of ADLC experiments at pH=3 with only indium,
where we measured the total charge accumulated under diffusion limited conditions at
different t1.. The linearity of the plot supports the hypothesis that the measurements are

done under steady state.
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Figure 4-1: ADLC experiments at pH = 3.00 with crim = 0.600 umol L1, Y; = 1x1019, Y, = 1x108
and t;=50s.

Table 4-1 shows details about the computation of the lability degree of indium-
hydroxides at pH=4 in non-precipitated solutions. As can be seen here, all of the values

of & resulting from AGNES measurements are between 0 and 1, but with some dispersion

of values. So, we take the average of the obtained lability degrees. In any case, these

values are to be considered as preliminary results which require further investigation.

Table 4-1: Lability degree of indium-hydroxides at pH=4 in non-precipitated solutions all
including KNO3 0.1 M. Lability degrees in column with heading “£AGNES” are computed with eqn.
(4-25) while those in column with heading “&VIST467” qre computed with eqn. (4-23). Number
within parentheses indicates standard deviation and refers to the last significant digit.

pH | A e |y | o T | e | e
(umol L) | (nCs?) (umol L) | (umol L) paroxides ”
4.00 0.696 1.14 0.27 (1) 0.38 0.76 0.30
4.00 0.696 1.16 0.165 (7) 0.38 0.84 0.36
4.00 0.696 1.18 0.158 (6) 0.38 0.86 0.39
4.01 0.607 0.877 0.269 (6) 0.33 0.55 0.33
4.02 0.609 0.929 0.1700 (3) 0.33 0.75 0.48
4.03 0.609 1.05 0.230 (4) 0.32 0.89 0.82
4.00 0.605 0.940 0.10 (4) 0.33 0.67 0.68
4.02 0.609 0.718 0.180 (4) 0.33 0.58 0.11
4.03 0.609 0.795 0.160 (4) 0.33 0.44 0.35
4.04 0.600 0.816 0.107 (9) 0.31 0.50 0.72
4.00 0.603 0.937 0.189 (5) 0.34 0.78 0.57
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According to the calculations mentioned above, the average £2Ses and gNste7 gt

hydroxides hydroxides !

pH=4is 0.70 and 0.50, respectively. Also the standard deviation of the presented lability
degrees calculated relying on AGNES measurements is 0.16 while the one relying on
NIST predictions is 0.18.

In conclusion, for further calculations, we will take the average of £AS\es and gNist7

ghydruxides hydroxides
which is &ydroxides = 0.60 as a fixed value for the hydroxides contribution, even if -

rigorously speaking- Gydroxides Might change with changing pH (see eqn. (4-16).

4.4.3.2. Lability degree of indium oxalate complexes

Table 4-2 presents the lability degrees of indium-oxalate mixtures at pH=3 and pH=4
obtained from the free indium concentration measured with AGNES using the equation
(4-25) and the lability degree obtained from the calculations taking into account the set

of constants of Vasca et al. using equation (4-23).

Table 4-2: Lability degree of indium-oxalate complexes using the measurements of AGNES and
predictions of Vasca. £25\° refers to the lability degree calculated using equation (4-25), while

oxalates
Vasca

grae is calculated using equation (4-23). Number within parentheses indicates standard
deviation and refers to the last significant digit.

ot | et | crowse |10g [0X] | PUPR | [INTPNES | INTR | s | s
(umol L) | (umol L) | (mol L) (nC) (umol LYY | (umol 1) [ oxetaes [ 2oxalates

pIE'e:fS 0.595 0.0 - 1.03 0.470(8) 0.49 - -
3.99 0.545 1.94 -6.144 0.924 0.08(9) 0.092 1.07 1.0
4.00 0.543 18.8 -5.068 0.923 |5.74(3)x10%| 5.2x10® 0.80 1.0
4.00 0.542 103 -4.314 0.943 |2.68(2)x10*| 2.4x10* 0.92 0.96
Ref 0.597 0.0 - 0977 | 0.396(6) | 4.9x107 - -
pH=3

3.99 0.542 101 -4.325 0.836 |2.43(4)x10“| 2.6x10* 0.73 0.90
4.00 0.536 201 -4.021 0.838 |5.91(1)x10°| 6.6x10° 0.73 0.91
pEES 0.586 0.00 - 0.988 0.480(8) 0.48 - -
4.01 0.548 10.1 -5.350 0.880 0.0192(7) 0.013 0.93 1.0
4.00 0.533 204 -5.033 0.880 |6.30(2)x103| 4.3x10° 0.94 0.95
4.00 0.533 10.04 -5.354 0.775 0.016(1) 0.012 0.84 0.83
4.00 0.523 200 -4.021 0.794 | 6.2(2)x10° | 6.4x10° 0.86 0.87
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o | con | croam | log[0x] ope [NPTN | N1 | cxanes | e
(umol L1y | (umol L) | (mol L) (nC) (umol LY) | (umol LY)

pﬁ‘i 0.592 0.00 : 0913 | 0.440(9) 0.49 i -
399 | 0548 201 | 5043 | 0880 |7.00(4)x10%| 47x10° | 091 | 1.0
400 | 0547 100 4325 | 0799 |235(6)x10%| 2.6x10¢ | 0.82 | 091
400 | 0545 100 4325 | 0767 | 28(3)x10% | 2.6x10% | 0.79 | 088
399 | 0544 203 4021 | 0766 | 5.3(1)x10° | 6.7x105 | 0.79 | 088
pﬁg 0.598 0.00 ~ |0.00103| 0.415(6) 0.49 i -
300 | 0.600 109 | 5990 |0.00108| 0.100(1) | 008 | 1.0 | 10
300 | 0590 201 | 5715 |0.00113| 0.0479(9) | 0043 | 099 | 10
300 | 0588 102 5001 | 0973 |3.71(5)x10%| 4.7x10° | 0.78 | 0.1
299 | 0585 203 4711 | 0940 |1.16(6)x10°| 15x10° | 0.76 | 0.89
299 | 0578 200 4714 | 0998 | 9.8(2)x10% | 15x10° | 081 | 095
Ref 1 0.600 0.00 : 1075 | 0.420(6) 0.49 i ;
pH=3

300 | 0595 240 | 5641 | 104 | 0037(8) | 0037 | 085 | 095
300 | 0593 508 | -5310 | 101 | 0011(2) | 0014 | 079 | 092
300 | 0592 106 4983 | 111 |341(8)x10°| 45x10° | 086 | 1.0
300 | 0591 208 4685 | 116 | 9.9(4)x10% | 14x10° | 090 | 11
300 | 0585 475 4332 | 1062 | 23(1)x10¢ | 3.1x10% | 083 | 0.98
299 | 0571 986 4022 | 100 |48(3)x10%| 7.5x105 | 080 | 0.94
302 | 0569 |9.81x10¢| -4003 | 1.05 |58(1)x105 | 6.8x105 | 0.85 | 1.0

It can be shown that the lability degree is -among others- a function of the free ligand

concentration.t?

Figure 4-2 plots the lability degrees measured in front of the free ligand concentration
of the solutions included in table representing both measurements at around pH=4 and
pH=3 in the same plot. Results at pH=4 are shown with green diamonds, and the ones at
pH=3 are denoted with the same symbol, but using blue colour. This figure suggests that
the lability degree of indium-oxalate complexes slightly decreases when the free
concentration of oxalate increases. No relevant difference is seen for pH 3 and pH 4,
especially if we take into account the limited reproducibility for very similar conditions.

The average of all these values of #2¢v= and £v== is0.86 and 0.97, so the average of all

oxalates oxalates
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will be 0.91, which will be the value used for further computations (even at higher pH
values). Also the standard deviation for AGNES measurements is 0.21 and for Vasca

predictions is 0.21.

The average value =0.91 shows that indium oxalate complexes are very labile

éoxal ates

and this confirms results discussed in chapter 3, section 3.4.3.2. In fact in that experiment,
as explained in chapter 3, the needed deposition time to reach equilibrium was very short
(25 s). This is consistent with the high lability of indium oxalate complexes that we
calculated here. Hence such a high lability of this complex helped to reach equilibrium in

a much shorter times than those expected without the help of oxalate.
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0.8 A * *
* * .

X
XY

0.6 A

‘t: oxalates

0.4 A

0.2 4

0.0 T T T 1
-6.0 -5.5 -5.0 -4.5 -4.0
log ([0x2] /(mol L))

Figure 4-2: Lability degree of indium-oxalate complexes computed from the ADLC experiments
specified in table 4-2. Green and blue diamond stand for pH=4 and pH=3, respectively.

4.5. Determining free concentrations of indium in precipitated indium

hydroxide solutions

Increasing the alkalinity of the solutions in the absence of ligands can easily cause
the precipitation of indium in the form of In(OH)s. This happens even at relatively low
total indium concentrations and pH values, in accordance with the very low solubility

products that have been reported.

Tuck compiled values of the solubility product (Ksp) which corresponds to the

equation

K,, ={In*}{oH"}" (4-32)
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Earlier investigators'® reported a value of log Ksp = -33.2 at 25 °C. Later on, in
another exploration?, it was found out that Ksp is temperature dependent and its log value
is -33.1 at 25 °C, but the values that he reported were not reliable because he did not wait
enough to reach the equilibrium situation in complex formation. Akselrud et al.* reported
that aging of the solution can impact on Ksp. Akselrud and co-workers found out that the
Ksp of the aged solution (76 days) was completely different from that only after 1 day of
preparation; in fact they calculated the difference in Ksp of 4 orders of magnitude between
freshly prepared and aged solution. In case of aged solutions they reported a tentative
value of log Ksp = -36.9+0.1 at 25 °C .

Additionally another recent research done by Orlov et al,* reported that there is a
significant difference between the Ksp of the aged and fresh precipitated solutions. Such

log Ksp for fresh and aged precipitated solutions were -33 and -37, respectively

More over, Feitknecht and Schindler described difficulties in finding reliable values

of solubility constants of In(OH)s.!

Some years later, the values for the solubility product of In(OH)s (s) were reviewed?®
and the recommended value was log Ksp=-36.9 at 25°C taken from the database of NIST
46.7. In a recently published paper?®, it has been mentioned that hydroxide species tend
to dominate indium precipitations in oxic waters. During their investigations,*® they faced
difficulties in determining solubility constants, while they were working with two
different starting concentrations, 10 and 10 M in precipitated solutions. They thought
that these two different concentrations should have resulted in the same kind of
precipitated solid, but this prediction was in contradiction with their results. Therefore,
they hypothesised that such problem might be due to the formation of a less crystalline

phase when the lower concentration (10 M) is being examined.

Even today many unresolved questions still remain. So it is convenient to design

more experiments to shed light on this area.

Here, several solutions were prepared at different pH values with known (relatively
large) total concentrations of indium that were predicted to precipitate (according to
VMINTEQ and NIST 46.7). When the precipitation process was evident at each fixed
pH, AGNES was applied to determine the free concentration of indium.

One preliminary point is to check whether aging of the precipitates might have an
effect on the free ion concentration in equilibrium with these precipitates. Hence, by
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following the evolution of [In®"] with time, we concluded that the precipitation process

was completed, as we will show in the next paragraphs.

From figure 4-3 we see that, once the precipitation process is completed, the free

concentration is essentially the same (and so Ksp) within the probed elapsed time (up to 6

days).
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Figure 4-3: Free indium concentration measured during different days at different pH values
in precipitated solutions. Square symbols stand for VMINTEQ predictions and cross symbols
indicate AGNES measurements. Red symbols stand for the measurements at pH=4 (see
figure4-5), the green ones represent the results at pH=>5 (see figures 4-5, 4-6, 4-7) and purple
colour corresponds to pH=5.5 (see figures 4-8 and 4-9).

In general, to be able to measure free concentrations of indium at each pH, we started

calculating our required Y and deposition time.

Equation (4-33) estimates a minimum needed Y. For predicting this Y, despite the
charge of the blank was mostly around 1x10° C, to be on the safe side and far away from
the limit of detection, a fixed charge around 5x10® C or 3x10® C was used.

The free indium concentration predicted by NIST 46.7 was introduced in the

following formula:

— Qminimum _
T 59

For our experiments, 1P and 2P were used when we needed to apply low gains and
high gains, respectively.

Using the standard variant 1P, a safe deposition time can be calculated applying the
formula (4-34). In chapter 3 section 3.4.2 this formula and the experiments related

supporting it are explained in detail.
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t —t, =10xY (4-34)

The rules for 1P and 2P differ by a factor of 10,1 so when we apply the strategy of
2P, the needed times, even for the worst of scenarios when there are no contributions from

complexes (see derivation of eqn (4-30) , above), are:

t.=Y (4-35)

This rule is also consistent with the rough theoretical estimated given by equation (4-
29). The lower the free concentrations of indium, the higher the needed gain and the

longer is the needed deposition time.

For instance, for pH 5.5, expected [In®*] around 3.74x107'! mol L leads, via
equation (4-33), to a gain around 4x10°. This gain, implies -in the strategy 2P- almost
4x10° s that is around 5 days, if there was no contribution from the complexes.

The equilibrium situation could be achieved faster by adding moderate amounts of
oxalate. Indium-oxalate complexes are labile and can help in reducing the needed
deposition time. In principle, adding oxalate does not change the free concentrations of
indium in precipitated solutions.!” Indeed, equation (4-32) can be written as
[In3+}:L_3 (4-36)
7|n3* {OH }

where y .. is the activity coefficient of the cation In3*. This equation will hold for
any solution in equilibrium with precipitated In(OH)a. Ksp, 7, .. and {OH‘} are fixed, if

we work at constant temperature, ionic strength and pH. So, [In%"] will be fixed, even if

there are complexes (and a different speciation).

Table 4-3 shows information about measurements at different pH values in

precipitated solutions, which will be presented in detail in the next sections.
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Table 4-3: Details about the experiments determining free indium concentrations at different
pH values in precipitated solutions. Subtable a) shows the results using strategy of 1P, while
Subtable b) shows the ones using strategy of 2P. When present, crmes= 1.08x10-2 mol L
crox=1.51x10-* mol L-1. Number within brackets indicates standard deviation and refers to the
last significant digit.

a)
Oxalate/ [|n3+]AGNES [|n3+]NIST 46.7
pH MES Strategy t1-tw (S) Y (M) (M)
4.01 None 1P 500, 1000 50 1.10 (2)x10° 1.0x10%
4.01 None 1P 500, 1000 50 1.1 (2)x103 1.0x10%
b)
Oxalate [|n3+]AGNES [|n3+]NIST 46.7
pH I MES Strategy tra(s) tub (S) Y (nM) ("M)
5.05 None 2P 420 SOéSSO’ 5000 1.60 (8) 0.77
5.00 None 2P 400, 800 600, 2000 10000 1.9(2) 1.0
Y 10000 600, 2000
500 | None gp | fer400800 12230 19(2) 11
Y 20000 800,2000, 20000
t1,a: 800 2500
5.50 None 2P 1200 100, 500 5x10° 0.015(2) 0.037
5.55 None 2P 1000 100, 500 5x10° 0.0206 (1) 0.025
MES
5.60 and 2P 500 200, 2000 5x106 0.0069 (2) 0.015
Oxalate
MES
6.06 and 2P 800 2000 5.69x107 | 0.00137 (2) 1.1
Oxalate

4.5.1. Determining [In3*] in precipitated solutions at pH 4

Table 4-4 gathers details about the percentage of the different species in the
precipitated studied solutions at pH=4. We can conclude that even at this relatively acidic
pH, almost 40% of indium is in some hydroxide form. All percentages that are indicated

are respect to the dissolved fraction of indium (not to its total amount).
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Table 4-4: Free indium concentrations from AGNES results and predictions of VMINTEQ
including percentage of other dissolved species in these precipitated solutions. Number within
parentheses indicates standard deviation and refers to the last significant digit.

%
CT.In [l n3+]AGNES [l n3+]NIST 46.7 - % % %
H %I + | In(OH .
PP (umol LY (nM) (M) oI 1 InNO22 ”an) ¥ | In©HY* | 1nor*
4.0 5.02 1.10(2)x10%® 1.0x108 55.0 9.7 2.6 13 20
4.0 5.02 1.1(2)x103 9.8x107 54.4 9.6 2.7 13 20

To measure free indium concentrations at pH 4, AGNES methodology 1P was
followed. For this experiment, Y= 50 was applied and, as can be seen in figure 4-4, the
assayed deposition times 500 and 1000 s were enough to reach the equilibrium situation.
Table 4-4 shows that the difference between AGNES measurements and the predictions
of VMINTEQ is almost negligible: in logarithmic scale, free indium concentration
measured by AGNES is -5.97 and the predictions of NIST 46.7 (VMINTEQ) is almost -
6.00, which is in very good agreement.
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Figure 4-4: 1P-trajectory at Y=50 showing the stabilization of retrieved concentrations for
deposition times 500 and 1000 s at pH= 4.0 and cr;, =5.01 pumol L1 (62.2% precipitated,
according to VMINTEQ). Replicates in full or empty markers.

4.5.2. Determining [In3*] in precipitated solutions at pH 5

At pH values above 5, our strategy was changed to 2P to be able to keep a reasonable
deposition time. If we take the minimum acceptable Q as 30 nC, the application of
formula (4-33), leads to a gain around 8000. We used two different gains such as 5000
and 10000 to be able to find the equilibrium position by overshoot and undershoot. Using
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Y=5000, K{ =77 and & 4oice = 0.60, applying (4-31) a theoretical candidate t . was

hydroxide

105 s. And also using Y=10000 provided a theoretical candidate time be around 211 s.
Fig 4-5 shows a first set of AGNES measurements at Y= 5000 and Y=10000, both
with the same t1 .= 420 s, that converged satisfactorily. The ones that stand for Y=10000
show a slight undershoot, while the ones at Y= 5000 show a slight overshoot and both

almost reached equilibrium for ty» > 400s.
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Figure 4-5: 2P-trajectory revealing stabilization of retrieved concentration for t1, 800 s and
longer. pH= 5.05, c1,;n =20.6 pmol L-! and crmes =1.08x102 mol L-1. The blue x symbols stand for
Y=5x103, t;. =420s, while orange triangles Y = 104, t;,=420s.

Corresponding to a second set of experiments at pH close to 5, figure 4-6 shows
convergence (at equilibrium) of the two series at gain 1x10* with t1 2 400s and 800s for

t1,=2000 s.
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Figure 4-6: 2P-trajectory showing stabilization of retrieved concentrations for pH=5.01 and
crim =100 umol L-1. Symbols that are filled denote first measurements, while the empty ones
stand for their replicates. The orange circles stand for Y=1x10% ti, =800s, blue triangles
correspond to Y = 1x104, t1,=400s.

For a third set of experiments close to pH 5, figure 4-7 shows that both gains were

already in equilibrium at t;, )= 2000s.
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Figure 4-7: 2P-trajectory showing stabilization of the retrieved concentration for pH=5.00 and
crim =100 pumol L. Different shapes of the same colour mean that they are replicates. All
orange symbols stand for Y=1x104% with t1,= 800 s, and all blue symbols show the ones using
Y=1x10* with ti,«= 400s and all red triangles stand for Y=2x10% with t1,.= 800s.

Table 4-5 shows that at pH 5 AGNES measurements were very close to the
predictions of NIST 46.7. We highlight that in all cases c.,, is the total concentration (i.e.
the dissolved concentration and the precipitated amounts). The comparison between
AGNES measurements with MES (figure 4-5) and without MES (figures 4-6 and 4-7),
confirms that in precipitated solution the free ion concentration is fixed regardless of the

amount of ligands (such as MES in this case).
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Table 4-5: Free indium concentrations from AGNES results and predictions of NIST 46.7 at pH

close to 5.

Number

CTIn [IN3*]ACGNES | [In3*INIST 467 log Log of the

PH 1wy | Cmves M) oy (M) | [IN*]ASNES | [In¥]NisT467 | related
figure

5.05 20.6 0.0108 1.65 (8) 0.77 -8.798 -9.11 Fig 4-5
5.01 100 0.00 1.95 (2) 1.0 -8.709 -9.00 Fig 4-6
4.95 100 0.00 19 (2) 1.1 -8.73 -8.96 Fig 4-7

4.5.3. Determining [In3*] in precipitated solutions at pH 5.5

Figures 4-8 and 4-9 represent two different sets of experiments at pH close to 5.5

using the 2P strategy and applying Y=5x10°. The rule for 2P strategy without contribution

of any complexes would require t1,=5x10° seconds. However, the high lability of the

hydroxides suggested to try with a shorter time such as t1,=1000s.
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Figure 4-8: 2P-trajectory showing equilibrium situation at pH=5.55 with crn=960 umol L1
Orange circles stand for Y = 5x10%, t1,,=1000 s.
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Figure 4-9:2P-trajectory showing stabilized situation at pH=5.50, crin=960 umol L1 and
applying Y = 5x10° with t1,=1000 s.

Table 4-6 shows the comparison between the AGNES free concentrations of indium
and NIST 46.7.

Table 4-6: Free indium concentrations from AGNES results and predictions of NIST 46.7 at pH
around 5.5. Number within parentheses indicates standard deviation and refers to the last
significant digit.

lo Lo
pH K- nycrorics CT.In 3 [(Inr:gl“i\‘f; [I(n;]g'l'si_ijj [|n3+]gGNES [|n3+]NIgST46.7
(umol L5 | (P P mol LY | (mol LY
5.50 1530 | 9.60 x10?2 15 (2) 375 -10.83 11043
5.55 2239 9.60x102 20.6 (1) 25.1 -10.686 -10.60

We conclude that the hydroxides do contribute considerably to the faster reaching of
equilibrium at this pH. More precisely, to estimate the expected deposition times taking
into account the hydroxide contribution, equation () was used. If we take into account that

the average value of & ... €quals to 0.60 (see section 4.4.2.1), the expected t1, at

pH=5.5 (K/ =2239), using the Y=5x10° at both

hydroxide

=1530) and pH=5.55 (K/

hydroxide
mentioned pH values, will be around 544 s and 372 s, respectively. These rough
estimations are within the order of magnitude of the acceptable ti.= 1000 s (see
Figures 4-8 and 4-9).
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4.5.4. Determining [In3*] in precipitated solutions at pH 5.6
At pH=5.6, using the free concentration 1.47x10! mol L predicted by NIST 46.7

in equation (4-33), the needed Y would be around 1x10°, but to be on the safe side we
used Y=5x10°. If we applied 1P in absence of the complex contribution, the needed
deposition time calculated applying the formula (4-34) yields a deposition time around
5x107 s. This means we need to wait more than 578 days to be able to measure free indium

concentration.
At this pH, we combined two strategies to reduce the deposition time:
1. Using 2P.
2. Adding oxalate to form labile complexes.

For cases where we added oxalate and applied 2P, the required deposition times were

calculated using equation (4-31).

If we apply 2P, at pH=5.6 the predicted needed deposition time without the help of
oxalate and hydroxide is estimated to be around 5x10° s which is more than about 58
days, but by adding oxalate with a concentration of 140 umol L™ the needed deposition
time can be decreased dramatically.

In this case, one can find a guideline about the required ty,a from the computed lability
degrees obtained with ADLC (see section 4.4.2.3). Table 4-7 gives information about the
speciation of the components related to the measurements shown in figure 4-10 of a
precipitated indium solution, containing oxalate and at a pH 5.61. Through the
informations from this table and using the equation (4-6) we were able to calculate the
helping factors of oxalate and hydroxides which were 11032 and 2252, respectively:

!
Koxalates goxalates

—~12123%0.91~11082 >3752x0.60 ~ 2252 = K/, o &

We are neglecting the possible contribution of indium complexes with the MES
buffer.

So, using data from table 4-7 to compute conditional stability constants, possible

deposition times along the diffusion-limited step should be approximately

6
t, = Y o A0 a6 (4-37)
Tk K oanions | (11082+2252)

oxalates goxalates hydroxide
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Table 4-7. Speciation of a precipitated solution of In(OH)3z with KNO3 0.1 M, cr.m= 37.08 umol
L1, crox=142.0 umol L1, ctmes = 1.00x102 mol L! at pH=5.61.

Major species Concentrition _ % (dissolved)
(mol L™ indium complexes
H.-Oxalate 8.42x101! -
H-Oxalate” 2.52x108 -
In(OH)s (aq) 4.90x10°® ;
In(OH),* 6.07x10° 2.60
In(OH)4 5.23x1012 -
In-(Oxalate),” 1.65%107 70.8
In-(Oxalate)s™ 4.16x10°° 1.78
In*3 1.47x10% 0.63
InH-Oxalate*2 4.90x10% -
INNO3*? 2.33x1012 -
INOH*2 2.20x1010 0.09
In-Oxalate* 8.88x10° 3.80
Oxalate 1.14x10* -

Trajectories for the lowest gain in figure 4-10 indicate undershoot for t1,=300 s and

a clear overshoot for t1,=800 s. This suggests an experimentally optimum t1, value of

500 s (blue squares) quite close to the predicted one of 376 s (arising from K/ =3752

hydroxide

K =12123).

oxalate

Figure 4-11 uses the same data as in figure 4-10, but representing concentrations
instead of charges. This allows to evidence the collapse of the trajectories when

equilibrium is achieved.

As can be seen in table 4-10 free indium concentrations measured by AGNES are
acceptably close to the predictions of NIST 46.7. AGNES measured value is 6.9x102
mol L! and the predicted free indium concentration by NIST 46.7 is 1.4x10* mol L.
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Figure 4-10: 2P charge trajectories showing the achievement of equilibrium situations when
using optimized tiq.-values close to the guideline obtained using the lability degree determined
with ADLC. Dark purple triangle stands for Y=1x107 with ti.= 1000 s, light purple triangle
shows the ones using Y= 1x107 with t,,= 1500 s. Square symbols with colour yellow, blue and
green stand for Y= 5x10¢ with t1,a=300 s, 500 s and 800 s, respectively. pH= 5.61, cri, =37.1
umol L1, crox =142 umol L1 and ctues =0.0100 mol L2,
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Figure 4-11: Re-plot of figure 4-10 in terms of concentration instead of charge with the same
conditions and markers as in previous figure.

4.5.5. Determining [In3*] in precipitated solutions at pH 6

Figure 4-12 shows that, at pH=6.06, adding oxalate helped to determine free
concentrations of indium very fast, just with using t1,=800s. The improvement is
remarkable: without the contribution of the complexes, the needed deposition time with

2P was calculated to be around 6x10 s.
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If we take into account the helping factor of just oxalate and calculate the needed t1 .4
using equation 4-37 (with values K, .. = 13930 and &, =0.91), the required ti,

would be equal to 4496 s and, taking into account the helping factors of both hydroxide

(with values K ;i = 48791 and & . =0.60) and oxalate, the needed ti,a would be

around 908 s. So, our results might suggest that reaching equilibrium in 800 s is due to
the help of the contributions of complexes with oxalate, hydroxide and MES. Probably,
we can attribute to the complexes with MES the reduction from 900 s to 800 s, but current
uncertainties preclude a clear elucidation of this issue. Free indium measured with
AGNES is around 1.37 pmol L and the predicted value of NIST 46.7 is 1.06 pmol L™,
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Figure 4-12: 2P-trajectory showing the stabilized situation for pH=6.06 with cri, =140 umol
L1, crox=151 umol L-2and crmes =0.0100 mol L1 applying Y=>5.7x107 with t1,=800s.

4.5.6. General discussion of precipitated solutions

Figure 4-13 gathers all previously presented measurements at different pH values.
As can be seen in this figure, the free concentrations of indium measured by AGNES
reasonably agree with NIST predictions (see proximity of blue markers to the orange line
that passes through the predictions of NIST 46.7 using VMINTEQ). The separations of
the experimental values from the theoretical ones are not systematic, so that these
differences can be attributed to experimental inaccuracies. Small variations in pH have a
dramatic impact of the free concentration. Indeed, in precipitated solutions, the free

concentration of indium decreases by a factor of 2 if the pH of a solution in equilibrium
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with precipitated In(OH)s increases by 0.1 units. This can be explained by taking
logarithms in the equation of the solubility product, egn. (4-32)

log {In*"} =log(K,, )+3 pOH (4-38)

If we split the activity as a product of concentration times activity coefficient and we
recall that pH+pOH=14 at 25°C,

log| In* ] =—log(7, .. )+log(K, )+3(14-pH)=ct.—3pH (4-39)

So, assuming an uncontrolled oscillation in pH by 0.1 units, 3 multiplied by 0.1
equals to 0.3. In logarithmic scale this value (0.3) corresponds to a variation by a factor

of 2 in the non-logarithmic scale.

The strategy of adding oxalate (used for pH 5.6 and 6) is faster and yielded consistent
results with VMINTEQ and with the rest of experimental points, especially with those at
pH 5.5.

-4.0 -
-5.0 A

-7.0

-8.0

-9.0

-10.0

Log([In**]/(mol L))

-11.0

4

-12.0

-13-0 L] L] L]

pH

Figure 4-13: Free indium concentrations in precipitated solutions at different pH values. Blue
markers stand for experimental determinations discussed in sections 4.5.1 to 4.5.5, while
orange colour indicates the prediction of VMINTEQ using the database NIST 46.7. Blue cross
shows the results of AGNES without added oxalate, while the diamond markers show the
results with oxalate and MES at pH=5.6 and 6 and blue circle stands for AGNES measurement
at pH=5.
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4.6. Conclusions

Performing ADLC experiments provided an adequate way to calculate the lability
degree of indium-oxalate and indium-hydroxide in our solutions and, thus, find proper t1
for our AGNES measurements. The mobility of these complexes and their capability in
shortening the predicted deposition times were remarkable. When the pH values were
above 5.6, we took advantage of the high lability and mobility of In-Oxalate complexes
to decrease the needed deposition times. Our experiments confirmed that in Indium-
Hydroxide precipitated solutions, adding oxalate caused the complexes to contribute to
the flux enabling a dramatic decrease in the needed deposition time. In our conditions,
the helping factor of the indium-oxalate complexes was larger than that of indium-
hydroxide. Moreover our results revealed that probably the difference between the Ksp of
indium for the fresh and aged precipitated solutions which was reported in the work of
Akselrud et al, could be due to the fact that waiting only one day was not enough for the
precipitation process to be completed. Additionally the results demonstrated that AGNES
measurements of precipitated solutions were very close to the predictions of the NIST
46.7. Finally, we were able to successfully determine picomolar concentrations of free

indium in precipitated solutions.
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5.1. Abstract

This chapter investigates how AGNES can be used to study Kkinetic and
thermodynamic features of the dissolution of indium nanoparticles in dispersions that
contain KNO3 0.1 mol L at different pH values and in synthetic seawater solution at pH

around 8.

Our initial hypothesis was that free indium measured in an equilibrated dispersion (with
excess of nanoparticles) would have the same value as the free concentration found in
equilibrium with precipitated In(OH)3 at the same pH value. Another hypothesis was that
the high concentration of chloride anions in the seawater media might help in the
dissolution of the nanoparticles.

5.2. Introduction

In2O3 is one of the important materials for microelectronic applications and has been
widely applied in engineering and in the electronic industry. For instance, it has been used
in solar cells*= and in opto-electronic equipments,* such as infrared reflectors, lasers, etc.,
since it has high optical transparency and reflectivity in the visible and IR regions
respectively.® In,03 can be used as catalyst material® and in gas sensing devices because
of its good conductivity.”®

Due to their vast applications, many investigations have focused on synthesizing
In.O3 nanoparticles (NP) applying techniques such as evaporation,>® sol gel process,*®

calcination process,'! laser ablation in liquid techniques,*? etc.

In2O3 appears in two types of crystal structure: bixbyite (of cubic unit cell) and
corundum (structure of rhombohedral or hexagonal unit cell). It has been reported that
most of the pure InoO3 has the structure of bixbyite cubic cell.*® It was confirmed that
during the transition from cubic In(OH)s to bixbyite type In.O3, no intermediate phase
can be formed. So, it was concluded that orthorhombic INOOH does not form as a result
of dehydroxilation of cubic In(OH)3*

Three possibilities have been suggested by researchers for the origin of the toxicity
of NPs.1*® In some cases, it has been indicated that this toxicity comes from the dissolved
free ion in solution, in some others it has been demonstrated that it is the nature of the
NPs that causes such health problems, while another group of researchers suggest that
NPs and dissolved free ions in the solution are both important factors.®
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As it was discussed in chapter 1, section 1.3, indium NPs are toxic and their toxicity
might cause several health problems.***"~1° Hence, it is crucial to study the process of
dissolution of In0Os NPs in various samples using a proper technique. The
electroanalytical technique  AGNES not only was used for determining free
concentrations of amalgamating elements such as Zn, Cd, Pb and In (discussed in
previous chapters) in various matrices, but also it was successfully applied to study the
dissolution of ZnO NPs,??! Cd-based NPs,??2* Cd and Pb NPs,?* Pb NPs? and adsorption

of cadmium on titanium dioxide NPs.?

Our claim is that it might be possible to study the dissolution of In2O3z NPs at various
pH and media. Therefore, in this chapter it will be discussed how ASV and AGNES can

be used for this aim.

5.3. Experimental

5.3.1.Reagents

Indium (111) oxide was bought from Sigma-Aldrich (Sant Louis, USA), and
according to the manufacturer it was a nanopowder with particle size < 100 nm (TEM)
99.9% trace metal basis. Indium dispersions were prepared by dispersing around 10 mg
of In,03 NPs in 100 mL of KNO3 0.1 mol L™ at different pH values.

Synthetic seawater solution was prepared by dissolving known amounts of inorganic
salts such as NaCl (TraceSelect, Fluka, St Louis, USA), MgCl2.6H-O (p.a., Merck,
Dramstadt, Germany), Na>SOs (p.a., Prolado, Fontenay), CaCl2.2H.O (reagent grade,
Scharlau, Sentmenat, Spain), KCI (trace select, Fluka, St Louis, USA), NaHCO3 (p.a.,
Merck, Darmstadt, Germany), KBr (ACS reagent, ACROS, New Jersey, USA), HsBOs
(p.a., Merck, Darmstadt, Germany), SrCl..6H20 (p.a., Merck, Darmstadt, Germany) and
NaF (98%, Panreac, Barcelona). 1L of stock solution of sea water was prepared as
follows: 0.410 mol L* NaCl, 0.053 mol L' MgCl,.6H.0, 0.028 mol L* Na,SO, 0.014
mol L CaCl2.2H20, 9.08x107 mol L™ KCI, 2.33 x10* M NaHCOs, 8.24 x10* mol L™
KBr, 4.37 x10* mol L™ H3BO3z, 9.00x10° mol L™ SrCl,.6H,0 and 7.14x10° mol L*
NaF. 10 mg of In.O3 NPs were added to 100 mL of this solution and the pH of this

synthetic seawater solution was checked and adjusted at pH=8.

Potassium nitrate was used as the inert supporting electrolyte at 0.1 mol L™ (for all
experiments except for the one of seawater) and prepared from solid KNO3 (TraceSelect,
Fluka, St Louis, USA). KOH and HNO; 0.1 mol L (Fluka standard solutions) were used
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to adjust the pH of the solutions. Ultrapure water (Synergy UV purification system
Millipore) was used in all experiments. Purified water saturated N2 (purity > 99.999%)
was used for deaeration and blanketing the solutions. Solutions that only included In,O3
and KNOs 0.1 mol L after the preparation at each specific pH were kept in closable

plastic cells stirred at 1300 rpm.

5.3.2. Instrumentation

All experiments were performed using NOVA 1.11 software. Voltammetric
measurements were carried out with Autolab pJAUTOLAB type Il and PGSTAT101
potentiostats (Utrecht, Netherlands) attached to Metrohm 663 VA Stands.

The working electrode was a Metrohm Hanging Mercury Drop Electrode (HMDE).
Glassy carbon was used as the auxiliary electrode and the reference electrode was
protected with double-junction Ag/AgCl/3 mol Lt KCI with KNO30.1 mol L in the salt
bridge. A glass jacketed cell was used in all the experiments and thermostated at 25.0°C.
A glass combined electrode (5209, Crison, Alella, Spain) was attached to an Orion Dual
Star ion analyzer (Thermo, Singapore) and introduced in the cell to measure and,
accordingly, control the pH.

Solutions were purged with N2 before each experiment to avoid O- interference (e.g.
so that pH was more stable close to the surface of the electrode).

A magnetic stirrer COLOR SQUID (IKA, Germany) was used to keep the solutions
under stirring at a fixed speed during some days to favour dissolution.

5.3.3. Procedures

ASV (Anodic Stripping Voltammetry) was applied to explore whether there is a
possibility to detect any peak of indium. In ASV the smallest size of the drop (labelled
“1” which according to the catalogue corresponds to a radius ro = 141 um) was utilized
and, in the procedures, the waiting time was 5 s, the number of new drops before starting
the ASV was fixed to be 5, the interval time was 1 s and the scan rate was 0.005 V/s.

More details about this technique have been given in chapter 2, section 2.1.3.1.5.

For measurements with AGNES, two strategies, 1P and 2P, were applied using drop
size”1”. Specific details about these two AGNES variants have been discussed in detail

in chapter 2, section 2.3.1.
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5.4.Results

5.4.1. Performing ASV (Anodic Stripping Voltammetry) at pH=2

A preliminary trial was an ASV applied to check whether we could detect indium in
a solution with NPs that only contained KNO3 0.1 mol L™ at pH=2 after 17 days of
contact. If we had been unable to detect any peak of In with ASV in these conditions
(favourable for dissolution), it would have meant that further [In®*] determinations would

have been very difficult or not possible.

Two deposition times were used: t= 30 and 300 s. Figure 5-1 shows that deposition

time 30 s was enough to see the signal of indium at around -0.51 V.
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Figure 5-1: Anodic Stripping Voltammogram in a dispersion that contained 10 mg of In203 in
100 mL of KNOs3 0.1 mol L1 at pH=2 using two deposition times, 30 and 300 s. Green line stands
for deposition time 300 s, while red line shows the signal corresponding to deposition time 30
S.

5.4.2. Determining [In3*] in solutions of In203 at pH=2

As it was explained in section 5.3.1, dispersions of around 10 mg of In,O3z in 100 mL
were used for our measurements. If we assume equilibrium with only one solid phase, the
total amount of In2Os3 is irrelevant for the equilibrium free indium concentration, because
the solubility product can only imply the activities of In®* and OH" (which is fixed via the
pH). It is also important to indicate that even at such acidic pH full dissolution of the NPs

was not observed.
The solubility product of In(OH)3 (equation (4-36) discussed in section 4.5) with log

Ksp= -36.92 taken from database of NIST 46.7%" was used to estimate a rough possible

value of [In®*] around 1.15 mol L in solutions at pH=2, provided an infinite amount of
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In(OH)3(s) was present. If -on the contrary- there was the finite initial amount of indium
from the 100 mg In203z NP in a liter, with In(OH)3(s) as the only possible solid phase,
then one would expect total indium dissolution yielding a free indium concentration of
720 umol L. Hence, given that we saw most of particles not having been dissolved, we

conclude that indium is in another type of precipitate, different from In(OH)s. However,

Q

equation 4-32, Y ZW was used to calculate the needed Y taking a free
n XTg

concentration 5.21x10* mol L. Our calculations predicted that the needed Y should be
around 0.024, but we applied a higher Y (Y=2) to start the experiment given that even a
deposition time of 20 s with AGNES 1P should be enough to reach equilibrium.

Figure 5-2 represents the same experimental data as in figure 5-3, with the difference
that figure 5-2 shows the measured charge, while figure 5-3 represents the concentration
of In® in dispersions of NPs which had been in contact with the medium for 17 days.
From figure 5-2, we can see that the equilibrium situation has been almost reached at each
specific Y. For Y=2, t1-tw= 20, 50, 100 and 200 s were used, then for Y=5, t;-tw =50, 100
and 200 s were applied. As can be seen from figures 5-2 and 5-3, ti-tw= 100 s can be

taken as a deposition time suitable for both gains to reach the equilibrium situation.
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Figure 5-2: 1P trajectories showing the measured charge versus deposition time, in solutions
that contained 10 mg of In;03 NP in 100 mL of KNO3 0.1 mol L1, at pH=2.00, after being in
contact with NPs for 17 days. Filled symbols are first measurements, while their replicates are
not filled. Orange diamonds and green circles stand for Y=2 and Y=5, respectively.
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Figure 5-3: 1P trajectories of figure 5-2 re-plotted in terms of free concentration of In3* versus
deposition time. Markers as in previous figure.

Our experiments were designed to do some repetitions after some days, to check
whether we might face further dissolution of indium NPs.

Figure 5-4 (for charge) and figure 5-5 (for concentration) both use the same data for

a solution that was in contact with NPs for 49 days.
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Figure 5-4: Trajectory of charge versus deposition time, in solutions that contained 10 mg of
Inz03 NP in 100 mL of KNO3 0.1 mol L, at pH=2.00, being in contact with NPs for 49 days.
Filled symbols are first measurements, while their replicates are not filled. Orange diamonds
and Green circles stand for Y=2 and Y=>5, respectively.
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Figure 5-5: Re-plot of figure 5-4 in terms of free concentration of In3* versus deposition time.
Same markers as in previous figure.

Table 5-1 shows AGNES measurements and the predictions of NIST 46.7 at this pH
(assuming, as VMINTEQ 3.1 by default does, just one possible solid phase: In(OH)3).
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Table 5-1: Details about the experiments determining free indium concentrations at pH=2 in
NP dispersions that contain KNO3 0.1 mol L-1. Log [In3+]NIST 467 corresponds to the predicted
value assuming full dissolution. Number in between parenthesis indicates standard deviation

and refers to the last significant digit.

H Days in contact [In¥rNisTeer [In3*]ACGNES Number of the
P Y (mol L) (mol L) related figures
2.00 17 5.21x10* 1.461(3)x10° 5-2 and 5-3
2.00 49 5.22x10* 1.25(1)x10°° 5-4 and 5-5

Although the predictions suggested that at such pH and conditions we should have

full dissolution, experimentally just a low proportion of In NPs was seen to be dissolved.

Figure 5-6 shows the effect of contact time on the free concentration of indium. From
Figure 5-6 and table 5-1 it can be concluded that at pH=2, a partial (around 0.0012%)
dissolution of the NPs was reached within 17 contact days, with negligible variation in
32 more contact days. The measured concentration values were almost 45 times lower
than that predicted by VMINTEQ for the dissolution of In(OH)s.
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Figure 5-6: Effect of elapsed time in contact with In;03 on the free indium concentration at
pH=2. Blue diamonds stand for free indium concentration measured by AGNES, red line is the
prediction of NIST 46.7 (full dissolution). Values are detailed in table 5-1.

5.4.3. Determining [In3*] in solutions of In203 at pH=3
Figure 5-7 (charges) and figure 5-8 (concentrations) use the same data of dissolution

(20 mg of Indium NPs in 100 ml KNO3 0.1 M) at pH 3 after 7 contact days with NPs.
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Figure 5-7: Trajectory of charge versus deposition time in dispersions that contained 10 mg
of In;03 NP in 100 mL of KNO3 0.1 mol L1, at pH=3.00, being in contact with the NPs for 7 days.
Filled symbols are first measurements, while their replicates are not filled. Symbols blue
diamond, orange circle, purple triangles and green square stand for Y=2, 5, 10 and 20,
respectively.
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Figure 5-8: Re-plot of figure 5-7 in terms of free concentration of In3+* versus deposition time
in solutions that contained 10 mg of In;03 NP in 100 mL of KNO3 0.1 mol L1, at pH=3.00, being
in contact with NPs for 7 days. Symbols blue diamonds, orange circle, purple triangles and
green square stand for Y=2, 5, 10 and 20, respectively.

The expected free concentration at this pH (assuming a solid phase of In(OH)s in
equilibrium with In®*) is 1.17x10° mol L. Figure 5-9 and figure 5-10 represent the same
data (taken after 29 days of being in contact with In2Os NPs), with the difference that
figure 5-9 shows trajectories of charge, while figure 5-10 shows the trajectories of

concentrations versus the deposition time.
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Figure 5-9: Trajectories of charge versus deposition time in solutions that contained 10 mg of
In203 NP in 100 mL of KNO3 0.1 mol L1, at pH=3.00, being in contact with NPs for 29 days. Blue
diamonds, orange circles, purple triangles and green squares stand for Y=2, 5, 10 and 20,
respectively.
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Figure 5-10: Re-plot of the figure 5-9, with the difference of representing trajectories of
concentration versus deposition time in solutions that contained 10 mg of In;03 NP in 100 mL
of KNO3 0.1 mol L1 at pH=3.00, being in contact with NPs for 29 days. Markers are the same as
in previous figure.

Table 5-2 gives more information about species distribution at pH=3 and provides
more information about AGNES measurements and predictions of NIST 46.7

Table 5-2: Indium concentrations in dispersions of nanoparticles at pH=3.

. [|n3+]NIST 46.7 [|n3+]AGNES Number Of the
pH Days in contact (mol L) (mol L) related figures
2.99 7 5.85x10* 1.89 (2)x10° 5-7 and 5-8

2.99 29 5.88x10* 9.1 (2)x107 5-9 and 5-10
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Figure 5-11 is related to the data mentioned in table 5-2 and shows that the solubility

of indium oxide NPs almost remained constant during 22 days.
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Figure 5-11: Effect of elapsed contact time on the free indium concentration at pH 3. Blue
diamond’s stand for free indium concentration measured by AGNES, red line shows the
predictions of NIST 46.7. Values are related to table 5-2.

5.4.4. Determining [In3*] in solutions of In203 at pH=4

Figure 5-12 shows the measured charge versus the deposition time at pH around 4 in
a dispersion (10 mg of indium NPs in 100 mL of KNO3z 0.1 M) in contact with NPs for 4
days. Figure 5-13 represents the measured free indium concentration using the same data
as in figure 5-12.

From figure 5-12 one can see the measured charges at different Y. Also it can be
observed that, from the applied gains (Y=800, 400 and 200), only for Y=200 have the

measured charges reached clearly the constant situation (stabilized around 0.02 pC).
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Figure 5-12: Charges measured at different deposition times, in solutions that contained 10
mg of In;03 NP in 100 mL of KNO3 0.1 mol -1, at pH=4.06, after being in contact with NPs for 4
days. Filled yellow symbol correspond to first measurements, while the replicate markers are
not filled. Yellow triangles stand for Y=200, orange circles represent Y= 400 and blue
diamond'’s stand for Y= 800.

In figure 5-13, the series for Y=200 (yellow triangle) has reached the equilibrium

situation from a deposition time 200 up to 800 s.
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Figure 5-13: Re-plot of figure 5-12, with the difference of representing trajectories of
concentration versus deposition time, in solutions that contained 10 mg of In203 NP in 100 mL
of KNO3 0.1 mol, at pH=4.06, after being in contact with NPs for 4 days. Filled yellow symbol
for first measurements and not filled for replicates. Yellow triangles stand for Y=200, orange
circles show Y= 400 and blue diamond demonstrate Y=800.

After 13 days another measurement was applied with the strategy 2P. Figure 5-14
shows that for a Y = 1000 using a t1,=300 s caused a slight overshoot at the beginning,

then it reached the equilibrium situation above t1,= 800 s. Moreover, using t1.= 100 s
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made a sharp undershoot in the begining, then it became constant when t1 was almost
more than 800 s.
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Figure 5-14: Trajectory of concentration versus deposition time in solutions that contained
10mg of In;03 NP in 100 mL of KNO;3 0.1 mol -1, at pH=4.06, after being in contact with NPs for
13 days. Filled symbols for first measurements and not filled for replicates. Purple squares
stand for Y=1000 using t1.=300 s, while red squares show the same Y but with ti,= 100 s.
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Figure 5-15: Re-plot of figure 5-14 with the difference of representing trajectories of
concentration versus deposition time in solutions that contained 10 mg of In;03 NP in 100 mL
of KNO3 0.1 mol L -1, at pH=4.06, after being in contact with NPs for 13 days. Filled symbols are
first measurements, while their replicates are not filled. Purple squares stand for Y=1000 using
t14,=300 s, while red squares show the same Y but with t;,= 100 s.

Table 5-3 gives more information about direct measurements at pH=4 and compares

AGNES measurements with NIST 46.7 predictions assuming equilibrium with In(OH)s.
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Table 5-3: Indium concentrations in dispersions of nanoparticles at pH around 4. Number in

parenthesis indicates standard deviation and refers to the last significant digit.

H Davs o contact [|n3+]NIST 46.7 [|n3+]AGNES Number fO the
P y (mol L) (mol L) related figures
4.06 4 7.10x107 3.2 (1)x10® 5-12 and 5-13
4.06 13 7.10x107 1.77 (7)x10°8 5-14 and 5-15

To check the solubility of In,O3 NPs in our solutions at around pH=4, we studied the
effect of the days elapsed (see figure 5-16) since the day that the solution was prepared.

During all these days the solution was kept in a closed plastic tube with stirring rate 1300

rpm.
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Figure 5-16: Logarithm of free indium concentration determined with AGNES versus days of
the solution being in contact with the NPs. The solution contained 10 mg of In;03 NP in 100 mL
of KNO3 0.1 mol L -1 at pH=4.06. Blue diamond’s show AGNES measurements, while the red line
shows the predictions of VMINTEQ.

5.4.5. Determining [In3*] in solutions of In203 when pH is re-adjusted from pH= 3
to pH=4
In this section we discuss a new kind of experiments where we measured the evolving
free indium concentration in a dispersion which, after being previously equilibrated (for

29 days) at pH 3, was moved to pH 4.

Figure 5-17 shows the collapse of the trajectories using 2P, applying Y=1000 with
t1,=100 and t1,,=300 s, this solution had been at pH=4 for one day.
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Figure 5-17: Trajectory of concentration versus deposition time in solutions that contained
10 mg of In;03 NP in 100 mL of KNO3 0.1 mol L1, when the solution -initially stabilized at pH=3
for 29 days- was moved to pH=4.006 and the measurement was done after 1 day of being at
the higher pH. Open markers represent replicates. Purple squares stand for Y=1000 using
t14.=300 s, while red squares show the same Y, but with t1.= 100 s.

Figure 5-18 presents the collapse of the trajectories at the different gains after 2-day

contact at pH=4.
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Figure 5-18: Trajectory of concentration versus deposition time in solutions that contained 10
mg of In203 NP in 100 mL of KNO3 0.1 mol L -1, where the solution- initially at pH=3 for 29 days-
was moved to pH=3.986, and measurement was done after being 2 days at the higher pH. Open
markers represent a replicate. Purple triangles, green square, blue diamonds and orange
circles stand for Y=10, 20, 50 and 100, respectively.

Then, almost 16 days later, another experiment was performed to check the evolution
of the free concentration (see figure 5-19). Through this figure one can also see the
collapse of the trajectories.
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Figure 5-19: Trajectory of concentration versus deposition time, in solutions that contained 10
mg of Inz03 NP in 100 mL of KNO3 0.1 mol L -1, where the solution - initially at pH=3 for 29
days- was moved to pH=4.005, and the measurements were done after 16 days at high pH.
Cross symbols, orange crosses and blue diamond’s stand for Y=100, 150 and 200, respectively.

Table 5-4 presents more details about these AGNES measurements and NIST 46.7

predictions.

Table 5-4: Indium concentrations at pH=4 in a dispersion of In203 previously equilibrated at
pH 3. Number within parenthesis indicates standard deviation and refers to the last significant
digit.

Number
H Days in contact [IN3*NIST 467 (mol L) IN3*1AGNES (mol L of the

P [In*] ( ) related
figure
4.006 1 1.08x10¢ 3.7 (8)x107 5-17
3.986 2 1.24x10¢ 3.4 (6)x107 5-18
4.005 16 1.09x10° 1.6 (3)x107 5-19

Figure 5-20 shows the effect of days being elapsed with indium NPs at this re-
adjusted pH. From this figure, it can be noticed that there was a very slight decrease in

the free indium concentration measured after 16 days waiting with stirring.
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Figure 5-20: Free indium concentrations determined with AGNES versus days of the solutions
being in contact with the NPs at the new pH 4 (pH 4.006, 3.986 and 4.000 are values related to
first, second and third blue diamond). The solutions contained 10 mg of In203 NP in 100 mL of
KNO3 0.1 mol L 1.

5.4.6. Determining [In3*] in solutions of In203 at pH=5

To determine free concentrations of indium at such high pH, an experiment of ASV
was performed. From figure 5-21 one can see that even with two different deposition
times, 30 s and 800 s, there was no detectable peak of indium around its usual potential
at -0.60 V. Hence, not detecting any peak of indium in ASV (that measures free and labile
metal) for a long deposition time of 800 s, led us to conclude that the free concentration
was probably too low to be quantified with AGNES in a reasonable time.
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Figure 5-21: Anodic Stripping Voltammogram in a dispersion of 10 mg of Inz03 NP in 100 mL
of KNO3 0.1 mol L -1 at pH=5.00, being in contact with NPs for eight days, using two deposition
times, 30 and 800 s. Pink line stands for deposition time 30 s, while red line shows signals
corresponding to deposition time 800 s.
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5.4.7. Free concentration of indium in synthetic seawater solutions

Synthetic seawater solution was prepared as has been described in this chapter in
section 5.3.1.1* 10 mg of In,03 NP were added to 100 mL of synthetic seawater. The
dispersion was stirred during 16 days. After this period, ASV experiments were
performed using three deposition times: 30, 300 and 600 s. As can be seen in figure 5-22
around the potential -0.6 V there was no peak of indium. Thus, we were not able to
perform further experiments and measure free indium concentrations in our synthetic
seawater solutions at pH=8. We concluded that the free indium concentration in this

solution was too low to be measured with AGNES in a reasonable time.
40 -

30 A

|

1(nA)

10 /(\
0 |— BT e RS L oS,
12 1 08 06  -04  -02 \o
E(V)

Figure 5-22: ASV of seawater solutions (10 mg of In;03 in 100 mL of seawater solution) at
pH=8.00 for 16 days. Lines with colours purple, dark blue and red are ASV results using
deposition time 30 s. Lines with colours green and light blue are ASV results using deposition
time 300 s and orange line represents ASV results using deposition time 600 s.

5.4.8. General discussion

Figure 5-23 represents all previous results presented in sections 5.4.3, 5.4.4, 5.4.5
and 5.4.6 at different pH values. The blue line is a guide to the eye about the direct
measurements of free indium in contact with In2O3z NPs at each specific pH. The orange
markers represent NIST 46.7 (VMINTEQ) expectations if the solubility was ruled by the
solubility product of In(OH)s. One can see that free indium concentration determined at
re-adjusted pH (pink cross symbol) was very close to the predictions of NIST 46.7. As
can be observed in this figure, the blue line that passes through the direct measurements
at each pH is almost linear with a slope close to -1.34.
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Figure 5-23: Free indium concentration measured in the solution that contained 10 mg of In;03
NP in 100 mL of KNO3 0.1 mol L1 Blue and purple cross symbols represent AGNES
measurements discussed in sections 54.1 to 5.4.6, while the orange squares represent
predictions of VMINTEQ assuming equilibrium with In(OH); or full dissolution (pH 2 and 3).
The predicted concentration of free indium using NIST 46.7 at pH 2, equals to 5.21x10-*mol L-
1, Among AGNES results, symbols with the colour pink refer to the measurements achieved by
re-adjusting the pH from 3 to 4 discussed in section 5.4.5, while the blue ones stem from direct
measurements at each specific pH.

One interesting study, that was done some years ago, revealed that changing the pH
of the solution generated a metastable phase of a Zn species around the existing ZnO
NPs.> Figure 5-24 illustrates a possible hypothesis to explain the difference in free indium
concentration at pH 4 depending on whether one has passed through pH 3 or not. The
hypothesis is that a shell of indium hydroxide tend to cover the InoOz NPs. This is roughly
depicted in figure 5-24. Hence according to the equation for the solubility product of
In(OH)s:

K, ={In*}{oH}’ (5-1)

(see also eqgn. (4-27)), the free indium concentration, determined at this re-adjusted

pH, corresponds to the equilibrium value of the hydroxides.
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Figure 5-24: Schematic representation of the hypothesis of coverage of In;0z NP by In(OH);3
(phase depicted as orange circles) when determining free indium at re-adjusted pH=4.

We suggest that one way of testing our hypothesis would be to increase the number
of (solid) NPs, then, in such a case, there might be a larger area so that the amount of

precipitated In(OH)s would be insufficient to cover all the NPs.

5.5.Conclusions

AGNES was a proper method for determining free indium concentration in
dispersions that only contained In,O3 NP in contact with KNO3 0.1 mol L from pH=2
up to pH=4. Our results demonstrated that once the measurements are done directly at
each pH, they remain stable (i.e. the free concentration in equilibrium does not change
with elapsed time since preparation). There was a significant difference between AGNES
measurements at each pH with the ones of NIST 46.7 (VMINTEQ) expectations assuming
that the solubility was ruled by In(OH)s. This is consistent with many literature reports
where the less hydrated phase exhibits a lower solubility, e.g. according to NIST 46.7,
log Ksp of CaCOz (Aragonite) is -8.336, while for CaC0Os.2 H20 is -7.144. The same thing
happens in the case of CaHPO4 and CaHPO4.2H0, for instance log Ksp of CaHPOy4 is -
19.275 and for CaHPO4.2H20 is -18.995. On the other hand, when the measurements
were performed on the re-adjusted solution at pH=4, free indium concentration
determined was mostly close to the predictions of VMINTEQ. Hence, we speculate that,
when the alkalinity of the solution is high and it is readjusted from acidic pH, the free
indium that is measured arises from its indium hydroxides equilibrium value.
Additionally our results demonstrated that the percentage of dissolved In2Oz NPs in the
solutions containing KNOs 0.1 mol L were very low (0.0012%- 28.7%). Moreover in

dispersions that contained KNO3 0.1 mol Lt at pH 5 and in synthetic seawater solutions
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at pH=8 no ASV peak of indium appeared, therefore we were not able to determine free

concentrations of indium, this indicating an extremely low solubility in these media.
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This work has been mainly focused on determining free concentration of indium
in different media and lability degree of indium complexes such as In-Oxalate and In-
Hydroxide using the techniques Absence of Gradients and Nernstian Equilibrium
Stripping (AGNES) and Accumulation under Diffusion Limited Conditions (ADLC),
respectively. Additionally it has focused on the speciation of indium-nitrilotriacetic acid
(In-NTA) and indium-oxalate complexes in aquatic solutions. Finally, the dissolution of
In2O3 nanoparticles (NPs) in background electrolyte from pH 2 to 5 and in synthetic
seawater solutions at pH 8 has been studied. The main conclusions of this thesis are:

e For the first time the Absence of Gradients and Nernstian Equilibrium Stripping
technique (AGNES) has been applied to determine free concentrations of a trivalent ion,
indium.

e To avoid any complication from hydrolysis, pH 3 has been chosen. This pH
corresponds to acid drainages, where high indium concentrations have been reported in
previous investigations. At higher pH values, free indium concentration could be
decreased not only due to possible precipitation, but also due to the formation of
hydroxocomplexes of indium.

e As a result of using Cyclic Voltammetry (CV), it has been revealed that indium
couple is behaving quasi-irreversibly.

o Differential pulse polarography (DPP) could not be used to accurately compute
the deposition potential for a given gain in AGNES measurements, because of the quasi-
irreversibility behavior of indium couple. However, an empirical relationship has been
derived to use the peak potential of a DPP (with short drop time) as a guideline.

e Although the slight irreversibility of indium has some effects on DPP and CV
signals, AGNES equilibrium is not impacted by such irreversibility, because the
deposition stage is much longer than the time scale redox process of DPP and CV. In fact,
this irreversibility could just delay the achievement of Nernstian equilibrium by the end
of the first stage of AGNES, but one can make the t; longer until the analytical response
is stabilized and equilibrium situation is reached.

e To overcome any potential irreversibility of the indium couple on the stripping
stage of AGNES, the variant AGNES-Q has been used. In AGNES-Q, the faradaic charge
is measured using a constant reoxidation potential (E2) during a long stripping time (t2)
which causes all In° to be stripped out from the amalgam and, accordingly, prevents

effects that could arise from any possible kinetics on the faradaic charge. Also, to avoid
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any interferences from Pb, taking into account the standard redox potentials of In and Pb,
E> was fixed to -0.450 V.
e A new calibration method has been designed to overcome the impact of the

irreversibility of the indium couple on DPP. In this new calibration, a fixed 7, (0.0034

C L mol™?) has been used from independent information (i.e. estimated from the volume
of the mercury drop). One can calibrate the gain by measuring the charge with AGNES
for solutions with known indium concentrations, when applying the fixed potential called

Ecaiib. From the slope of the plot Q vs [In®*] and assuming the fixed value of 77, , one can

find the applied gain, called Ycain. With the correspondence between Ecaiib and Yecaiin, One
can compute any gain from a given deposition potential or conversely, any deposition
potential from a given gain.

e Trajectories (or charges at various deposition times) at different gains have
collapsed into one curve when representing Q/Y vs. a normalized deposition time with
stirring, (ti-tw)/Y. It has been concluded that, in case of indium, the needed time to reach
equilibrium is slightly longer (by a factor 10/7=1.43) than the time that is needed for
reversible metals such as Pb, Cd and Zn. Such an increase in the deposition times could
be due to the slight irreversibility of indium couple and to the lower diffusion coefficient
of indium.

e Speciation measurements of indium at pH=3 have been done successfully using
AGNES in either In-NTA or In-Oxalate solutions. Values reported in NIST 46.7 are less
accurate than those more recently published for both In-NTA and In-Oxalate complexes.

e It has been revealed that In-Oxalate complexes are very labile. For instance, for a
free concentration of 3.71x10* pmol L? and a total In concentration 93.2 pmol L, the
lability of the complexes has reduced the deposition time (initially estimated in 3000000
S) to just 25 s.

e A new technique Accumulation under Diffusion Limited Conditions (ADLC) has
been used successfully to determine the lability degree of In-Oxalate and In-Hydroxide
complexes in precipitated solutions and, hence, it has helped to find a proper t1,. to be
used for AGNES 2P measurements.

e The found lability degree of In-Oxalate is higher (¢,,... =0.91) than that of In-

xalates

Hydroxides (&, .. =0.60). The results have shown that the helping factors of both In-

Oxalate and In-Hydroxides complexes can reduce the needed deposition time to reach to

the equilibrium when determining free concentrations of indium using AGNES. Our
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results have demonstrated that adding oxalate to In-hydroxide precipitated solutions cause
the complexes to contribute to the flux enabling a dramatic decrease in the needed
deposition time. Also it has been revealed that the helping factor depends on the amount
of added ligand.

e AGNES has been successfully applied to determine picomolar concentrations of
free indium in precipitated solutions and results of AGNES have been in good agreement
with the predictions of NIST 46.7 in the pH range from 4 to 6.

e AGNES has been used to determine free concentrations of indium in dissolution
experiments (at various exposure times) of dispersions of In2Oz NPs that only contained
KNO3 0.1 mol L from pH=2 to pH=4. AGNES measurements in solutions that only
contained KNO3 0.1 mol L have been significantly lower than the predictions of NIST
46.7 assuming that the solubility was ruled by In(OH)s.

e Free indium concentrations determined at each specific pH in dispersions of In203
NPs that only contained KNO3 0.1 mol L™ have remained stable for elapsed period of
times up to 32 days. No ageing effect has been observed.

e Free indium concentrations in dispersions of In2Oz NPs that only contained KNO3
0.1 mol L determined at re-adjusted pH 4 have been close to the indium hydroxide
equilibrium values.

e Very small percentages of the total 10 mg of InoO3 NPs are dissolved in a volume
of 100 mL, from pH=2 to pH=4 in solutions that only contained KNO3 0.1 mol L™,

e AGNES could not be used for dispersions that contained KNO3 0.1 mol L at
pH=5 or in synthetic seawater solutions at pH=8, as no anodic stripping voltammetry
(ASV) peak of indium has been observed.
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