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ABSTRACT

Chromium has an interesting ecotoxic role in aquatic environments, where it occurs
in two different oxidation states, Cr(lll) and Cr(V1). While Cr(lll) is considered an
essential nutrient, Cr(V1) is toxic and carcinogenic. Hence it is important to

monitor the concentrations of the individual Cr species in natural waters.

This thesis the and of a new

voltammetric method for the determination of Cr species in aqueous environmental
samples, with particular reference to seawater. This method is based on the Square
Wave Cathodic Stripping Voltammetry (CSV) of a Cr-Xylenol Orange (XO)
complex preceeded by its adsorptive preconcentration on a hanging mercury drop
electrode. The catalytic reduction of nitrate ions in the vicinity of the electrode is
utilized to enhance the sensitivity of the method. Stable reduction peaks are
obtained for both Cr(VI) and Cr(lll) species. The formation of the adsorbed
analyte complexes derived from Cr(V1) and Cr(Ill) is dependent on the deposition
potential used for the preconcentration and this forms the basis for the speciation
of Cr. Hence the need for lengthy sample pretreatment steps is precluded from

the analytical procedure.



Under optimized conditions, sensitivities greater than 1.8 yA (ug/L)"' min"' (90
nA nM' min') can be achieved, making the method adequate for the
determination of Cr at the concentration levels prevalent in all types of natural
waters. For 60 s preconcentration times, detection limits for Cr(VI) and Cr(ill)
are respectively 1.2 and 1.8 ng/L in distilled, deionized water. The method is
virtually free from interferences and is applicable to Cr analysis in seawater as well
as in surface waters and has been applied to the determination of Cr speciation in

the N.W. Atlantic Ocean.

Results of experiments aimed at elucidating the electrode processes involved in the
deposition and reduction of the analyte complex suggest that the adsorbed
complex is Cr'"-XO. This complex is formed on the surface of the electrode by the
reaction between nascent Cr species and adsorbed XO. The analytical signal is the

current obtained when this complex is reduced to Cr'-XO.
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CHAPTER 1

INTRODUCTION

1.1 TRACE METALS IN THE MARINE ENVIRONMENT

A large proportion of pollutants introduced in the environment by anthropogenic
activities ultimately reach the oceans and seas as precipitation, suface run-offs
or through the direct discharge of effluents. While in the long term, aquatic
microorganisms break down organic pollutants, metals are a cause for concern
in these environments because they are non-biodegradable and because of their
toxic effects on marine life and, through the food chain, on human health. A
study of the behaviour of metals in the marine environments can provide an
understanding of the biological and geochemical cycling of these metals. These
cyclings regulate the concentrations and bioavailability of the elements in these

environments.

The consit interest and appt sion about the role and fate of trace

metals in marine environments is the result of several catastrophic events, the
most tragic of which is probably the case of mercury poisoning at Minamata Bay
in Japan. This event also highlighted the need for the measurement of the
chemical speciation of toxic elements rather than the total element

concentrations: mercury was initially not suspected as the cause of what is now



known as Minamata disease because the known symptoms of inorganic mercury
poisoning were not seen. It was only during a second outbreak of the disease
that it was recognized that methylmercury species were responsible for
Minamata disease’. It is now recognized that both the bioavailability and toxicity
of trace elements are critically dependent on the specific chemical form of the
element. Measurement of the total concentration of any trace element therefore

provides very little ir ion about its bi ilability or toxicity.

The availability of reliable and sensitive analytical techniques is of paramount
importance to the study of the chemical behaviour of trace metals in the
environment. Trace metals in seawater are present at concentrations that

range down to the pi levels. The 1t of analytical techniques

that can reliably measure these concentrations is a major challenge which is
made even more formidable by the need for speciation analysis. It is no surprise
therefore that there is a huge literature base dealing with the occurrence and
analysis of trace elements in seawater. Several books and reviews have treated
the progress made in our understanding of trace element chemistry in seawater
and natural waters [1-5]. There have also been books [6, 7] and numerous
reviews [8-17] specifically dealing with the speciation of trace elements in the

environment.

* An extremely readable account of Minamata disease is given in ‘Environmental Chemistry’
by Nigel ). Bunce. Wuerz Publishers, Winnipeg, 1994.
2



Over the last 15-20 years, there has been a revolution in the existing data
regarding the distributions and chemical behaviour of trace elements in natural
waters, particularly seawater. This revolution has been brought about by the
realisation that any analytical methodology has to account for the risks of
contamination as well as analyte losses involved during the sampling and
sample handling steps. Thus clean techniques have been developed and
adopted for the collection, preservation, storage and analysis of water samples
for trace analysis. This, coupled with the advent of extremely sensitive
techniques, has resulted in concentrations of trace elements in seawater being
shown to be factors of 10 to 1000 times lower than those previously accepted
[18]. This in turn has led to a demand for more accurate data to be generated at
lower concentrations. Thus, the focus of this thesis is to develop a reliable and
sensitive method for the determination of species of one of the biogeochemically

important trace metals in seawater: chromium.



1.2 CHROMIUM

Chromium occurs principally in nature as the extremely stable mineral chromite,
FeO.Cr,0, [19]. In most soils and bedrocks, it is similarly immobilized in the
trivalent state; however, the environmental concentrations of chromium are
significantly in excess of the natural mobilization of the element by weathering
processes. This is because chromium and its compounds have widespread
industrial applications, resulting in large quantities of the element being

discharged in the environment.

Chromium enters the environment mainly as leachings from sanitary landfills and
as industrial effluents from, for example, electroplating and tanning industries,
from dyeing, pigment production and steel industries. It can also enter the
drinking water distribution system from the corrosion inhibitors used in water
pipes. Due to these factors, human exposure to chromium is unavoidable. In
view of its paradoxical roles as an essential micronutrient as well as a known
carcinogen, there is much concern about the occurrence, fate and effects of
chromium in the environment. References [20, 21] give a comprehensive
account of the chemistry of chromium with respect to its sources, uses and

effects on aquatic and terrestrial biota and humans.

Chromium occurs mainly in the trivalent or the hexavalent oxidation states in the
environment. Chromium (lll) is considered to be an essential nutrient (20, 21]. It

a



is established that an organo-chromium complex of uncertain structure,
synthesized from adsorbed Cr(lll), helps activate insulin [22]. Deficiency of this
complex through lack of Cr(lll) in the diet results in glucose intolerance and
reduced efficiency of insulin. On the other hand, Cr(Vl) has been shown to have
toxic effects on the biological system. Exposure to Cr(Vl) can lead to skin
lesions, lung disease and various forms of cancer. The carcinogenic effect of
Cr(VI) has been attributed to its ability to migrate through cell membranes as
CrO,* and the highly oxidizing nature of this ion. It has been proposed [23] that
Cr(V), an intermediate in the reduction of Cr(V1), forms a Cr(V)-DNA complex.
Further reduction of Cr(V) to Cr(lll) leads to irreversible changes to the DNA

structure.



1.3 CHROMIUM IN THE MARINE ENVIRONMENT

The chromium concentrations encountered in natural waters are very low;
concentrations vary from 0.1 to 0.3 pg/L in seawater [23. 24] and from 0.3 to 6

Hg/L in unpolluted surface waters [23].

The study of the chemical speciation of chromium in natural waters has been a
topic of great interest for almost 40 years (see for example ref [25]. The
speciation studies have almost exclusively focused on the distribution of

chromium between Cr(lll) and Cr(VI).

On the basis of thermodynamic calculations, Elderfield [26] predicted that at pH
8.1 in seawater, chromium should exist élmost exclusively as Cr(VI) species,
mainly as CrO,2 with minor amounts of HCrO,,, and H,CrO, and Cr,0,*. Any
Cr(lll) occuring under these conditions should be present to 85% as
Cr(H,0),(OH),", 13.5% as Cr(OH), and Cr(H,0),(OH)*" as a minor species.
Considering only the dominant Cr(lll) species, the redox equilibrium is assumed
to be controlled by
CrOZ + 2H,0 + 6H" + 3e &= Cr(H,0),(OH), .
and the equilibrium ratio of dissoived Cr is given by [27]

log [Cr(VD)J[Cr(Il)] = 6pH + 3pE - 66.1.



Hence, taking the pH of seawater to be 8.1 and using the theoretical value of
PE=12.5 for water in equilibrium with atmospheric oxygen [26], the ratio of Cr(VI)
to Cr(lil) should be ~10%. If the pE is 6.5, consistent with the assumption that
the redox level of seawater is controlied by the O,/H,0, couple and [H,0,]=0.1

1M [28], this ratio falls to 100.

In practice, however, Cr(VI):Cr(lll) ratios ranging from less than 1 to 70 have
been reported [27]. Several reasons have been put forward to explain the
observed discrepancies between the calculated values and the experimental
data. These include the kinetic stability of Cr(lll) which makes oxidation very
slow and the possible removal of Cr(VI) by organic matter in natural waters.
Both these factors would result in a higher relative concentration of Cr(lll).
However, nowadays the consensus is that the analytical data does not truly
reflect the actual situation in the original sample because of deficiencies in the
analytical methodologies used [29]. Many sampling and analytical techniques
actually disturb the equilibria in solution. The realization that the sampling,
storage and analysis of trace metals in environmental samples requires extreme
precautions to overcome possible contamination has cast doubt over much
available trace metal data, including the available data on chromium in

seawater. New data are therefore called for.



1.4 ANALYTICAL METHODS FOR CHROMIUM

There is a prolific literature dealing with the determination and speciation of
chromium in various matrices. Virtually all the standard methods for metal
analysis methods have been employed for the determination of chromium,
ranging from the relatively simple and cheap spectrophotometric methods to
chromatographic and nuclear methods. A literature search shows that just
during the period 1992-1997, there have been almost 100 papers relating to the
determination of chromium in environmental samples. While this is an indication
of the amount of interest in the determination of chromium, it also underlines the
fact that no single method has gained universal acceptance as a standard
method. The reason for this lies in the difficulties that have to be overcome in
the establishment of a reliable method. The extremely low concentrations of
chromium in seawater mean that there are very few applicable techniques with
sufficient sensitivity and selectivity. Even with the most sensitive technique
available, the analyte needs to be preconcentrated for the determination of
chromium species. Very often the Cr(ll) and Cr(Vl) species need to be
physically separated before the analysis. Preconcentration/ separation methods
that have been employed for the determination of chromium in seawater have
been based on coprecipitation [30-38], solvent extraction [39-42], ion-exchange
and sorbent extraction [29, 43-53], and electrodeposition [54, 55]. These
sample pretreatment steps are often very time consuming and liable to introduce



errors (speciation change, analyte loss, contamination) in the analytical data.
This is probably why during recent years there has been a shift in emphasis
towards on-line flow-injection methods for the separation and preconcentration

of chromium species.

Following the sample pretreatment steps, detection of the chromium species has
been achieved by uv-vis spectrophotometry [53, 56-59], chemiluminescence [47,
51, 60], flame and electrothermal atomic absorption spectrometry [29, 33, 35, 36,
38, 39, 41, 43, 44, 46, 49, 50, 52, 54, 55, 61-66], ICP-AES [48, 67-69], ICP-MS
[45, 70-74], neutron activation analysis [30], X-ray fluorescence [32, 37] and
isotope dilution mass spectrometry [75, 76]. An electron capture detector has

also been used for ion in a gas ct graphic method for chromium

[42].

In addition to the methods listed above, electrochemical methods have also
been employed for the determination of chromium in natural waters, including

seawater. These methods are discussed in Section 1.6.

In spite of the multitude of existing methods for the determination of chromium, it
is interesting to note that very few have actually been employed for the analysis
of chromium in seawater. Methods that have been employed for the
determination of chromium in seawater are shown in Table 1.1. Except for the
methods with on-line separation and preconcentration of the species [29, 43],

9



the pretreatment steps are time consuming, laborious and prone to

contamination during for example, the filtration and centrifugation steps.

10
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Table 1.1: Non-electrochemical methods for the determination of chromium in seawater.

Separation/preconcentration method

Mode of Dt

D ion limit

Cr(Vl) extracted with Aliquat-336 in toluene at
PH 2.

[Cr(lll) extracted as above but at pH 6-8 and in
the presence of > 1 M thiocyanate.

Flameless AAS

Cr(VI): 0.01 pgiL
Cr(Iil): 0.03 ugiL

Cr(Ill) coprecipitated with Fe(OH), at pH 8
Both Cr species coprecipitated with aerial
{oxidation of Fe(OH),. Cr(VI) by difference.

Flameless AAS

Cr(Ill) coprecipitated with Fe(OH), at pH 8.5 then
[Cr(VI) from same solution with Co(PDC)," at pH
4.

[Precipitates collected as thin films.

0.1 gl

Cr(Ill) coprecipitated with Fe(OH), at pH 8.
Both Cr species coprecipitated with bismuth
loxide at pH 8. Cr(VI) by difference.

Flameless AAS

not mentioned

31

Cr(V1) coprecipitated with PbSO, at pH 3.5.
r(11l) not determined.

Flameless AAS

0.3 pgiL

35




zL

Table |

.1 (continued)

[Separation/preconcentration method

Mode of D

limit

(Cr(VI) coprecipitated with Pb(PDC), at pH 4, then
I(Cr(lll) coprecipitated from same solution at pH 9.

INAA

not mentioned

30

iFlow injection extraction of Cr(VI) with NaDDC*. |
Total Cr after oxidation of Cr(lll) to Cr(Vl) and
(Cr(Ill) by difference.

Flameless AAS

Cr(Vi): 16 ngiL
Crli): 18 ngiL

29

(Cr(IlN) is extracted at pH 6 in toluene as the
1,1,1-Trifluoroacetylactone complex.

Total Cr extracted as above after reduction of
Cr(VI) to Cr(lll).

ICr(VI) by difference.

Gas chromatographic,
with ECD

Cr(Vi): 13.3 nglL
Cr(lll: 32 ngiL

42

Cr(Ill) coprecipitated with Ga(OH), at pH 9-10.
Total Cr after reduction of Cr(Vl) to Cr(lll) and|
ICr(V1) by difference.

Flameless AAS

20 nglL

IFlow injection ion of Cr(Il) with i
fquinolin-8-ol.

[Total Cr after reduction of Cr(Vl) to Cr(lll) and.
ICr(V1) by difference.

Flameless AAS

not mentioned

43

*PDC s DDCis arbamate




As an illustration of the amount of labour typically involved in the above
methods, the sample pretreatment in the gas chromatographic method of Mugo

and Orians [42] is outlined.
« Transfer sample to reaction vessel, adjust pH 10 6.6+0.2 with CH,COOH,
and add ligand (trifiuoroacetylacetone) and extracting solvent (toluene).
= Shake for 5 s, then heat in microwave oven for 3 min.

* Remove from microwave oven, shake for 5 s, retum to microwave oven

and heat for a further 3 min.

* Cool completely to room temperature, with shaking for the first 10 min.

« Transfer to separatory funnel, separate and discard aqueous layer.

« Shake organic layer from above with deionized water, allow to separate,
add NaOH and shake for 20 s. (This step is said to be critical).
Separate organic layer and rinse twice with deionized water.

Transfer extract to clean glass vial for subsequent injection
into GC column and quantification.

The above sample 1t is for the determination of Cr(lll) only; total Cr is
determined after reducing Cr(V1) to Cr(lll) with Na,SO,, then foliowing the above
procedure. Cr(Vl) is then obtained by difference. The various steps involved in
the above procedure make the analysis time very long; in addition to the time, it
should be realized that contamination risks are being magnified at each stage

and with every chemical being used in the analytical procedure.

The methods described by Sperling et al. [29] and Pasullean et al. [43] are
arguably the best among the existing non-electrochemical methods but they do

require some iali and it i 1t in contrast to the very simple

equipment required in the electrochemical methods, as will be discussed in

13



Section 1.6. From the point of view of convenience, the appeal of both of these
methods is greatly reduced by the need for an off-line oxidation [29] and
reduction [43]. Sperling et al. oxidized Cr(lll) to Cr(VI) by boiling samples at pH
9 with K,S,0, for 25 minutes at 105 °C, whereas Pasullean et al. reduced Cr(Vi)
to Cr(lll) by a 20-min treatment with hydroxylamine hydrochloride at room
temperature. Pasullean et al. [43] employed a cation exchange resin for the
preconcentration of Cr(lll). In the light of an investigation by Rai et al. [77] which
shows that Cr(OH),n is the dominant Cr(lll) species in solution, the reliability of
this method could be compromised because the resin will be unable to bind

Cr(lll) species like Cr(OH),” and Cr(OH),’.

14



1.5 VOLTAMMETRIC METHODS FOR TRACE ANALYSIS

Voltammetric methods of analysis, which have been used since the invention of
polarography in 1922, witnessed a serious decline in use and was even
threatened with extinction [78] with the development of Atomic Absorption
Spectrometry (AAS) in the mid-1960's. The remarkable detection limits of AAS,
coupled with its ability to determine almost all the metallic elements, was beyond
the reach of classical polarography, which had come to be regarded as a very
unattractive technique due to its clumsy instrumentation. However, there has

been a resurgence of interest in the electroanalytical techniques during the past

25 years, mainly as a result of the ce of vastly impi , ially
available instrumentation which has taken full advantage of the electronic

revolution. In parallel with the instrumental developments, there have aiso been

ying in the i aspects of electroanalytical

techniques with the development of, for example, a.c, pulse and stripping

techniques. As a % y is now i as an extremely
versatile, sensitive, rapid and inexpensive analytical technique which has found
applications in most areas of analytical chemistry. The fundamental principles of
polarography are described in reference [79] while reference [80] recounts

developments in polarographic techniques that have led to the renaissance and

pread adoption of Y.

15



AAS (especially Electrothermal AAS) and more recently, ICP-MS and ICP-AES
techniques are generally regarded as the uitimate methods of detection for
ultra-trace analysis because of the detection limits attainable by these
techniques. However, in the form of Anodic Stripping Voltammetry (ASV),
voltammetry offers a technique that, in specific cases, can rival these techniques
with respect to detection limits, reproducibility and ease of operation. The
extreme sensitivity of ASV is due to the analyte preconcentration step inherent to
the technique, whereas the spectrometric techniques rely on a prior analyte
preconcentration step. Another advantage that ASV offers is that it can speciate
the analyte species on the basis of their lability in the natural medium [13]. The
principles and applications of ASV are described in standard analytical

chemistry textbooks (e.g., [81]) and will not be covered here.

The applicability of ASV is contingent on the metal to be determined being
soluble in mercury to form an amalgam. This requirement severely limits its
widespread application in environmental analysis and ASV has remained more
or less confined to the determination of Cu, Pb, Cd and Zn. In this respect, the
applicability of ASV is very restrictive, in contrast to the capability of AAS or ICP
techniques, which are readily applicable for the determination of most of the

elements in the Periodic Table.
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In parallel with ASV, Cathodic Stripping Voltammetry (CSV) techniques have
also been used for trace element analysis. Until relatively recently, this
technique was viewed as the 'mirror image' of ASV. In classical CSV, the
analyte species is electrolytically preconcentrated as an insoluble Hg species on
the electrode by the imposition of a relatively positive, constant potential during
the deposition stage. The applied potential resuits in the formation of Hg,”” ions
on the electrode surface. Analyte species capable of forming insoluble Hg
compounds react with the Hg,*" to form an insoluble film on the surface of the
electrode. During the stripping stage, a negative potential scan is applied on the
electrode, resulting in the reduction of this insoluble compound to Hg® and the
original analyte ion. The faradaic current resulting from this reduction forms the
analytical signal. In this preconcentration mode, CSV is applicable to the
analysis of mainly anionic species and has been used for the analysis of halides,

cyanide, sulphide and a variety of organic compounds.

The applicability of CSV has now been extended to the determination of metallic
species following considerable research into a new, non-electrolytic method of
preconcentration during the last decade. This preconcentration method is based
on the observation that many organic compounds exhibit surface active

properties that are manifested by their adsorption from solution onto the surface

of a solid phase. ion has been reg: as an ur i adverse
effect in polarography for a long time but enhancements in polarographic waves
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had been and to i since the early days of

polarography [79, 82-84]. Pihlar et al. [85] were the first to exploit adsorption of

the dimethyiglyoxime complex of Ni on the Hg for the p ttration
of Ni before its stripping. Since then, procedures for the determination of a large
number of trace elements have been developed and applied to environmental
samples. A recent paper by Fogg [86] includes a review of the historical

development of the technique.

An extremely useful article which contains a detailed treatment of the
fundamental principles of CSV, the mechanisms of complex adsorption and of
the stripping step has been published by Wang [87]; other very informative
papers [86, 88-91] provide excellent reviews on the development, potentials and

applications of CSV.

The principle behind the new method is very simple: under optimized solution
conditions, the analyte (generally metal ions) reacts with an added ligand to form
a complex which is adsorbed on the surface electrode during the
preconcentration stage. This complex is then reduced during the stripping
stage, which consists of the application of a negative potential scan on the
electrode. During the stripping stage, the reduction process producing the peak
current may be due to the reduction of the metal ion, the reduction of the ligand

or the simultaneous reduction of both the ligand and the metal ion. The
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selectivity of the method is determined by the judicious choice of the complex-
forming ligand and, since the reaction between the ligand and the analyte is
usually dependent on the oxidation state of the analyte species, speciation

analysis is generally achieved.

From the simple picture presented above, it can be conceived that with the
choice of a proper ligand, any metallic species should be amenable to CSV
determination, opening up the whole Periodic Table to this extremely sensitive,
selective and inexpensive analytical technique. The reduction of the ligand can
be used for the determination of metals which are reduced at very negative
potentials. It is no wonder therefore that so much activity has been channelled
towards the search for new ligands for CSV of trace metals in environmental
samples. A comprehensive review of ligands used in, and metals determinable

by CSV is given in reference [92].

Almost two decades after the technique was first used for the determination of
nickel, there is some continuing debate as to the name of the technique. Since
the adsorption phenomenon is utilized for preconcentration of the analyte
species, the technique has also been referred to as Adsorptive Stripping
Voltammetry, (AdSV), as well as Adsorptive Cathodic Stripping Voltammetry
(AdCSV), whereas many workers simply refer to it as CSV based on the

direction of the current flow during the reduction. Following a discussion on the
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pros and cons of the different names used for the technique, Fogg [86] reached

the conclusion that the term ic stripping y with

accumulation would be more informative. However, he acknowledged that the
term cathodic stripping will continue to be used. In the present work, the term
CSV is used throughout, with the understanding that the accumulation is

adsorptive.

In contrast to the methods listed in Table 1.1, electrochemical methods for trace
metal analysis are very fast and require relatively simple and inexpensive
instrumentation. If the complexing ligand is chosen such that the reaction occurs
selectively between the ligand and the analyte in a given oxidation state,
speciation is achievable without lengthy separation steps and the
preconcentration inherent to the technique precludes the need for a potentially
contaminating preconcentration step. The whole analytical procedure can
generally be carried out within the confines of a clean bench, which is a major
asset in trace analysis. The fact that the material adsorbed on the mercury
electrode is readily accessible for instantaneous reduction during the stripping
stage leads to the flow of a large current, which is the analytical signal. Hence

high ser ities, i.e., y low ion limits, can be achieved. in CSV,

detection limits in the sub-ug/L level are routinely achieved using
preconcentration times of 1-3 min. All these assets make CSV potentially the
most appropriate technique for environmental analysis.
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1.6 VOLTAMMETRIC ANALYTICAL METHODS FOR CHROMIUM

Polarographic methods for the analysis of chromium have long been established
but the detection limits do not permit their application to natural waters. The
polarographic determination of Cr(VI) and Cr(lll) is described, for example, in
reference [93]. However, it was during the polarographic study of Cr in
supporting medium containing EDTA and nitrate ions that an important
observation was made by Tanaka and ito [94]. These authors found that the Cr
polarographic waves were unusually high in this medium and attributed it to the
catalytic re-oxidation of an intermediate Cr(li)-EDTA complex by nitrate ions.
More details and the full implications of this effect are discussed in Section 4.3.
Zarebski [95] studied this effect further, with three different, related ligands,
EDTA, cyclohexanediamminetetraacetic acid (CDTA), and
diethylenetriamminepentaacetic acid (DTPA), as supporting electrolytes (in the
presence of nitrate ions) and found that DTPA was more suitable than EDTA as
supporting electrolyte for the polarographic determination of Cr. He also found
that in the presence of DTPA, the sensitivities of Cr(l1l) and Cr(V1) were different
and described a method incorporating the coprecipitation of Cr(lll) as Cr(OH),
and of Cr(Vl) as BaCrO, for the speciation of chromium. Reported detection

limits were 5 ug/L for both species.
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In 1985, Golimowski et al. [96] were the first to recognize the role of adsorption
in the polarographic determination of Cr in the presence of DTPA as supporting
electrolyte. They showed that the Cr-DTPA is adsorbed on Hg whereas

Cr-EDTA is not, hence the observation by Zarebski [95] that DTPA is more

suitable than EDTA for the px ination of Cr. i etal
[96] exploited the adsorption of the Cr-DTPA complex for the preconcentration of
the analyte at a Hanging Mercury Drop Electrode and thus published the first
CSV method for chromium. DTPA was used as the complexing ligand and the
catalytic effect of nitrate ions was used for enhancement of the reduction
currents. In what would be the first application of a voltammetric technique for
the determination of chromium at levels prevalent in natural waters, they

reported a detection limit of 20 ng/L for a 2-min deposition time. The superiority

of this analytical method vis-a-vis the n remical methods di: in
Section 1.4 was unquestionable. The CSV method provided not only the
required detection limit, but it did so without the need for any separate sample

pretreatment steps.

However, Golimowski et al. [96] failed to consider that the sensitivity of Cr(lll)
was less than that of Cr(V1), although this observation had already been made
by Zarebski in 1977. These authors aiso failed to observe that the response of
Cr(lll) was transient (see below). According to Golimowski et al. therefore, the
method was applicable for the determination of total chromium and they claimed
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success in its application for the determination of chromium in river, lake, sea

and rain water.

Given the differing views of Zarebski [95] and of Golimowski et al. [96] regarding
the applicability of the DTPA method for the determination to Cr(lll), Torrance
and Gatford [97] made a very thorough study of the CSV of the Cr-DTPA
complex and confirmed that the responses of Cr(lll) and Cr(VI) were indeed
different. They found that the Cr(VI):Cr(lil) response ratio was 1.4:1 at 0.1 pg/L
and 1.2:1 at 1 pg/L of Cr respectively. These authors also found that with both
Cr(lll) and Cr(VI) there was a kinetic effect that produced a decrease in peak
current with time; this decrease was more severe for Cr(lll), with a decrease of
15% in the first 5 min after the addition of DTPA. Therefore it was concluded
that Cr(lll) and Cr(VI1) cannot be determined in a solution unless all Cr(lll) is
oxidized to Cr(Vl). They achieved this by heating the sample solutions with

bromine water and attained detection limits of 0.023 ug/L Cr as Cr(VI).

Scholz et al. [98] also confirmed that the DTPA method works reliably only for
Cr(VI) and proposed that, for the speciation of chromium, total chromium be
determined as Cr(VI) after prior conversion of Cr(llt) to Cr(VI) by uv-irradiation.
Cr(VI) only was determined after a prior step in which the Cr(lll) was removed
from solution by coprecipitation with Al(OH),. Cr(lll) could then be obtained by

difference.
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In analogous methads, triethylenetetraaminehexaacetic acid (TTHA) [99, 100]
has been used as the complexing ligand in the CSV determination of chromium

as Cr(Vl). Cr(lll) was not determined.

The use of DTPA as the complexing ligand in the determination of chromium was
further studied by Boussemart et al. [101], who devised and optimized a method

for the iation of chi in . These authors observed that the

sensitivity for Cr(Ill) was about 70% of the Cr(VI) sensitivity. They also found
that the response for Cr(lll) was transient, disappearing completely in about 30
min. They therefore devised a method whereby the CSV peak current was

recorded under optimi: conditions i after the addition of DTPA to

the voltammetric cell. The peak current at this time would be equivalent to the
response due to Cr(lll) and Cr(VI). Then, after 30 min (when the Cr(lll) was
believed not to be responding), they carried out a determination of Cr(Vl) by a
Cr(VI) standards addition. The concentration of Cr(lll) was estimated from the
initial response of Cr(lll) plus Cr(VI). Thus, they reported a detection limit of 0.1
nM (ca. 5 ng/L) for a 2-min deposition time. Although they used this method for
the speciation of Cr in seawater from the N.W. Mediterranean [101, 102], it is
deficient in that the Cr(llf) can only be estimated. Apparently, these authors
failed to consider the findings of Torrance and Gatford [97] regarding the
differing ratios of Cr(VI):Cr(lll) responses at different concentrations as well as
the rapidly decreasing response of Cr(lll). The rate of decrease of the Cr(lll)
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response is such that by the time the solution is purged and the first
voltammetric run completed, there already is a substantial loss in signal. If, as is
normal practice, voltammetric runs are carried out in triplicate and, as proposed,
a deposition time of 2 min is chosen, it would be impossible to quantify the initial
response due to the Cr(lll). However, this method is very useful because it

enables total Cr(VI1) to be determined without any sample pretreatment step.

Probably having realized the deficiencies of the above method, Boussemart and
van den Berg later published another method [103] for the determination of
Cr(lll) in seawater. In this case, the Cr(lll) was preconcentrated by adsorption
on silica. The adsorbed Cr(lll) was later released by converting it to Cr(VI) by
uv-irradiation and this Cr(VI) was determined by CSV, with DTPA as the

complexing ligand.

Besides the polyaminodiacetic acids (DTPA and TTHA), cupferron [104],
diphenylcarbazide (DPCA) [105] and very recently, 2,2-bipyridine [106] have
been used as complexing ligands for the CSV determination of chromium. The
detection limits attained by these methods are respectively 1, 20 and 1 ng/L.
With cupferron and 2,2-bipyridine, identical responses are obtained for Cr(lil)
and Cr(VI) whereas in the method with DPCA, only Cr(VI) can be determined.
Further, the DPCA method cannot be applied to seawater because chloride ions

interfere.
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1.7 NEED FOR A NEW METHOD

From the discussion in Sections 1.4 and 1.5, it can be seen that analytical
methods with the required sensitivity for the speciation determination of
chromium in seawater can be based on both non-electrochemical and
electrochemical techniques. However, better detection limits are attainable with
electrochemical techniques. Additionally, the electrochemical techniques
generally involve less sample pretreatment and are faster and cheaper to
perform. For these reasons, electroanalytical methods are preferable for the

determination of chromium.

Of the stripping techniques discussed in Section 1.5, the method based on
DTPA seems best suited to the determination of Cr(Vl) in seawater, because
Cr(Ill) does not respond. However, the difficulty faced in determining Cr(lll) is a
major drawback. Considering the methods described above, the complete
speciation of chromium would need the complete oxidation of Cr(lll) to Cr(VI) or
the physical separation of the Cr(lll) species as done in the methods by
Boussemart and van den Berg [103] or Scholz et al. [98]. These pretreatment
steps are lengthy and are potentially likely to introduce analyte losses as well as
contamination in the analytical method. The incorporation of sample

pretreatment steps seems to bé contrary to the spirit of electroanalytical
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techniques where excellent sensitivity coupled with simplicity and minimal

sample handling is lauded as the great asset of the technique.

The complete speciation of chromium could in principle be achieved without any
need for sample pretreatment by the use of two different complexing ligands, for
example, DTPA for Cr(Vl) only and then cupferron or 2,2-bipyridine for total
chromium (Cr(lll) plus Cr(Vl)). The difference between total chromium and
Cr(VI) would then be equivalent to Cr(lil). However, adoption of such a
speciation scheme has apparently not yet been investigated, probably because
it would entail undesirable additional time and costs (costs and purification of

additional chemicals etc.) in the overall methodology.

In view of the lack of a simple CSV method for the speciation of chromium in
seawater, it was believed worthwhile to develop a new method. The main
objective of this research was therefore to develop a new CSV method for the
determination of chromium at ultra-trace levels. A major goal of this new method
was to be able to determine chromium species without the incorporation of
pretreatment steps that would make it unattractive from the perspective of
convenience and contamination. Hence, from the very onset, all steps that were
likely to introduce contamination, analyte losses or speciation changes during
the determination or which would make the total analysis time too long were

precluded. Thus techniques incorporating the physical separation of the analyte
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species (e.g., coprecipitation, centrifugation and filtration) or oxidation/reduction

steps that were long (e.g., uv-irradiation, heating, boiling, etc.) were preciuded.
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CHAPTER 2

EXPERIMENTAL

2.1 REAGENTS

Concentrated hydrochloric acid, nitric acid and ammonia used throughout the
analytical process was of the highest purity available. These reagents, obtained
from Seastar Chemicals Inc., are purified by double sub-boiling distillation in
quartz and will be referred to as Q-HCI, Q-HNO, and Q-NH, respectively.
Dilutions of these reagents are then referred to so as to reflect the dilution factor
obtained, e.g., Q/2-HCI means conc. Q-grade HCI diluted 1:1 with Nanopure

water.

Water used throughout (for dilution, rinsing or as the sample) was distilled and
then deionised with a NANOpure [l system (Barnstead). This distilled, deionised

water will henceforth be referred to as Nanopure water.

Seawater used as the sample during most of the optimization experiments was
obtained from the Ocean Sciences Centre, Logy Bay, Newfoundland. Upon
collection in precleaned polyethylene bottles, the seawater was wrapped in
double polyethylene bags and kept refrigerated at 4 °C at all times. The trace

metal content of this seawater (referred to as Logy Bay seawater) is routinely
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monitored by ASV (10 min deposition) in our laboratory: no cadmium, copper or
lead has been detected in this seawater and the zinc concentration varies in the
range 0.1-0.2 pg/L. The chromium content of this seawater was found to be
0.101 pg/L and it was used without any purification for most of the method

development work.

When required, (for in calculating ion limits), this was
purified by a method of coprecipitation with Fe(OH), as follows:

0.1 mM of FeCl, was added to the Logy Bay seawater in a wide-mouthed plastic
bottle, and the pH adjusted to ~7. The solution was stirred for 30 min and then
left standing overnight on the clean bench. At this pH, Cr(VI) is reduced to
Cr(lll) and coprecipitated with Fe(OH), as the latter is precipitated out as a resuit
of the aerial oxidation of Fe(ll) and hydrolysis. After the oxidation of Fe(ll) is
complete, the precipitate is filtered out through 0.45 pym Millipore membrane
filters. The filtrate, referred to as purified seawater, is collected and used as
required. The above procedure is slightly modified from one used by Cranston
and Murray (33] for the speciation and determination of Cr by an atomic

absorption spectrometry method.

'Suprapur’ potassium chloride, used as the supporting electrolyte, was obtained

from BDH Inc. and was used without purification.
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Xylenol Orange (XO) (‘Baker Analysed'), was obtained as the sodium sait and
used without purification. An attempt was in fact made to purify this compound
by a chromatographic method, described by Sato et al. [107] but it was found to
be impractical in view of the fact that this compound had to be made up weekly
(see below) and also because of the extremely dilute solutions invoived. It is
believed that XO does not introduce any contaminant Cr in the analysis because
no Cr peaks were detected in blank solutions. Working solutions of 2.5 mM XO
were made up by dissolving the appropriate amount of the salt in Nanopure
water. It was observed that aqueous solutions of XO visibly darkened on
keeping for about 2 weeks. No deterioration in the efficacy of these solutions in
the CSV of chromium was observed, however, even after keeping for months.

Nonetheless, XO solutions were made up weekly.

PIPES (piperazine N,N'-bis[2-ethanesulphonic acid]) (SigmaUltra, Sigma
Chemical Co.) was used as the buffer reagent. This compound is insoluble in
water but soluble in aqueous ammonia. An aqueous solution of mixed buffer
(PIPES/HCI/NH,) was made up such that final concentrations were as follows:
PIPES, 0.1 M; NH,, 2.5 M and HCI, 0.1 M. 100 L of this solution added to 10
mL of Nanopure water gave a pH of 8.4; further addition of 50 L, 0.2 M HCI to
this solution gave a pH of 7.1. In seawater, the pH on addition of 100 wL buffer
was 8.2; a final pH of 6.7 could be obtained upon the addition of 100 uL of HCI
(0.2 M) to this solution.
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A 5 M solution of sodium nitrate, NaNO,, was made up by dissolving the
appropriate amount of the salt in Nanopure water; NaNO, was either Suprapur
grade (Merck) or AnalaR reagent (BDH) which was purified in the lab by a
coprecipitation method as described in the purification of seawater. When
purified by this method, NaNO, was found to contain less than 0.03 nM Cr [101].
Since it was found that Fe is a potential interferent in the CSV of Cr, the purified
NaNO, was further purified by ion-exchange with Chelex-100. 0.1 g of
Chelex-100, H* form, (Bio-Rad Laboratories) was added per 100 mL of NaNOQ, at
pH 7 and the mixture stirred for at least 24 hours before filtering through 0.45 um
Millipore membrane filters. However, in view of the poor solubility of Fe(OH), in
neutral, aqueous solutions (K= 2.64x10™) [108], this ion-exchange step was
subsequently found to be unnecessary and later batches of NaNO, were spared
this treatment. No quantifiable amount of Cr could be detected in the purified

NaNO, or the Suprapur grade NaNO,.

A 1.5 M solution of sodium sulphite, Na,SO,, was made up by dissolving the
appropriate amount of the sait (AnalaR reagent, BDH) in Nanopure water and

purified by a 12-h treatment with Chelex-100 and filtration.

Stock solutions of Cr(Vl), 100 mg/L, were made by dilution of a 1000 mg/L Cr (as
K,Cr,0,) AAS standard (Fischer Scientific) and also by dissolving the

appropriate amount of the K,CrO, (BDH) in Nanopure water. The responses of
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both these standards were similar. A stock solution of Cr(lll), 1000 mg/L, was
made by dissolving the appropriate amount of the CrCI,.6H,0 (‘Baker Analysed')
in Nanopure water. Working standard solutions of Cr(Vl) and Cr(lIl) were made
up from the stock solutions by appropriate dilutions on a daily (25 ug/L, 100
Hg/L), or weekly (1 mg/L) basis.

A 0.01 M solution of FeCl,, used in the purification of seawater and NaNO,, was
made by dissolving the appropriate amount of FeCl,.4H,0 (BDH) in 0.1 M Trace

Metal grade HCI.
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2.2 MATERIALS

Only i made of e, e or Teflon was used for

the storage of g and Calil automatic pipettes, fitted with

plastic pipette tips, were used for solution transfer.

Test solutions were contained in either Teflon (Fischer Scientific) or glass

(EG&G, PAR) voltammetric cells.

Filtration of samples and reagents, whenever required, was carried through 25
mm (diameter), 0.45 um Millipore membrane filters (HA type, Millipore

Corporation), used in conjunction with a filter holder and 10 or 30 mL syringes.

2.2.1 Cleaning of Materials

Prior to use, all plasticware was subjected to a thorough cleaning procedure as
described below. The cleaning procedures described have been adapted from
Bruland et al. [109].

Bottles for sample and reagent storage were cleaned in the following way. After
rinsing with acetone to remove organic impurities, they were immersed in a hot
(~60 °C) solution of 5% microdetergent (Cole-Parmer) bath for 24 hours, rinsed
with copious amounts of Nanopure water, filled with 6 M HCI (reagent grade)

and soaked in a 2 M HCI (reagent grade) bath for at least two weeks. After this
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period of time, they were again rinsed well and filled with 0.1 M HNO, (Trace

Metal grade) (or 0.1 M Q-HCI for 30-mL bottles which were used to contain

of very low i apped in double polyethylene bags and
stored for at least 2 weeks. Before use, these bottles were thoroughly rinsed

with Nanopure water.

Small items, such as disposable tips, filter holders, syringes and voitammetric
cells, were cleaned in a similar manner. After the detergent wash, items were
placed in an acid bath (3 M reagent grade HCI at ~60°C) for 48 hours, followed
by another 7.5 M Trace Metal grade HNO, bath at ~60 °C for 24 hours.
Disposable tips were then rinsed with and kept immersed in Nanopure water

until use.

Filter holders, syringes and voltammetric cells were further cleaned ina 1 M
Q-HCI bath, rinsed well with Nanopure water and allowed to air dry on the clean
bench. Filter holders and syringes were used for specific reagents so there was

no danger of cross contamination.

The Millipore membrane filters were soaked in a 2 M Q-HCI bath for at least
three weeks. Before use, they were rinsed well with Nanopure water and placed
in filter holders and then further rinsed by passing large amounts of Nanopure

water through them.
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2.3 THE CLEAN BENCH

In keeping with trace metal analysis protocols, all sample handling, reagent
storage and the experimental analyses were carried out on a clean bench which
conformed to Class-100 specifications. The clean bench is a metal free
enclosure (24"(L) x 48"(W) and 30"(H)) which is continuously purged by a
laminar flow of filtered air. The unidirectional air flow is maintained by a fan
which operates by drawing air through a pre-filter and then pushing it through a
high efficiency particle air (HEPA) filter (EAC1, mode MAC 10) and throughout
the enclosure. The positive pressure thus created ensures that no airborne
contaminants enter the working area. The filtering unit was kept on all the time;
when not being used, a plastic curtain was hung on the open side of the clean
bench. The clean bench is itself located in a room with restricted access and the

air supply to this room is scrubbed by coarse filters.

The working area of the clean bench is made of high density polyethylene and
was regularly rinsed with distilled, deionised water and wiped dry with lint-free
wipers (Kimwipes). All operations inside the clean bench were carried out

wearing disposable polyethylene gloves (Fischer Scientific).
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2.4 INSTRUMENTS

Voltammetry experiments were carried out mostly with a EG&G Princeton

Applied Mode! 3848 gr ic Analyzer (| refered to as

Mode! 384B Polarographic Analyzer) interfaced to a personal computer through
the PAR Model 394 Analytical Voltammetry Software. Every step of theanalysis
(e.g., purging, drop dispensing, stiring, scanning, data acquisition, etc.) is
automated; the interfacing to the computer provides more flexible control of data

acquisition and analysis by allowing storage and manipulation of data.

Some experiments during the early periods of the project were caried out
without the software, in which case the results were displzyed as

current/potential plots on a Houston Instrument DMP-40 plotter.

The electrode used was a PAR Model 303A SMDE operating in the Hanging
Mercury Drop Electrode (HMDE) mode. The reference electrode was a
saturated KCI Ag/AgCI electrode and the counter electrode was a platinum wire.
All solutions could be stired by a Teflon-coated star shaped magnetic bar
(Fischer Scientific) which was driven by a PAR Model 305 Stirrer. This stirrer
was normally operated in the 'auto’ mode and at the ‘high' setting. A mechanism

for de-aeration of the sample solution is incorporated in the electrode system.
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The electrode was aiways kept on the clean bench. Between samples, the
electrode was thoroughly cleaned by first rinsing with Nanopure water, then
immersing in 1 M Trace Metal grade HNO, for at least 30 min, then rinsing with
Nanopure water, 0.1 M Q-HCI and again with Nanopure water. When not in use,

the electrode was kept immersed in 0.1 M Q-HCI.

Some cyclic voltammetric experiments were carried out with a Model CS 1087
Computer Controlled Electroanalytical System (Cypress Systems Inc., Kansas,
USA). This instrument was used in conjunction with the PAR Model 303A
SMDE, in which case a PAR Model 174 or Model 384B Polarographic Analyzer
was used to power the electrode for the purpose of dispensing the mercury

drops. This instrument will henceforth be referred to as the Cypress System.

In all the voltammograms displayed in the course of this thesis, the
polarographic convention is used. In this convention, cathodic current is
considered positive and potentials are plotted so that the potentials increase in a

negative manner to the right-hand side of the i-E curves.

All pH measurements were made with a Chemtrix Type 60A pH meter, in

conjunction with a i glass pH ( James). The pH
meter was calibrated at least once a week with pH buffers 4.01, 6.86 and 7.41.
The glass electrode was kept permanently on the clean bench and its use
restricted to measuring pH of test solutions; therefore the test solution could be
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moved back and forth from the HMDE to the pH electrode without contamination.
This was required because accurate pH adjustments sometimes had to be made
during the course of the experimental procedure (e.g., in speciation
determinations, Na,SO, is added at pH 2, then the solution pH brought back to
pH 7.1 for the actual determination). After use with any particular sample, the
pH electrode was thoroughly cleaned first by rinsing with Nanopure water, then
immersing it in 0.1 M Trace Metal grade HCI for 5 min and finally rinsing again
with Nanopure water. When not in use the electrode was kept immersed in

Nanopure water or 0.1 M KCI (for longer periods of time).
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2.5 SAMPLE COLLECTION

For determination of chromium in the North West Atlantic Ocean, samples were
collected during a cruise on board the CSS Hudson on 10 August 1993 during
the 1993 IOC (Intergovernmental Oceanic Commission) cruise and supplied by
Dr William M. Landing of Florida State University. Samples for chromium
determination were collected at Station 2: 54°50' N, 48°46' W. The seawater
samples were collected in pre-cleaned 500 mL polyethylene bottles and
immediately frozen, without any acidification or filtration. Sample bottles were

kept wrapped in double polyethylene bags and frozen at -14 °C until used.



2.6 TYPICAL EXPERIMENTAL PROCEDURE

To illustrate the normal sequence of events in the course of a typical experiment,

the determination of Cr in seawater is described.

A 9.85 mL aliquot of seawater is pipetted into a voltammetric cell (using an
Eppendorf Maxipettor pipette 4720 and Maxitip) and 50 pL, 0.2 M Q-HC! is
added. The solution is mixed by stirring with a magnetic bar for about 1 min
(Section 3.4). Then 100 uL of 0.1 M PIPES buffer solution and 750 L 5 M
NaNO, is added. The pH of the solution is adjusted to the desired value (~6.7 in
the case of seawater) by the addition of 0.2 M Q-HCI and/or Q/10 NH, solution.
50 pL of 2.5 mM XO is pipetted into the solution and the voltammetric cell placed
in the thoroughly rinsed electrode. This solution is purged with UHP nitrogen,

with stirring, for 6 min and a voltammetric programme initiated.

The following is now performed under voltammetric control: the mixture is purged
for a further 10 s (stirring on); 2 mercury drops are dispensed and dislodged and
then another drop dispensed. The analyte is collected (preconcentrated), with
stirring, on the Hg drop at the appropriate potential (generally -1.2 V) for a
suitable length of time (normally 60 s). Stirring is stopped and after a
quiescence time of 10 s, the potential is scanned at 200 mV/s from -1.2t0 -1.6 V,

using a Square Wave modulation. The i/E plot is displayed on the computer
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screen and the i/E data can be stored for further analysis. This voltammetric

programme is repeated to obtain duplicate or triplicate data, as desired.

Calibration is done by the method of standard additions: following the addition of
a spike, the solution is purged for 2 min and the voltammetric programme
initiated again. Usually, peak currents for 3 standard spikes were obtained for

calculating the analyte concentration in the sample.
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CHAPTER 3

METHOD DEVELOPMENT

3.1 CHOICE OF LIGAND

The first task in the development of the new CSV method was to select a ligand
which would permit the sensitive and selective determination of the two
chromium species. For ease of use and for its universal applicability, the
following characteristics of the potential ligand were set as pre-requisites:

1. commercial availability in an acceptable degree of purity

2. solubility in water and stability of aqueous solutions

3. non-toxicity

4. adsorbability of its Cr complex on mercury.

The search for a ligand started with an examination of the structures of some
ligands already being used for the CSV of Cr and other metals. Ligands that
have been successfully employed in the CSV of Cr include DTPA [96, 98, 101]

and TTHA [100] which are of the polyaminodi ic acid family of

compounds, the best known example of which is EDTA. The excellent chelating

properties of this class of compounds is due to the iminodiacetic acid group.



Cupferron [104] and diphenylcarbazide [105] have also been employed in the
CSV determination of Cr. Another organic compound which is extensively used
in trace metal analysis, including CSV of trace metals, but not in the CSV of Cr,
is 8-hydroxyquinoline. The structures of DTPA, diphenylcarbazide, cupferron,
and 8-hydroxyquinoline are shown in Fig. 3.1. The excellent complexing ability
of all these molecules is attributed to the electron donating nitrogen and oxygen

atoms in close proximity of each other.

DTPA
COOH
HOOC— N\ N\
Hooc—" —cooH
COOH
Diphenylcarbazide Cup! 8-Hy
~°
N
@—NH —NH N |
Je=o N—O" I
O

Fig. 3.1: Some ligands used in the CSV of meuwal ions

Based on these structures and complexing abilities of the iminodiacetic acid
group of, for example, DTPA and that of the oxine group in 8-hydroxyquinoline, it
was predicted that a compound having a hydroxyl group in the proximity of the
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nitrogen of an iminodiacetic acid group would be an excellent ligand for the CSV

of metals and a with the ing moiety was sought

One class of compounds with the above moieties is the complexones. Of the
various compounds from this class of compounds routinely used as indicators in
analytical chemistry, Xylenol Orange (Fig. 3.2) was found to be best suited with

respect to its availability, solubility and stability.

[Xylenol Orange

Fig. 3.2: Structure of Xylenol Orange

As can seen from the structural formula, this compound would be expected to
form stable complexes with metal ions and the occurrence of three benzene
rings in the molecule would lead to efficient adsorption on the mercury surface.

There have been two very recent reports on the utilization of XO as the ligand in
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the determination of Pb [110] and La [111]. The applicability of this compound in

the CSV of Cr was evaluated through a set of preliminary experiments.



3.1.1 Xylenol Orange

Xylenol Orange (o-cresolsulphonphthalein-3',3"-bis(methyliminodiacetic acid),

henceforth referred to as XO, was first synthesized by the Mannich condensation

of formaldehyde, I ic acid and i onphthalein by Korbl,
Pribil and Emr [112] for use as a metallochromic indicator. This compound is
now considered to be the most useful of the metallochromic indicators (113, 114]
and is commercially available as the sodium salt. The colour reactions of XO
with diverse cations are very sensitive and it is an outstanding indicator in
complexometric titrations because it gives very sharp colour changes over the
whole range from pH O to 11 [115]. The analytical applications of XO as an

indicator have been compiled by Bishop [116].

Following the report of the synthesis of XO, there was some brisk interest in the
application of the compound to spectrophotometry in the 1960's. XO readily
forms coloured complexes with many metal ions and was therefore successfully
used in spectrophotometric determination of many metals, including Cr. The

applications of X0 in spectrophotometry have been reviewed [114, 115, 117]

During the same period, studies on the complexation reactions of XO and on the

properties of metal-XO complexes were undertaken. However, the equilibria

existing in aqueous solutions of XO are very complicated because of the

existence of protonated species [113]. XO is a HXO type polybasic acid. The
a7



study of the complexation reactions of XO are further complicated by the fact
that it has two complexation sites and it has been reported that each of these
can react independently with metal ions [118]. Due to this, few data are
available on the stability constants of metal-XO complexes. References [114,
119] have a compilation of available data on the complexes of XO with metals
ions. After the considerable initial interest in XO, the application of this
compound has been more or less restricted to its role as an indicator in

complexometric titrations.

For the spectrophotometric determination of Cr with XO [120], the coloured
complex was formed by boiling Cr(lll) with excess XO at pH 1.9-22. The
complex has a 1:1 Cr(lll)-XO ratio and an apparent formation constant of

3.7x10°



3.2 PRELIMINARY EXPERIMENTS

A rapid appraisal of XO was made as follows:

1

The chromium complex was expected to be reduced at ~ -1.1 to -16 V
during the stripping stage of the CSV determination. This assumption
was based on the reduction potentials of Cr(lll),, and other Cr complexes.
For example, some E,, values for the reduction of some Cr(lll) species

are given in Table 3.1 [121].

Table 3.1: of some Cr

Cr species Product E,, (vs SCE)
Cr(H,0), Cr(ll) 091V
Cr(H,0)" Cr(0) -1.47V
[Cr(H,0)EDTA} |[Cr(H,0)EDTA}* |-1.250 V
[Cr(H,0)EDTA]" |Cr(0) -1.60V
Cr(ll)-TTHA Cr(I)-TTHA -1.202V
Cr(li)-DTPA Cr(l)-DTPA -1.16V

The selected ligand would therefore have to provide an ‘analytically clean’
region at potentials more negative than ~ -1.1 V; specifically, no ligand
reduction peaks should be observed.

The voltammogram of XO (at pH 6.2) for a cathodic Square Wave scan
from -0.15 V to -1.7 V is shown in Fig. 3.3. pH 6.2 was chosen because,

from the distribution diagram of XO (Fig. 3.4), it can be seen that at this
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pH, equimolar amounts of H,XO> and H,XO* will be present in solution
and since these species were believed to be the complex forming

species, a preliminary evaluation at pH 6.2 seemed reasonable.

current (uA)
o
®

| 00 02 04 06 08 10 12 14 16 18
! £V

Fig. 3.3: CSV of XO at pH 6.2. Nanopure water and KCl supporting
electrolyte, [XO] = 25 yM. Square wave scan rate = 200
mV/s

Fig. 3.3 shows that an analytically clean region is indeed obtained in the
-1.1t0 -1.7 V region. The peak at ~ -0.75 V in the voltammogram of XO
results from an electrochemical reduction of the XO. The shape of the
peak (the smaller peaks immediately preceding and following the main
peak) suggests that this reduction occurs from an adsorbed state and the
product remains adsorbed on the electrode [79]. However, given the
complexity of the XO molecule, these peaks may also be resulting from

more than one simultaneously occurring reduction processes.
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1 2 3 4 5 6 7 8 9 1011 1213 14
pH H
|
Fig. 3.4: Distribution of XO species in aqueous solution. 0-5 represent
species XO*, HXO¥, H,XO* H,XO* HXO* and HXO'
respectively. Data from ref. [119]

When 5 pg/L of Cr(VI) was added to an aqueous solution of XO and a
voltammogram (cathodic scan, from -0.15 v to -1.65 V) obtained after a
prior 60-s deposition at -0.15 V, a new peak appeared at ~-1.43 V. The
height of this peak increased when the scanning was initiated from -1.15
V, after an accumulation at-1.15V.

This peak was found to be enhanced by increasing the deposition time
and also by increasing Cr concentrations. No such peak was observed in
the absence of Cr. it was therefore concluded that the peak was the
consequence of the reduction of a Cr-XO species. Fig. 3.5 shows the
voltammograms for the -1.15 to -1.6 V region before and after the addition

of Cr(VI).
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Fig. 3.5: showing the of the Cr peak. (a) no
added Cr, (b) 5 /L Cr(VI)

Both Cr(lll) and Cr(Vl) species generated the new peak, so the CSV
method would be amenable to the determination of Cr(lll) as well as
Cr(Vl). The Cr(lll) peak was stable with time, in contrast with the
observation that the Cr(Ill)-DTPA peak is transient [97, 101].

The Cr-XO reduction peaks seen above are not sensitive enough for the
determination of Cr at the levels expected in natural waters (< 0.5 pg/L)
and, in common with some existing CSV methods, a catalytic regeneration
step would have to be incorporated with the reduction current
measurement step so as to enhance the sensitivity of the method. Nitrate
ions are known to oxidize Cr(Il) species to Cr(lll) {94, 122] and have been

utilized for sensitivity enhancement in CSV methods for Cr determination
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[96-101]. The role of NO, in the catalytic mechanism is fully discussed in
Section 4.3.
Addition of i ing (100 pL ali of 5 M NaNO, (AnalaR)

to the Cr-XO solutions was shown to greatly enhance the Cr peaks seen
above. In fact, the peak enhancement was so great that some source of
contamination was immediately suspected. It was subsequently found
that the AnalaR NaNO, contained high concentrations of Cr. Thereafter,
only Suprapur grade or purified, Cr-free NaNO, was used. Addition of
Suprapur NaNO, enhanced the Cr peaks in the expected manner.
Voltammograms for the addition of NO; to a XO/Cr solution, Cr to a

XO/NO; solution, and XO to a Cr/NO," solution are shown in Fig. 3.6.

These clearly that the peaks are due to

Cr/XO and that NO,” enhances the peaks.
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Fig. 3.6 (i): Addition of NO, 10 a XO/Cr solution. [Cr] =1 ug/L
#L NO; added: (a) 0, (b) 100, (c) 300, (d) 800
(ii): Addition of Cr (100 /L) 3 XO/NO;’ solution.
wL Cr added: (a) O, (b) 50, (c) 100, (d) 150
(iii): Addition of XO to a NO, /Cr solution. [Cr] =1 pg/L
4L XO added: (a) O, (b) 50

The Cr-XO reduction peaks were found to be remarkably stable when
Cr-XO solutions were left standing in the presence of mercury dispensed
during the CSV experiments. There was hardly any loss in signal after 1
hour and even after being kept in the voitammetric cell for 3 days, the
observed peak heights were about 40-50% of the original peak heights.
This loss is due to the adsorption of species on the container walls and
is normal, given the low amounts under consideration. The stability of
the response is in sharp contrast to the observation that elemental
mercury interferes in the CSV of Cr with DTPA as the complexing ligand

(101}



Having demonstrated that the adsorptive deposition of the Cr-XO complex
followed by its catalytic reduction at the Hg electrode in the presence of NO,

could form the basis of a new CSV method for Cr, conditions with respect to

and were imi for the i 1 of

Cr in freshwaters and seawater.
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3.3 CHOICE OF POTENTIAL MODULATION MODE

Square Wave (SW) voltammetry is now considered to be the most sensitive
voltammetric technique available for ultra-trace analysis [123-125]. The
superiority of this technique lies in the scheme of current measurement and the
high scan rates attainable. The working of SW voltammetry is explained in most
standard analytical chemistry textbooks, e.g., [126, 127] and in reference [124]
and will not be repeated here. Reference [125] is an excellent source of

information on the theory and application of SW voltammetry.

However, in this particular case, given the catalytic effect of NO," in the stripping
stage, a potential scan in the SW modulation may not necessarily be the best.
This is because during the reverse pulse of the SW, the potential may remain
negative enough to maintain the reduction of the Cr which is being chemically
oxidized by the NO,". In such a case, a cathodic current will occur even during
the reverse pulse. This would then lead to a smaller resultant analytical current.

This effect is demonstrated in Section 4.3. Better peaks may therefore be

obtained by using a Dif ial Pulse (DP) modulation for the stripping step. A
quick comparison between SW and DP modes of modulation showed that the
SW mode was far better than DP. Fig. 3.7 compares voltammograms for 0.5

Hg/L Crin SW, DP and Linear Sweep (LS) modes.



At this concentration level, the DP peak is ill-defined and not amenable to

quantitative analysis whereas excellent peaks are obtained for the SW

modulation. A SW ion was for the stripping step in all

CSV experiments. No peak was obtained if a linear sweep scan was utilized.
The linear sweep voltammogram is included in the comparison because it has

some implicati in the cyclic y of the complex, discussed in Section

4.4. Linear Sweep Voltammetry (LSV) is very insensitive as compared to pulse

(DP and SW) voltammetric techniques and is usually not used for trace analysis.

swW oP s

EX 3 LS 1.8

current (UA)

. .
1.5 -1.§

Potential (V)

Fig. 3.7: Comparison of Square Wave (SW), Differential Puise (DP) and
Linear Sweep (LS) scanning modes.
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3.4 CHOICE OF BUFFER

The optimum pH for Cr determination was found to be 7.10+0.05 in Nanopure
water and 6.740.1 in seawater (Section 3.5.1). Preliminary work was carried out
in Nanopure water buffered with HOAC/OAC/NH,. Although the buffer capacity
of the acetate system at this pH is very low, it worked well for buffering
Nanopure but it was impossible to buffer seawater to a pH greater than about
6.2 with HOAC/OAC/NH,; a new buffer system then had to be found. Three

different buffers were tried:

HEPES (N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic acid), pK, = 7.56

Bis-Tris (bis[2-Hy yethyi]iminotris]l y yl] ), PK, =6.5 and

PIPES (piperazine N,N'-bis[2-ethanesulphonic acid]), pK, =6.8

The buffering capacity of HEPES in Nanopure water and seawater was good but
a large peak extending from -1.35 V to - 1.85 V and centred at -1.7 V was
observed in Nanopure water buffered to pH 6.8 with HEPES. This peak is
probably due to the reduction of H* and since this peak is in the region of the

analytical peak, no further use was made of HEPES.

Bis-Tris/HCI was found to be very effective at buffering Nanopure water but not
very good for seawater at pH 6.7, the pH of Bis-Tris buffered seawater kept

decreasing with time. However, excellent buffering (in both Nanopure water and
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seawater) could be obtained when a mixture of Bis-Tris, HOAc, OAc and NH,

was used. However, the presence of OAc,,, led to very high background

currents at potentials more negative than -1.4 V, especially in seawater at pH

6.7, so it was decided not to use this combination of buffers.

PIPES, used in conjunction with NH; and HCI, was very efficient in buffering

Nanopure water to pH 7.1 and seawater to pH 6.7 and it did not have any

adverse effect on the background current. Further, its use as the buffer resulted

in higher peak currents than the Bis-Tris. Hence, it was adopted for all further

work.

Two observations made during experiments for the choice of a buffer system are

worth mentioning:

8

it was found that under similar conditions, using a combination of
Bis-Tris, HOAc, OAc” and NH, as the buffer gave rise to CSV responses
that were almost twice as high as the responses obtained when
HOAC/OAC/NH, or Bis-Tris/HCI was used separately. This behaviour
was not further investigated.

The buffering of posed an L and ined
complication. It was found that when the buffering of seawater was
attempted by adding the required amount of buffer, either Bis-Tris or

PIPES (and HCI/NH,, for final adjustment to the desired pH), the pH of
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the solution gradually rose to a value about 1-1.5 pH units above the
required pH and then slowly to decrease back to the originally adjusted
value. The pH of seawater therefore kept changing for about 30 minutes
under these circumstances. However, if the seawater is first acidified
with of 0.2 M HCI (to pH ~ 3.5), stirred for a few seconds and then
buffered to the desired pH with Bis-Tris or PIPES, the solution achieved
a stable pH. Therefore, in all experiments, seawater as well as
Nanopure water samples were briefly acidified with 50 uL of 0.2 M HCI
and then buffered to the desired pH by the addition of PIPES and

NH,/HCI under pH meter control.



3.5 OPTIMIZATION OF CHEMICAL PARAMETERS

For obtaining the best analytical conditions, the following parameters were

pH, iti ial, ligand concentration, concentration of NO;,
buffer concentration and deposition time. Optimization experiments were carried
out by studying the effect of variation of the parameters on the height of the
reduction current, i;. Resuits of the optimization exercise are presented in

Sections 3.5.1-3.5.6.

With the notable exception of pH, all optimized instrumental and chemical
parameters were found to be similar for Cr(lll) and Cr(VI) in both seawater and
Nanopure. The sensitivity of the method was found to about ~30% lower in
seawater as compared to Nanopure water and additionally, the sensitivity for
Cr(lll) was ~30-35% lower than Cr(VI) sensitivity in both media. Unless
otherwise specified, all the results shown pertain to seawater solutions

containing 1 pg/L added Cr(VI).

A typical voltammogram, obtained under optimized conditions, is shown in Fig.
3.8, by way of illustrating the method of calculating the peak height and some

other parameters used in the course of this thesis.
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Fig. 3.8: A typical voltammogram showing the Cr peak



351 pH

Fig. 3.9 shows the dependence of i, on the pH of the sample in seawater and in

Nanopure water.
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Fig. 3.9: Dependence of reduction peak current on pH. (a): seawater,
0.15 ug/L Cr and (b): Nanopure water, 0.1 yg/L Cr.

The i,-pH plots show that the i, is highly pH-dependent and maximum sensitivity
occurs within a very narrow pH range. Hence for accurate calibration, it is very
important to maintain the pH to within +0.05 units, especially in Nanopure water.
This can be achieved by using the PIPES/NH,/HCI combination as described in
Section 3.4.

For Cr determination, the optimum pH was chosen to be 7.1 in Nanopure water
and 6.7 for seawater because the rate of change of the response with pH is least

at these pH.
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3.5.2 Deposition Potential

The dependence of i,on the i ial in the imity of the half-
potential is shown in Fig. 3.10. The response to Em at deposition potentials
less negative than -0.8 V is different for Cr(VI) and Cr(lll) and forms the basis for

the speciation Cr. This is discussed further in Section 3.7.
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Fig. 3.10: Dependence of peak current on deposition potential

From the i/E graph, a deposition potential of -1.2 V was found best for optimal

Cr determination.



3.5.3 Concentration of X0, [XO]

Fig. 3.11 depicts the variation of i, with [XO].

SB588di

/ |

current (nA)

o

20 40 0 80 100
4L XO (2.5 mM)

Fig. 3.1 1: Dependence of peak current on [XO]

The best sensitivity was attained with an addition of 40-60 pL of 2.5 mM XO.

For all further work, 50 uL of 2.5 mM XO was used. This is equivalent to a final
concentration of ~12.5 uM XO which, at a Cr level of 0.5 pg/L (~0.01 M), is
more than 1000 times greater than [Cr]. Optimal [XO] was found to be

independent of [Cr] in solution for an added Cr of up to 10 pg/L.
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3.5.4 Concentration of Nitrate lons, [NO,]

The effect of [NO,] on i, is shown in Fig. 3.12; i, values have been corrected for

the effect of dilution on [Cr] but not on [XO].

current (nA)
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Fig. 3.12: Dependence of peak current on nitrate concentration

i, increases almost linearly with [NO,7 until about 600 WL of 5 M NO, has been
added. Thereafter, i, increases non-linearly until 1 mL NO," has been added.
Beyond this [NO,], a slight decrease is noticed with increasing NO,. This
decrease is probably due to a decrease in [XO] as more and more NO; is

added.

For all further work, 750 pL of 5 M NaNO, was used in both Nanopure and

This gives an ive cor ion of ca. 0.35 M NO, in solution.
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3.5.5 Concentration of Buffer

The stock buffer solution was 0.1 M PIPES in NH,. Variation of the buffer
concentration did not affect i, over a range of 20-250 uL added buffer solution
(~0.2-2.5 mM final PIPES concentration). The concentration of buffer tc be used
was therefore contingent on the buffer capacity of the solution rather than its
effect on the voltammograms. At the lower concentration end (for a buffer
addition of less than 50 uL) the solution pH, especially in seawater, was highly
changeable whereas excellent buffer capacity was achieved upon an addition of
100 pL buffer, equivalent to a final PIPES concentration of ~1 mM. All solutions

were therefore buffered with 100 uL of the buffer solution.
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3.5.6 Deposition Time, t,,,

As expected for stripping analysis, i i with i ing ition time.
Fig 3.13 depicts the for i ing ition times, from 30 s to
10 min.

12 13 14 15 16 17
-E(V)

Fig. 3.13: Effect of deposition time on the peak current. Voltammograms
obuined fort,_ %, 1, 1 '/: 2, 3,4, 5 and 10 min respectively.

The values of i, are plotted against t,_ in Fig 3.14. Also shown in Fig. 3.14 is the

variation the sensitivity with t,,_ (sensitivity is the peak height per unit time).
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Fig. 3.14: Dependence of peak current, (a) and sensitivity, (b) on
deposition time.

The shape of the peaks deteriorate as t,,, is increased, because of an increase

in the background current.

I, hardly increases for deposition times greater than 5 min: this is probably due
to a complete coverage of the mercury surface by the adsorbate. Maximum
sensitivity is obtained for a 90-s deposition but a deposition time of 60 s was
found to be adequate for the determination of Cr at levels encountered in

seawater and was adopted for all further work.



3.6 OPTIMIZATION OF INSTRUMENTAL PARAMETERS
3.6.1 Drop Size

The PAR Model 303A SMDE offers the choice of 3 fixed drop sizes - 'Small’,
'Medium' and ‘Large’, with a volume ratio of 1:2:4, corresponding to an area ratio
of 1:1.6:2.5 (EG&G PAR Model 303A SMDE manual). Assuming spherical
drops, the actual calculated areas of the drops are: Small Drop = 0.0096 cm?,
Medium Drop = 0.0156 cm? and Large Drop = 0.0261 cm® (personal

communication, EG&G Princeton Applied Research).

Since the analytical signal is dependent upon the amount of analyte deposited
on the electrode prior to the scanning step, it is obvious that a higher value of i,
will be obtained with an increase in the electrode area. However, the increase in
i, will also be accompanied by an increase in the background current. Fig. 3.15
compares voltammograms for the 3 drop sizes. The calculated values of i, are
578, 883 and 1304 nA for small, medium and large drops respectively. Since a
background subtraction method has been employed for quantification (Section
3.9), large drops were used for analysis, resulting in higher i, values; this meant

that shorter deposition times could be used.
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Fig. 3.15: Cr peaks using large (a), medium (b) and small (c) drops
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3.6.2 Stirring Rate

Stirring during the accumulation step affects the mass-transport to the electrode

and it is obvious that a higher stirring rate will lead to a faster rate of

accumulation and, provi the surface i of the is not
reached, a greater amount of the analyte species will be deposited on the
electrode. The stirrer used in the experiments (EG&G PAR Model 305 Stirrer) is
specifically designed for use with the Model 303A SMDE. Two stirring rates are
possible: 400 rpm and 700 rpm. Fig. 3.16 shows voltammograms resuiting from
the operation of the stirrer in the non-stirring, slow and fast modes. The
calculated values of i, are 222 nA (no stirring), 994 nA (slow) and 1249 nA (fast).

The stirrer was used in the fast mode for all experiments.

-EV)

Fig. 3.16: Comparison of stirring rates. (a) fast stirring, (b) slow stirring and
(c) no stirring
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3.6.3 Square Wave Parameters

Although Square Wave voltammetry has now been employed for stripping
analysis for more than a decade, there has still not been any systematic study of
the effect of the various SW parameters (square wave amplitude, frequency and
step increment) on the analytical response. Indeed, a survey of the literature on
the application of SW voltammetry in the adsorptive CSV of electrochemical
systems similar to the Cr-XO-NO, system (ie, when a reversible
electrochemical reduction occurs from an adsorbed state and the resuiting

current is catalytically enhanced), shows that no attempt has been made to

correlate i, with SW . Optimization of SW s has been
achieved with the sole objective of obtaining the best i,. The following work was
also carried out strictly from a point of view of obtaining the best analytical signal
from the system but where possible, an attempt has been made to rationalize the

results of this study in terms of information available in the literature.
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3.6.3.1 Square Wave Amplitude (E,,)

According to the theory of SW voltammetry [128], for a reversible system, the
reduction current should increase with an increase in the amplitude because on
the reverse pulse, the reducible species is regenerated by oxidation of the
reduced species. This increase in the current is accompanied by an increase in
W,,, the peak width at haif height. For such systems, W,, is 80.5/n mV (n is the
number of electrons involved in the reduction) for small values of Eg, and
approaches 2Eg, for very large values of Eg,. O'Dea et al. [129] however
deemed it reasonable to maximize the value i/nW,,, which, in analytical terms,

is related to the sensitivity times the resolution and their results show that the

value nEg,, = 50 is optimal.

In the present study, W,, remained almost constant at ~85 mV as Eg, was
varied in the 10-90 mV range. Table 3.2 and Fig. 3.17 show the effect of E,, on
some analytical parameters. |, is the baseline current at E; it is obtained by

subtracting i, from the total current at E,.
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Table 3.2: Effect of variation of £, on i, and E, (scan rate = 200 mV/s)

E_(mV) | ,(MA) | iy (nA) ifi, | E, (mV)
10 235 268 0.877 1464
20 445 515 0.864 1462
25 517 606 0.853 1462
30 574 736 0.780 1458
40 703 964 0.729 1456
50 770 1187 0.649 1450
60 744 1363 0.546 1446
70 731 1492 0.490 1436
80 681 1646 0.414 1432
50 502 2019 | 0249 1428

Pk helght (nA)

i 0 10 20 30 40 S0 60 70 80 90 100
| Esw (mV) |

Fig. 3.17: Effect of Eg, on i, (a), and i./i, (b)

The peak current attains a maximum value at Eg, = 50 mV, and then decreases
with a further increase in Eg,. The decrease in i, beyond 50 mV can be
explained by the fact that there is a consecutive irreversible process coupled to

the reduction process (see Section 4.5). Very high values of E,, in the forward
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pulse, make the potential negative enough for the second process to occur.
Since this step is irreversible, there are less and less species for the catalytic
regeneration and therefore a decrease in i, is observed. A similar observation
has recently been published [130] for the SW voltammetry of the Dimethy!

Yellow. This example does not involve catalytic regeneration however.

In the choice of a value of Eg,, to be adopted for the purpose of further analytical
work, another parameter which had to be considered was the baseline current.
As Eg, increases, so does the baseline current. The increase in the background
current with increasing Eg, is depicted in Fig. 3.18 which compares

voltammograms obtained for some values of Eg, from 10 mV to 50 mV.
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Fig. 3.18: Effect of E,, on the Cr peaks. Voltammograms for Eg, = 10,
20, 25. 30, 40 and 50 mV.

Since the reduction current is seen on the rapidly increasing part of the
voltammogram, the ratio of i/i, can be critical in the proper quantification of the
peak heights, especially at very low levels of the analyte. Fig. 3.17 shows that at
Egw = 25 mV, a good compromise is attained between a reasonable high value of

i, and the ratio i,fi,, so this value was adopted for all further work.
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3.6.3.2 Step Increment, E, and Frequency, f

Since the scan increment and the frequency of the scanning step are related
(scan rate = E, x f), these two parameters are discussed together. Tables

3.3-3.5 show the effects of E, and fon i,.

Table 3.3 Effect of variation of E, at constant frequency (f=100 Hz, Eg, =25 mV)

E o (MV) [ i (nA)
2 717
4 1009
6 1103
8 1202
10 1235

Table 3.4: Effect of variation of E, at constant scan rate (Eg, =25 mV)

F(H2) [Enp (MV)] i, (NA)
100 2 706
50 4 638
33 6 609
25 8 612
20 10 586

At a constant frequency, i, rises with increasing E, in the range studied.
However, the analytical signal is known to be only a weak function of E, and the
maximum E, generally chosen is 10n mV [125]. The increase in i, with E, in this
case is therefore attributed to the concomitant increase in the scan rate. This

can be seen from Table 3.4 where E, and f are varied in such a way as to keep
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the scan rate constant at 200 mV/s. In this case, the highest i, is obtained from

the lowest E,, which also means the highest frequency - see below.

in SW y. E, from an yti point of view, can be related the
resolution of the reduction peak: a small value of E, will result in the data points
being closer to each other and will give a visually pleasing voltammogram. Also,
smaller values of E, will lead to less error in peak height calculation; this can be
critical at very low levels of analyte. For adequate peak definition and
evaluation, the smallest value allowed by the instrument, i.e, E;= 2 mV was

therefore adopted for further work.
Table 3.5 and Fig. 3.19 show the effect of the frequency (at constant E,) on i

Table 3.5: Effect of variation of f at constant E, (E;=2 mV, Eg,=25 mV)

f(Hz) | i,(nA) | i, (nA) ifiy
40 332 509 0.652
50 394 575 0.685
60 470 670 0.701
70 561 702 0.799
80 389 1068 | 0.364
90 623 1000 | 0623
100 656 1034 | 0634
110 689 1031 0.668
120 720 1143 | 0630
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Fig. 3.19: Variation of i, with f (i) and * (ii).

As expected from theory, i, increases with £ i, is in fact proportional to 2 for
reversible processes [125]. A higher frequency leads lo greater sensitivity
because a given amount of analyte is reduced in a shorter time. It should be
noted, however, that increasing the frequency also leads lo an increase in the
background current because a shorter time elapses between successive current
measurements, with the result that the capacitance current is less fully decayed
at the time of the measurement. This is shown by the increasing i, in Table 3.5.
The ifi, values do not change significantly in the range of frequency studied,

however, because of a proportional increase in i,.

The value of i is abnormally low at 80 Hz; this f value aiso seems to be the
demarcation line between two distinct linear portions in the i - piot; one in the
40-70 Hz region (r = 0.99, slope = 112 nA s'?) and the other in the 90-120 Hz
region (r = 1, slope = 66 nA s'?). lllustrative voltammograms for f = 50, 70, 80

and 90, 110 Hz are shown in Fig. 3.20.
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Fig. 3.20: Voltammograms at 50, 70, 80, 90 and 110 Hz

The abnormal behaviour at 80 Hz was not investigated any further but it is
thought to be due to a resonance phenomenon between the applied frequency
and the natural frequency of the mercury drop on the HMDE [131]. This may
also be responsible for the different instrumental responses witnessed above in

the two frequency regions.

On the basis of the i -f response, a frequency of 100 Hz was arbitrarily chosen
for all further work. This, combined with a E, value of 2 mV, gives an effective
scan rate of 200 mV/s which translates into a scanning time of 2 s for a 400 mV/
range (the normal analytical peak is obtained on scanning the potential from -1.2

Vto-16V).



3.7 SPECIATION

The optimized conditions for the determination of Cr, worked out in Sections 3.5
and 3.6 are summarized below. These conditions will be used for all further

work described in Chapter 3.

CHEMICAL PARAMETERS
* pH: 6.7 (Seawater), 7.1 (Nanopure water)
eE 12V
* [XO]: 12.5 uM
« [NO;J: 0.35M
 [Buffer]: | mM PIPES
INSTRUMENTAL PARAMETERS
* Drop Size: Large
* Egi 25mV
*E: 2mV
o f: 100 Hz

After the optimization process, the next objective in the method development
was to devise a means for the Cr speciation on the basis of its oxidation state,
i.e., Cr(Vl) and Cr(ll). It has already been found that both Cr species can
complex with XO to give CSV electroactive complexes. The sensitivity for Cr(lll)
is about 65-70% that of Cr(VI). This difference in sensitivity between Cr(lll) and
Cr(VI) at first seemed to severely limit the applicability of the method because it
meant that it would be impossible to quantify even the total Cr in a sample

unless a pretreatment step is carried out to convert total Cr to either one or the

other form. Under these cil 7 iation would be i ible to

implement.



3.7.1 Selective Determination of Cr{Vl)

Examination of i-E,, plots revealed an avenue for the elaboration of a
speciation method. In Section 3.5.2 it was seen that in the proximity of the
reduction potential of the Cr-XO complex, both Cr species give the best
response for E,,, =-1.2 V. The dependence of i, on E,, was further investigated

by varying E,, over the potential ranging from O to -1.3 V. During these

its, the experi p was slightly modified: following the
analyte deposition at a given E,,, for 70 s, the potential was scanned from -1.2 to
-1.6 V. Before the potential scan, the solution was allowed to reach quiescence
by manually turning off the stirrer during the final 10 s of the deposition period
and no instrumental equilibration step incorporated in the voltammetric set-up,
as was done in previous experiments when the potential scan was initiated from
the same potential as E,,,. This is because the working of the Polarographic
Analyser is such that during an instrumentally initiated equilibration stage, the
electrode assumes the potential at which the scan is to be started; in this
particular case a 10-s equilibrium step would entail a deposition of Cr(VI) and

Cr(lll) from -1.2 V for 10 s, which is not desirable.

At the chosen scan rate of 200 mV/s, the scan will take only 2 s for completion
and the electrode would experience a potential of -1.2 V to about -1.25 V (the

potential at which both Cr(lll) and Cr(Vl) are liable to be deposited) for only

83



about 0.25 s. Any Cr deposited during the scanning period can therefore be

neglected.

Fig. 3.21 shows that the dependence of i, on E,,, for Cr(lll) and Cr(VI).

§
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Fig. 3.21: Variation of i, with E,, (3): Cr(VI), (b): Cr(Ill)

The striking features of Fig. 3.21 are:

1.  reduction peaks for Cr(lll) and Cr(VI) show similar dependence on
deposition potential at E,,, more negative than -0.9 V.

2. For E,, less negative than -0.9 V, no Cr(lll) peaks are obtained but
Cr(VI) peaks can still be detected over the deposition potential range of
-0.05t0-0.8 V.

3. In the potential region less negative than -0.9 V, the sensitivity for the

determination of Cr(Vl) is optimum at E,= -0.2 V. Under similar
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conditions, the peak height resuiting from a deposition at -0.2 V is about

50-60% of the peak height from a deposition at -1.2 V.

The i -E,,, plots in Fig. 3.21 will be discussed further in Chapter 4, with reference

to the mechanism of the electrode processes.

The observation that Cr(lll) could be only for iti ials more

negative than -0.9 V immediately leads to the possibility of a speciation method

based on the i iti ination of the Cr(VI)-XO species. In a
solution containing both Cr species, Cr(VI) can be selectively determined by
deposition at -0.2 V followed by scanning from -1.2 V. Cr(lIl)-XO species will not

be deposited at this potential.

To avoid possible confusion and for the sake of brevity, henceforth Cr peaks
resuiting from a deposition potential of -0.2 V and -1.2 V will be referred to as
“¥Cr and "'*Cr respectively.
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3711 ¢ of Cr(V1)

The “#Cr(Vl) response was optimized with respect to chemical parameters (pH,
[XO] and [NO,]) as in Section 3.5. All optimized parameters were found to be
identical to “'?Cr(Vl) and "Cr(lll) and so the optimization results are not
discussed here. As already mentioned, the sensitivity of the "'?Cr(VI), *Cr(VI)

and "#Cr(lll) peaks is different, approximately in the ratio 3:1.5:2.

The fact that, except for their relative sensitivities, peaks resulting from
“HCr(VI), °2Cr(Vl) and "¥Cr(lll) optimize under similar chemical conditions

implies that, i ive of the iti ial or of the initial oxidation

state, the voltammetric peak is being produced by the reduction of the same
Cr-XO species. This will be discussed further in Chapter 4.



3.7.2 Speciation Strategies

Following the selective determination of Cr(Vl) as *#Cr(Vi), for the complete
speciation of Cr, a method now had to be devised for the determination Cr(lll).
Two different approaches were explored:

1. masking of Cr(Vl) as either a precipitate or a soluble complex and
determination of Cr(lll) by the CSV of its XO complex, with a deposition
at-1.2V, or

2. determination of total Cr as either “'?YCr(VI) or #Cr(lll) following an
oxidation or a reduction step; the difference between total ?Cr and

2ZCr(VI) would then be equivalent to Cr{lll).

An important aim of the speciation method was to keep it as simple and as
convenient as possible. The search was for a sample pre-treatment step which
was rapid, involved minimal sample manipulation and required minimum use of
additional reagents, hence minimizing contamination from reagents. Therefore,
any step involving for example, filtration, heating, digestion, u.v irradiation etc.
was precluded. Furthermore, for the sake of contamination control, ail sample
manipulation was to be performable on the clean bench and in the voltammetric

cell.
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3.7.3 Masking of Cr(Vl)

The rationale behind masking Cr(V1) was to make all Cr(V1) in solution non-labile
by preventing the formation and deposition of the Cr(V1) derived Cr-XO complex.
Any reduction peak observed in the CSV of a Cr(VI)/Cr(lil) could then be

ascribed to Cr(lll) only.

To this end, the precipitation of Cr(Vl) as (BaCrO,, PbCrO,) was

but proved L ful, p y because of the minute amounts of

Crinvolved. At 18 °C the solubility products of BaCrO, and PbCrO, are 1.6x10™
and 1.77x10™" respectively [108]. For a solution containing 0.5 pg/L (~10 nM)
Cr(V1) as CrO %, the quantitative (99%) precipitation of the CrO* as BaCrO, and
PbCrO, will require a minimum solution concentration of 1.6 M Ba* and
1.77x10* M Pb*. It would be impractical to add such levels of metals ions in
solution. However, coprecipitation of BaCrO, with BaSO, has been used as a

basis for the speciation of Cr in water by Differential Pulse Polarography [95].

A second approach to masking Cr(Vl) species was through the use of a
complexing agent which would selectively bind Cr(VI) and keep it in solution
Such an approach is well known in titrimetric analysis and has also been

in CSV; for Vi ic and vanlLoon [132] used citrate for

obviating the interference of AI(lll) in the determination of V when using
pyrocatechol violet (PCV) as the complexing ligand. Apparently, the citrate
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complexation of Al(lll) prevented the formation of the interfering AI-PCV

complex.

For this method to work in the present case, the complexation reaction has to
occur selectively between Cr(VI) and the complexing agent. Further, the

resulting complex should not adsorb on the mercury drop or be electroactive

(from the bulk solution). ADDC i diethyldithis bamate,
(C,H;),NCSSNH,) is a well known chelating agent in trace metal analysis. It is
reported that ADDC (or NaDDC) can form complexes with at least 50 elements.
Interestingly, it has been found that this compound complexes Cr(VIl) but not
Cr(Il) [133]. A survey of the literature showed that it has not previously been
used as a ligand in CSV, most probably because its compliexes do not adsorb on
mercury. Therefore, it seemed particularly well-suited as a masking agent for

Cr(VI) and its potential was evaluated.

Some CSV experiments were therefore carried out by adding an excess of
ADDC to the Cr-XO in the voltammetric cell. Results showed that although
ADDC did not interfere with the determination of Cr, it was not effective as a
masking agent for Cr(VI): *?Cr(V1)-XO reduction peaks could still be seen in the

CSV experiments.

In the light of the processes thought to be occurring at the electrode surface, the
failure to mask Cr(V1) is not surprising. In Chapter 4, it is postulated that the Cr
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complex that is deposited and eventually reduced to produce the analytical peak
is Cr"-XO; this complex is formed on the electrode surface by the reaction
between adsorbed XO and Cr(ll) produced in situ by the reduction of Cr(lil) or
Cr(VI) species. Any Cr species in solution (including the Cr(VI)-DDC complex)

reaching the during the ition stage is st ible to get reduced,

react with adsorbed XO and subsequently respond during the stripping stage.

Similarly, in the case of masking by precipitation of Cr(Vl) as chromates, there is
the possibility of the precipitate itseif adsorbing on the mercury and interfering in

the determination stage. Also, the loss of Cr(lIl) by coprecipitation was possible.

Hence an interference free determination of only Cr(lll) does not seem possible
as long as the Cr(VI) species are present in the voltammetric cell and it became
apparent that speciation by masking Cr(VI) could not be achieved without the
incorporation of a separation step. This approach to speciation was therefore

abandoned and the focus shifted to determination of total Cr.



3.7.4 D« i of Total C

Oxidation of Cr(lll) to Cr(Vi) (with, for example, KMnO, or K,S,0,), or reduction
of Cr(VI1) to Cr(lll) (with Fe?") is thermodynamically possible and is routinely used
in titrimetric analysis. An attempt was therefore made at converting total Cr to
either Cr(VI1) or Cr(lll) species by direct introduction of the oxidant or reductant to

the voltammetric cell.

The oxidation of Cr(lll) was attempted by separately adding a 50-fold excess
(relative to Cr) of KMnQ, and K,S,0, to solutions of Cr(lll) in a voltammetric cell.
CSV of these solutions under optimized conditions resuited in the emergence of
*2Cr peaks, indicating that oxidation of Cr had indeed occurred with KMnO, and
K,S,0,. However, recovery of the resuiting Cr was very low (< 40%) and further
additions of Cr showed that the CSV sensitivity of Cr determination was greatly

reduced in the presence of these oxidizing agents.

Similarly it was seen that reduction of Cr(Vl) could be achieved by Fe*, as
evidenced by the complete disappearance of °?Cr(VI) peaks from Cr(VI)/XO
solutions to which a 50-fold excess of Fe*” had been added. However, it was
found that the resulting Cr(lll) was no longer CSV labile, i.e., Cr peaks were not
seen even from a deposition potential of -1.2 V. The excess Fe*" in solution
interfered with the determination of Cr. The interference due to Fe® is
addressed more fully in Section 3.8.4.
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The low recovery of Cr and the subsequent interference from the

oxidizing/reducing agents in the above experiments pointed to the fact that for

and ir free Cr inations, it is i ive that any excess
oxidant/reductant be removed from the solution before the CSV step. This was
not possible without the incorporation of additional step(s) in the procedure;
getting rid of MnO," or S,0,%, for example, would involve heating/boiling the

solution and this was not desirable.
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3.7.5 Reduction of Cr(VI) at low pH

It is well known that Cr(VI) is reduced on keeping at low pH [39, 134, 135] and
that this ion is in the pi of organic matter [34, 134,

135]. Mugo and Orians [42] even claim that when stored at pH 2, Cr(VI) is
reduced to Cr(lll) within 24 hours. Experiments were therefore carried out to
assess whether the reduction of Cr(Vi) in a solution at high acidity would be
quantitative and rapid enough to be applicable for the speciation of Cr by the

CSV method.

However, it was found that on keeping a 0.5 pg/L Cr(VI) solution at pH 1.8 for
three days, °#Cr(Vl) could still be detected, i.e., reduction was either
incomplete or had not occured. It could not be ascertained whether any Cr
reduction had actually taken place because there was the possibility of Cr losses

to the container walls.

In another series of experiments, solutions of Cr(VI) and XO were kept mixed at
pH 2.1-2.5 for up to 3 days in Teflon containers. After suitable periods of time,
these solutions were analyzed for °?'Cr(VI) under CSV optimized conditions. It
was anticipated that at this pH, the reduction of Cr(VIl) would be driven by the
formation of a complex between XO and the Cr(lll) produced in situ.
Accordingly, if the complete reduction of Cr(VI) occurred, no *?Cr peak should
be detectable.
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As expected, it was found that the °?'Cr peak heights progressively decreased
with time, disappearing completely in 36 hours. This meant that all the Cr(VI)
had been reduced in 36 hours but surprisingly, after this period of time, no Cr
was detected in solution, i.e., even for a deposition potential of -1.2 V, no Cr
peak could be seen. In contrast, when solutions containing Cr(lll) were taken
through a similar procedure, reduction peaks were still visible after 3 days. This
shows that the Cr species resuiting from the reduction of Cr(VI) is not

CSV-labile.

Such a result was also noted during the attempted reduction of Cr(VI) by Fe*

(Section 3.7.4), where it was seen that the resulting Cr was not CSV-labile.

Reduction of Cr(VI) produces Cr(lil) which, in the presence of XO, will react
status nascendi to form a Cr"-XO complex. The absence of *Cr peaks from
solutions in which the chemical reduction of Cr(VI) is carried out in the presence
of XO shows that the Cr"-XO complex formed in this manner is not CSV labile.
This CSV inertness can be explained by the fact that the complex is not
adsorbed on the Hg surface. This observation has major implications in the

formulation of a scheme for the p! leading to the p ion of

the analytical peak. This will be addressed further in Chapter 4.



3.7.6 Reduction of Cr(V1) with SO,

Solutions of sulphur dioxide (SO,) and sulphites are often used as reducing
agents; from the following values of standard reduction potentials [19],

SO +4H+ (x2)H,0 +2¢ — SO, xH,0 E=+0.17V
SO +H,0+2 — SO +20H £ =093V

Cr,0* +14H" +6e — 2Cr* +7H,0 E=+133V
CrO +4H,0 +3e — Cr(OH),(s)+ SOH" E= 013V,

the reduction of Cr(VI) by SO, is thermodynamically feasible in an acidic as well

as a basic medium:

Acidic:  Cr,0,* +3S80, xH,0 +2H" — 2Cr* +3S0,* + (3x+1)H,0
E=4+116V

Basic.  2CrOF +3S0,” +5H,0 — 2Cr(OH),(s)+ 380,% + 40H
E= +0.80V

K,SO, and Na,SO, have in fact been employed as reducing agents for Cr(VI) in
the speciation of Cr by an atomic absorption spectrometry [S1] and a gas
chromatographic [42] method. The action of acids on sulphites produces SO,
which exists as SO,.xH,0 (x = ~7) in aqueous solutions [19]. In the search for a
reducing agent that could be easily decomposed prior to the CSV experiments,
SO, seemed particularly attractive because any excess SO, can readily be
expelled from solutions by purging with nitrogen.
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The applicability of Na,SO, as a reducing agent in the speciation of Cr was
evaluated and it was seen that under the right experimental conditions, Cr(VI)

could be almost ir by SO,, with a quantitati y of

the resulting Cr(lll). These experimental iti and some istics of

the reduction are discussed below.

3.7.6.1 Effect of SO,” on the CSV peak of Cr-XO

Under conditions optimized for the determination of Cr by the CSV of the Cr-XO
complex , the addition of 50 pL of 1.5 M Na,SO, to the voltammetric cell resulted
in a 50% decrease in the "#Cr reduction current. Much smaller **Cr peaks
were still visible. Addition of a further 50 L of Na,SO, caused all Cr peaks to be
completely suppressed; fresh additions of Cr(VI), Cr(lll) or XO to this solution
failed to produce any Cr peaks. This shows that

1. at pH ~7, the reduction of Cr is either not occurring or incomplete.

2. SO,* interferes with the CSV of Cr and therefore excess SO,* has to be

removed from the solution prior to the addition of XO.

Excess SO,* can be totally decomposed and expelled from solution by purging

the solution for about 6 minutes at pH < 3.



3762 O of

Effect of pH on completeness of reduction and on recovery

Experiments to study the effect of pH on the reduction of Cr(VI) by SO,* were
carried out at the 0.2, 0.5 and 1 pg/L Cr(VI) concentration levels in Nanopure

water.

50 pL of purified 1.5 M Na,SO, was added to aliquot solutions known
concentrations of Cr(Vl) at the desired pH. The solutions were stirred for 2-3
min and purged for 6 min at the same pH. After purging, the solution pH was
adjusted to 7.1 by adding Q-NH,, additional reagents (NO,, XO) were added,
and then CSV experiments were performed for the determination of Cr as °Cr
and "¥Cr. The absence of a °*Cr peak was taken to mean that complete
reduction of Cr(VI) had occurred. In solutions where reduction was complete,
the resulting Cr was quantified by a Cr(lll) standard additions method of

calibration to determine the recovery of the Cr following the reduction.

Results showed that a complete reduction of Cr(Vl) was possible only at pH

values less than ~ 3.8; °#Cr peaks could still be seen at pH greater than 4.
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The pH at which the reduction was carried out had a further effect on the
recovery of Cr(lll). Recoveries at different Cr levels and for different reduction

pHs are shown in Table 3.6.

Table 3.6: Effect of pH on recovery of Cr

Spike |Reduction pH| % recovery of
total Cr as Cr{lll)

0.5 ug/L Cr(Vl) 38 not quantified

0.5 pg/L Cr(VI) 35 <10

0.5 pg/L Cr(VI) 3.0 36

0.5 pg/L Cr(VI) 26 86

0.5 ug/L Cr(Vl) 212 90

0.5 pg/L Cr(V) 20 98

0.5 ug/L Cr(VI) 1.8 95

0.5 g/t Cr(vi) 15 80

0.5 pg/L Cr(llly 20 95

0.5 pg/L Cr(Vl) + 0.5 ug/L Cr(lll) 2+0.1 %

0.1 ug/L Cr(Vl) + 0.1 pg/L Cr(lll) 2£0.1 98+2

0.5 pg/L Cr(VI) (in seawater) 20 %4

0.1 pg/L Cr(V1) (in seawater) 2101 93:2

0.1 pg/L Cr(V1) + 0.1 pg/L Cr(ill) 2:01 9312

(in seawater)

These data show that the pH at which reduction is carried out is critical for the

proper working of the reduction method. The recovery is almost 100% at pH



values between 1.8-2.2 but rapidly deteriorates between pH 2.2 and 3.8. As

mentioned earlier, above pH ~3.8, reduction of Cr(Vl) is incomplete.

Recovery experiments with solutions initially spiked with Cr(lll) and taken
through the procedure (i.e., addition of 50 uL Na,SO, at ~pH 2, purging at pH 2
for 6 min then carrying out CSV experiments under optimal chemical and
instrumental conditions) showed that the reduction step had no effect on Cr(lll)

as recoveries ranged from 97-101%.

A complete study of the pH on the completeness of reduction or on the recovery
of Cr in seawater samples was not undertaken but stemming from the Nanopure
water results, it was confirmed that at pH 2+0.1, reduction of Cr(Vl) is indeed
complete in seawater. Recoveries of 91-95% were consistently obtained.

These recovery experiments were carried out in purified seawater.

Concentration of Na,SO,

It was not felt necessary or ial to optimize the cor ion of Na,SO, to
be employed in the reduction process for the following reasons.

1. Results obtained from using 50 pL of the 1.5 M Na,SO, were excellent;

experiments showed that even at a 10 ug/L level of Cr(Vl), reduction

was complete and instantaneous with this amount of Na,SO, A

chromium concentration of 10 ug/L is at least 20 times the concentration
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to be expected in natural water samples so it is anticipated that Cr
reduction will be complete in any type of natural water samples.
2. Upon reaction with acids, excess Na,SO, is completely decomposed and

remains in solution as di SO,. The ion of SO, in
solution will be determined by its solubility and anyway, before the
addition of XO and other reagents excess SO, is purged off. Any extra
amount of Na,SO, would simply result in additional Na* ions which are
inert in the system.

3. no quantifiable amount of Cr could be detected in Na,SO, so there is no

danger of introducing contamination from the reagent itself.



3.7.7 Chromium Speciation Scheme

The successful reduction of Cr(VI) by SO,* as evidenced by the total removal of
°¥Cr peaks from samples initially spiked with Cr(Vl) and by the quantitative
recoveries permits the formulation of a scheme for the rapid and reliable
speciation of Cr in aqueous samples. This can be achieved by performing CSV
experiments on 2 separate sample aliquots: Cr(VI) can be determined in one

sample aliquot and total Cr as Cr(lll) in the other.

Cr(VI) can be determined by carrying out the CSV of the sample solution under

by the ition of the Cr-XO complex at -0.2 V followed
by a voltammetric scan from -1.2to -1.6 V. A peak at ~ -1.45 V will be indicative
of Cr(VI). The amount of Cr(VI) can be quantified by a Cr(Vl) standard addition

method.

Total Cr can be determined by first reducing any Cr(VI) to Cr(lll) as foliows. The
sample in a voltammetric cell is acidified with 1:1 Q-HCI and 50 pL 1.5 M
Na,SO, added to it. Care must be taken to ensure that the pH of this solution
does not exceed 2.1; the addition of Na,SO, causes an increase of ~0.2 units in
the pH, so a pH of 1.8 before the addition of the Na,SO, is recommended. After
a brief period (~2 min) of stirring, the sample is purged for 6 min. The sample is
then buffered to pH 6.7 (in seawater) or 7.1 (Nanopure) by the addition of Q-NH,
and 100 uL PIPES, under pH meter control. Addition of NaNO, and XO followed
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by normal CSV runs with a Cr(llf) standard addition calibration will lead to the

determination of total Cr as **Cr(lll).

The difference between the total Cr and Cr(VI) will then be equivalent to Cr(lll)

only.



3.8 INTERFERENCES

Three main types of interferences can occur in CSV. These are interference
from naturally occurring surface active agents, from dissoived organic matter
and from other metals. The extent of each of these types of interferences was
investigated by a study of the effect of addition of the potential interferents on
the CSV peak heights of 1 pg/L Cr solutions, under optimized conditions. These
studies were done mostly in Nanopure water and the results were confirmed in

seawater.

3.8.1 Surface Active Agents

Interference from surfactants would be due to competitive adsorption on the

mercury electrode, resulting in a decrease in the amount of electroactive species

adsorbed and consequently a imination of the ic peak. In
some cases, surfactants have also been shown to have a positive interference in

CSV [136, 137].

TX-100 (Triton X-100, polyethylene glycol tert-octylphenyl ether), a non-ionic
detergent, has been used as a model in the study of the effect of surfactants on

the CSV reduction peaks [138].
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The effect of TX-100 on i, for 1 ug/L Cr(Vl) in seawater is shown in Fig. 3.22.
TX-100 strongly affects the CSV response of “'?Cr, completely suppressing the
signal at a concentration of 0.3 mg/L. However, the response for *#Cr(VI) is
slightly more tolerant to the presence of TX-100, a concentration of 0.4 mg/L of
the latter causing a decrease of only 11% of the original signal. At higher
surfactant concentrations, the Cr response rapidly deteriorates: at the 1 mg/L

level, there is a 77% loss in the Cr reduction current.
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Fig. 3.22: Effect of TX-100 on the peak current. The response is expressed
as a percentage of the current at zero addition of TX-100.
(a): °2Cr(VI), (b): " #Cr(V1)

The effect of SDS (sodium dodecy! sulphate, an anionic surfactant) on the CSV
of Cr was also studied. SDS did not affect the CSV response of either *2¥Cr(Vi)

or total “?Cr at concentrations of up to 1 mg/L. Even at a concentration of 10



mg/L SDS, the "?Cr response showed a decrease of only 2% but at this level,
the °2Cr(VI) showed a greater decrease (22%).

The effect of these surfactants on the CSV response is somewhat surprising and
revealing. The fact that SDS does not affect the total Cr response is
understandable because at the iti ial of -1.2 V, the y for
the negatively charged surfactant to get adsorbed will be negligible. At -0.2 V

however, the net charge on the electrode is positive and hence strong

1 of SDS is with a Iting in the ¥Cr(V1)

reduction peak current. That such a depression of the peak is not seen shows
that XO is itself very strongly adsorbed on the mercury surface. The same
conclusion can be reached from the observation that there is a greater tolerance
to TX-100 from a deposition potential of -0.2 V. XO, being negatively charged,
can compete with TX-100 for adsorption on mercury at -0.2 V. At -1.2 V, the

charge on the ive and ion of XO is greatly

reduced and eventually totally inhibited by an increasing concentration of
TX-100, resulting in a complete suppression of the Cr peak at relatively low

concentrations of TX-100.

Natural waters contain surface active compounds which have an effect similar to
0.1-2 mg/L TX-100 (90, 138, 139]. Since the effect of the surfactants is simply to

inhibit the adsorption of the Cr-XO complex on the electrode surface, the
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determination of Cr in seawater can be carried out without interference, but at a
reduced sensitivity, by the CSV method if a standard addition method is adopted
for quantification. The sensitivity of the CSV method as applied to the
determination of Cr in the Logy Bay seawater samples as well as in the open
ocean water samples was found to be about 70% the sensitivity in Nanopure
water. Using DTPA as the complexing ligand in the CSV of Cr, Boussemart et

al. [101] found a similar relative sensitivity and showed that major cation

competition was responsible for the lower sensitivity in seawater. This would
mean that the concentration of surfactants encountered in all the seawater
samples studied is too low and does not affect the sensitivity of Cr

determination.
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3.8.2 Dissolved Organic Matter (DOM)

Dissolved organic matter (DOM) can interfere in the CSV method by
competitively complexing the metal species. To find the potential effect of DOM
on the CSV peaks for Cr, citric acid, tartaric acid, humic acid (HA) and fulvic acid

(FA) were added to the Cr-XO mixture in seawater.

Citric acid and tartaric acid did not affect the reduction peak heights of *2Cr(V1),
“2Cr(VI) and “'2“Cr(lll) at concentrations of upto to 0.12 mM citric acid or tartaric
acid. However, in the presence of these organic acids, the reduction peaks for
Cr(lll) were found to slowly decrease in height and disappear completely in
about 3 hours. The peaks corresponding to “'2/Cr(VI) and °?'Cr(VI) were stable
with respect to time. Complexation of Cr(lll) is known to be very slow [19] so the
gradual decrease of the Cr(lll) peak can be explained by the slow complexation

of the added metal by the organic ligand.

It is noteworthy that XO, which is itself a strong ligand does not preferentially

complex Cr(lll); this has some implications in the ion of

processes to be discussed in Chapter 4.

Most of the dissolved organic matter in natural waters is in the form of humic
substances (HS), which consist of humic acids (HA) and fulvic acids (FA).

Interference from HA and FA can be as a resuit of their complexing action on the
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metal ions and/or their strong adsorption tendencies. Humic substances are

known to adsorb strongly on mercury [140].

In the present study, the interfering behaviour of HA and FA was found to be

similar. The effect of HA on the analytical peak height is shown in Fig. 3.23.
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Fig. 3.23: Effect of humic acid on the peak current. The response is
as a percentage of the current at zero addition of HA.
(a): @FCr(V), (b): "VCr(V1)

The CSV sensitivity of Cr is greatly inhibited by the presence of humic
substances. For Cr(VI), this inhibition is more severe from a deposition potential
of -0.2 V. From a deposition potential of -1.2 V, both Cr(VI) and Cr(lll) peaks are
similarly affected. This suggests that the interfering action of humic substances
is due more to their competitive adsorption on the mercury electrode than to their
complexing the metals ions because Cr(VI) cannot be complexed by organic
ligands without prior reduction to Cr(lll).
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The observed effect of dissolved organic matter (citric acid and tartaric acid)
implies that the CSV method will fail to detect organically bound Cr in solution.
This is not a serious limitation of the method when applied to seawater because
the dissolved organic matter concentrations in seawater is very low. According
to Sharp [141] and Carlson et al. [142], the best estimate of the concentration of
Dissolved Organic Carbon, DOC, (which is related to DOM) in oceanic surface

waters is 70 M. In deeper waters, the DOC concentration will be lower.

DOC in inland surface waters is widely variable, depending on the type of water
body (rivers, lakes), the climate and the nature of vegetation in the area.
Serious interferences can occur in the application of the CSV method in the
determination of Cr in such waters because in addition to being richer in organic
matter, these waters tend to be more acidic. Cr(VI) reduction to Cr(lll) and its
subsequent non-lability through complexation will be favoured under these

conditions.

Since DOM does not interfere with the CSV of Cr(VI), accurate determination of
Cr(VI), if present, can be carried out in these waters. However, total Cr and
Cr(Ill) results may be erroneous because as a result of its complexation with
organic matter, Cr(lll) will be non-labile. In circumstances where interference

from DOM is encountered, complete destruction of the organic matter by u.v.
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irradiation of the samples [143], with concomitant oxidation of Cr(lll) to Cr(VI),

will need to be carried out and then total Cr determined as Cr(Vi).
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3.8.3 Other Metals

The extensive use of XO in analytical chemistry, as an indicator in

metallochromic titrations and as a g agent in sp

analysis, is an indication of the extreme versatility of the compound towards
complexation with metal ions. It is therefore believed that under the right
conditions, especially of pH, determination of a wide range of metals should be
achievable by the CSV of the metal-XO compiexes. In the present case, a full
study was not carried out but at pH ~7 in Nanopure water, metal-XO reduction
peaks were observed for Cu (-222 mV), Pb (490 mV), Fe (-400 mV), Cd (-660
mV) and Zn (-1060 mV). The reduction peaks of Cu, Fe and Pb are potentially
amenable to the development of extremely sensitive CSV methods for
determination of these metals after an optimization procedure. The proximity of
the peaks, especially, Fe and Pb, suggests that at high levels, interference by
overlapping peaks might occur. A method for the determination of Pb with XO
has recently been described in the literature [110], but surprisingly, the authors
report that 400 nM Fe(ll) or Fe(lll) did have any significant interference in the

determination of Pb. This is arg b of the proximity of the Pb and Fe

peaks. Cd cannot be determined by this method since the Cd-XO reduction
peak is completely masked by the reduction peak of XO itself. The reduction
peak for Zn is very insensitive and it is doubtful whether it can be made
analytically useful. Some additional investigations were carried on the CSV of
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Fe-XO and the results are discussed in relation to the interference of Fe on Cr

(Section 3.8.4).

The capability of XO to complex a wide range of metal ions is not necessarily a

boon because metal-XO complexes may lead to serious interferences.

In CSV, interference by other metals can be in the form of

1.

1 for the i ligand for [ ion which may

result in the analyte complexation being inhibited or even totally

upp! . Such ii ce can be ied by the addition of extra
amounts of the ligand in solution.
extraneous metal complexes formed may interfere by competing with the
analyte complex for adsorption on the electrode; the analyte can still be
quantified, albeit at reduced sensitivity, if a method of standard addition is
used for calibration.
the interfering metal ion may be reducible on the mercury electrode at
potentials in the vicinity of the analyte E, and cause a direct or partial
overlap with the analytical peak. Such reduction may occur from prior
adsorption of the interfering species on the electrode or from the bulk of
the solution.
the interfering metal (or other species) may interact with the analyte ion

and prevent the formation of the analyte-ligand complex.
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As mentioned, the first two types of interferences described above are not
necessarily very serious and can be corrected for. However, interference
resulting from the reduction of the interferent species in the vicinity of the analyte
E, and/or any interaction between the interferent and analyte species will have

serious consequences on the validity and acceptability of the analytical method.

The effect of metal ions on the CSV peaks for *®Cr(Vl) and "'#“Cr (as Cr(Vl) and

Cr(lll)) was studied by metal itic to and water
containing 1 pg/L of Cr, under optimized conditions. It was found that additions
of up to 50 ug/L AP, Bi**, Cd*, Co™, Cu®, Mn?, Mo™, Ni", Pb*, UO,* and Zn*
caused little or no change in the height of the Cr reduction peak. The effect of

Fe on the CSV of Cr is discussed separately in Section 3.8.4.
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3.84 Iron

Interference due to Fe was predictable in view of the observation that during
speciation studies, an attempt to reduce Cr(V1) by Fe** was partially successful.
The effect of Fe on the Cr CSV peak was studied by following changes in i, upon
the addition of varying amounts of Fe in Cr(lll) and Cr(VI) solutions in Nanopure
water. Results showed that the effect of Fe was dependent on the oxidation
states of both Fe and Cr. As mentioned earlier, the Fe-XO complex is
CSV-electroactive. Some aspects of the CSV of the Fe-XO complex are
included because they provide an important insight into the mechanism of the
complexation reaction between XO and the metal ion and the adsorption of the

analyte on the electrode.

3.8.4.1 CSV of Fe-XO

Several methods exist for the stripping voltammetry of Fe, using, for example,
hydroxamic acids [144], catechol [143], Solochrome Violet RS [145] and
1-nitro-2-naphthol [146] as chelating agents. In parallel with the role of NO," in

the CSV of Cr, hydrogen p: has been for the sensitivity

enhancement in the determination of Fe. The analytical peaks are observed at ~
-0.35 to -0.5 V and, in all cases, they have been ascribed to the Fe(lll)/Fe(ll)

reduction.

14



In the CSV of Fe in the presence of XO, at pH ~ 6.8-7 (not optimized), Fe
reduction peaks were seen at ~ -0.4 V. The best deposition potential for these
peaks was found to be -0.15 V. As in previous methods for Fe, H,0, led to an
enhancement in peak heights. However, the peaks were only seen for
Fe(l1)-XO; extremely small peaks resulted from Fe(lll)-XO. Fig. 3.24 compares

the CSV peaks for Fe(ll) and Fe(lll).
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Fig. 3.24: CSV peaks for 2 pg/L Fe** (a) ind Fe’* (b), obtained under
similar conditions in Nanopure wa

The observation that Fe(ll) but not Fe(lll) is CSV labile is very surprising. The
observed peak potential (~ -0.4 V) and the peak enhancement by H,0, suggest
that the observed peak can only be due to a Fe(lll)-Fe(ll) reduction and
therefore the adsorbed species has to be a Fe(lll)-XO complex. A 1:1 complex

is known to be formed between Fe(lll) and XO in solution and has been utilized
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as the absorbing species in a spectrophotometric method for the determination

of Fe(lll) [147].

The CSV-inertness of Fe(lll) can only be explained by postulating that a strong
Fe"-XO complex is formed in solution but this complex is not adsorbed on the
mercury. Free XO is very strongly adsorbed on the mercury (Section 4.2) and

competes preferentially with Fe®-XO for ion sites on the . X0

therefore interferes in the adsorption of the Fe"-XO complex in a manner akin to

the interference in CSV by surface-active compounds.

On the other hand, Fe(ll) is CSV labile because Fe* reacts with the already
adsorbed XO to form the Fe"-XO complex, which remains adsorbed. Since at
this potential (E,,, = -0.15 V), Fe(ll) is unstable, the Fe"-XO undergoes oxidation
to Fe"-XO. Such an oxidation step has been used to explain the CSV-lability of

Fe(ll) with catechol [143] and with 1-nitro-2-naphthol [146].

During the stripping stage, the Fe"-XO complex is reduced with the production of
the analytical peak. The scheme of events leading to the production of the

analytical peak is summarized below.
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Deposition stage:
X0 — X0, (Hg)

Fe(ll) + XO,,(Hg) — Fe"-XO,,(Hg)

Fe"-X0,,(Hg) — Fe"-XO,(Hg) + e

Stripping stage:
Fe"-X0,,(Hg) + e — Fe'-XO_,(Hg)
t Ho, |
In Chapter 4, it is that the ive Cr-XO species is similarly

formed by the interaction between Cr(ll) produced at the electrode and

XO0,,(Hg)-
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3.8.4.2 Interference by Fe

Fe™ has no effect on the determination of either ' Cr(V1), **Cr(VI) or Cr(Ill);
Fe(lll) additions of up to 100 ug/L did not affect the Cr reduction peak heights.
Since it is assumed that the Fe"-XO is not adsorbed on mercury, provided there

is excess XO in solution, no interference will be seen.

The addition of 100 pg/L Fe*" had no immediate effect on the Cr(lll) peak but the
Cr peak was seen to decrease with time. This decrease was slow, with a loss of
only 5% in 15 minutes, 10% in 30 minutes and 25% in 1 hour. Thereafter, the Cr
peak remained stable with time. During this time, the Fe(ll) peak at -0.4 V
remained constant. It was also noted that the decrease in the Cr peak with time
was independent of the Fe** concentration, the same effect being observed at an
Fe®" concentration of 2 pg/L and 70 ug/L. It is important to note that the
interference between Cr(lll) and Fe*" was effective only after the addition of XO
to the Fe(l1)/Cr(lll) solution. This means that in a sample containing Cr(lll) in the
presence of Fe", Cr(lll) can be determined with a good degree of accuracy if the

total time elapsed between the addition of the ligand to the sample and the

determination of the peak height sponding to the final addition is
kept short. Complete analysis of a sample involving 3 standard additions, with
triplicate peak height determination for each addition, can usually be completed

within 8-10 minutes after the addition of XO to the sample.
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Addition of Fe® to Cr(VI) led to an immediate decrease on the peak héights of
'2Cr(V1) and #Cr(VI), but the peaks did not show any further decrease with

time. The effect of Fe*" on the reduction peaks of Cr(VI) is shown in Fig. 3.25.

o 1 2 3 a s
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Fig. 3.25: Effect of Fe?* on the peak current. The response is expressed as
a percentage of the current at zero addition of Fe.
@: “"Cr(Vl). (b): " FCr(V1)

For a given addition of Fe?, the decrease in peak height is less for ' ?'Cr(VI)
than for °¥Cr(VI). This is easily understood in the light of the fact that the
interference seen is due to the decrease of Cr(VI) in solution as a result of
chemical reduction by Fe*”. The product of this reduction is Cr(lll) which is stiil

from a ion of -1.2 V and contributes to the *'2'Cr

peak. Surprisingly, the reduction in the Cr(VI) peak height is not accompanied
by a reduction in the Fe(ll) peak height, as would be expected from the fact that

Fe(ll) is electroactive but Fe(lll) is not.
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Whereas the interference of Fe?" on Cr(Vl) is explained by redox properties of
the Fe(ll)/Cr(V!) couple in solution, no simple explanation can be put forward for

the interference of Fe?* on Cr(lll).

The concentration of di: Fein is ly low, between 0.1 to

0.7 nM [137, 148] equivalent to about 0.005-0.04 ug/L. Fe concentrations as low
as 0.02 nM have been reported in surface waters of the Pacific Ocean [149,
150]. At these concentration levels, no interference due to Fe will be observed
in the determination of Cr in seawater by the CSV method but in inland surface
waters, where the Fe content can reach mg/L levels, serious interferences

should be However itions pi in such waters (e.g., high

acidity, high DOC, high Fe) all point to the occurrence of negligible amounts of
Cr(Vi). As explained above, if the analysis is done rapidly, determination of total
Cr as Cr(lll) should not pose any difficulty even at high Fe levels. Such an
analysis was carried in a riverine water reference material for trace metals
(SLRS-3, obtained from the National Research Council of Canada) which has a
certified Fe content of 100 pg/L. Application of this CSV method showed a Cr
concentration of 0.32+£0.04 ug/L, which is in good agreement with the certified

value of 0.30+£0.04 ug/L.
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3.9 BACKGROUND SUBTRACTION

3.9.1 Need for Background Subtraction

At the

P PpH for the ination of Cr the ion of H™ on mercury
becomes significant at E values more negative than -1.4 V. This results in a
sharp increase in the background current. The background current is
considerably higher in seawater than in Nanopure water, Fig. 3.26(i). This is
due to the extra ions in seawater as a result of its salinity. Addition of inert
electrolytes like KCI to either seawater or Nanopure water result in an increase
in the background current, especially in the region of potential more negative
than ~-1.45 V. NaNO,, which is utilized for its role in the catalytic enhancement
of the analytical CSV current, has a similar effect on the background current.
The background currents in Nanopure water and in seawater after the addition
of 750 uL of 5SM NaNO, is shown in Fig. 3.26(ii) and the equivalent effect of only
the addition of 750 WL 5 M NaNO, on the background current in Nanopure water
and seawater is shown in Fig 3.26(jii). NO, brings about a smooth increase in
the background current. This increase was found to be proportional to the
amount of NO, added. Successive additions of 100 pL NO, resulted in the
same increase in the background current. The background current increased

similarly with additions of NO," even in the presence of XO.
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The high background current, especially in seawater, has a deleterious effect on

the Cr analytical peak as the latter occurs at ~ -1.45 V, which falls just within the

sharply ir ing region of the . Despite the high sensitivity of
this Cr-XO method, Cr peaks resuiting from very low Cr (e.g., atthe 0.1-0.2 pg/L.
levels encountered in seawater) cannot be adequately resolved from the
background. The minimum [Cr] giving rise to a distinct, quantifiable peak was
found to be ~0.2 pg/L in Nanopure water and ~0.3 ug/L in seawater (Cr(VI),
1-min deposition at -1.2 V). Higher [Cr] will be required for *#Cr(VI) and Cr(lil)
because these species respond typically 50-70% less sensitively than " #Cr(VI)
Quantification of Cr in natural water samples would therefore be impossible
unless the current resulting from the Cr reduction can be resolved from the
background current. For achieving such resolution, a background subtraction
method can be used. Background subtraction in this case would be analogous

to the use of blanks in most of the spectrometric techniques.
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3.9.2 Background Subtraction Method

The utilization of ] St i i as a means of improving

detection limits has a long history in electroanalytical techniques. In fact, the
increased sensitivities seen in the pulse voltammetric techniques is attributed to
the elimination of the capacitance current. Even better detectability can be
achieved if most of the background faradaic current can also be subtracted from
the analytical signal and to this effect several approaches have been used. In

earlier st ion was ished by recording the

difference between two stripping currents with different deposition times at two
matched electrodes immersed in the same sample [151-154] or between two
matched electrodes in two different cells, one containing the sample and the

other containing the electrolyte [155].

In an evaluation of gl ion in lic methods, Bond [80]

in 1980 pointed out that “the only really practical approach to subtractive

polarography is to two i ts with the same

instrumentation and record the solvent and sample solutions separately from two
different runs. The data from the solvent can be stored electronically and

subtracted from subsequent scans on solutions containing the electroactive

species of interest." He also that the full of background
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subtraction could be exploited only with the availability of computerized

instrumentation.

With the availability of i instr ground ion has

indeed been implemented by using a single electrode [156-158]. The
background is obtained by using different deposition times or different
convection (stirring) rates and electronically stored. This background can then
be subtracted from the normal voltammogram to yield the analytical current.
Wang and Dewald [159] have also used a subtraction method where the
background obtained from the electrolyte is subtracted from the sample
voltammogram to yield the purely analytical current. Numerical methods have

also been used to generate background currents [160-163].

With the ing i ilability of softy ig! i for
voltammetric data retrieval and data manipulation, it is anticipated that
background subtraction in voltammetric analysis will become more and more
widespread. The PAR Model 3384 Analytical Voltammetry Software offers
extremely versatile and reliable data manipulation capabilities and background

subtraction methods can easily be i in the of new

methods.

The use of background subtraction methods in voltammetric methods of trace

analysis will lead to ing hitherto ur i limits of ion because it
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has been noted by many authors that the limit of detection is determined not by

the analytical current but by the background current [101, 164]. There cannot be

any universal recipe for ground i in

because the nature of the background current is very specific to individual
systems and very small changes in the morphology of the electrode may lead to
imperfect background subtraction. Such changes in the electrode morphology

can be brought about by the formation of hydrogen bubbles at the surface,

plating of mercury, ial- or ti ion or the precipitation of
hydroxides [165]. All these will lead to different surface areas of the electrode
and correspondingly, different values of the background current. Hence, any

potential method must be carefully evaiuated before being applied to a particular

system. The iveness of some mett of d ion has

been evaluated by Wang and Greene [165].

In the present case, several background subtraction techniques were
considered. In the design of these methods, a primary objective was to keep the
method as simple as possible, i.e., to avoid any additional data acquisition or
data treatment step that would have a bearing on the total analysis time. Hence
the method used by Wang [156], which utilizes the difference in the signal for
two different deposition times, ie., the response is equivalent to the
voltammogram obtained from a 60-s deposition time minus the voltammogram
resulting from a 15-s deposition, was written off as a potential method of

126



background subtraction. Implementation of such a method would increase the

total analysis time.

The method of background subtraction which seemed most obvious and simple
to use was one where the voltammogram of the buffered seawater or Nanopure
water sample, with all necessary reagents added except the XO and obtained
under similar instrumental conditions, as the 'blank’ voltammogram. Addition of
XO, and subsequently standard additions, to the sample would then yield the
‘'sample’ voltammograms. Subtraction of the 'blank’ voitammogram from the
‘'sample’ voltammograms would be equivalent to a peak corresponding to Cr

reduction only. This that in the of the ing ligand no Cr

is reduced at the electrode, which is a fair assumption, especially considering

the Cr concentration levels and the extremely short scan time.

The above method is equivalent to the method used by Wang and Dewald [159]
and seems valid because
1. during interference studies, it was seen that no other metal ions give
reduction peaks in the potential region of interest. Hence any peak in the
subtracted voltammogram can be assigned as a Cr reduction peak.
2. atany pH, the effect of only XO on the voltammogram in the -1.2to -1.6 V

was an overall increase in the current over the potential range. For
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illustration, the effect the addition of 50 pL XO (2.5 mM) in purified

seawater at pH 6.7 is shown in Fig. 3.27.
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Fig. 3.27: Effect of XO on the background current in seawater at pH 6.7.

Unfortunately, this method of background subtraction did not give the expected
results; Fig 3.28 shows a typical subtracted voltammogram obtained by the

application of the method described.
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Fig. 3.28: Voltammograms equivalent to Cr only. These were obuined by
the seawater i A

from of seawater NOjy, 50 uL XO

and Cr(VI): (a) 0.113 and (b) 0.446 pg/L Cr.

The initial, increasing part of the voltammogram is as expected but in the
potential region after the peak current has been reached, the current keeps
decreasing. This means that, in these regions, the background current in the
presence of the analytical electrode process is lower than in the absence of the

process. From the pi thought to be ing at the during the

stripping step (Section 4.2), this may be due to the deposition of metallic
chromium or an inert Cr(ll)-XO polymeric species on the Hg surface which
hinders the reduction of H* and brings about a small decrease in the background

current. This illustrates how small morphological changes in the electrode can

lead to i ground i From the reason proposed to explain
the shape of the resultant voltammogram in Fig. 3.28, it can be extrapolated that
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background subtraction methods based on different deposition times or different

convection rates will not be effective in the present case.

Interestingly, it was found that very good calibrations curves can be obtained
even from the above-shaped voltammograms if peak heights are calculated by
an extrapolation of the pre-peak baseline. However, this would involve manual
peak height caiculations, which would make it prone to error and lead to an

increase in the total analysis time.

Stemming from the partial success of the above method, a slightly modified
method of background subtraction was evaluated and found to be effective. This
was based on the observation that in the absence of the ligand, the only effect of
NO, was a smooth increase in the background current. Also, the background
current in buffered seawater is constant, i.e., it does not depend on the
deposition time or the deposition potential. Therefore, voltammograms of
buffered seawater (or Nanopure water with the appropriate amount of inert
electrolyte) obtained before the addition of NaNO, and XO can equally be
considered as the 'blank’. Voltammograms obtained after the addition of NaNO,
and XO and subsequent standard additions would then be the ‘sample’
voltammograms. Subtraction as before would produce voltammograms which
would constitute the total current resulting from the addition of NaNO, and XO,

with a superimposed analytical peak, the height of which could be calculated
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and used for calibration purposes. This method is attractive because for a given
sample, the same background is constantly subtracted from all samples and
spikes, so any systematic error introduced in the method will affect all the peak

height measurements equally and be cancelled out.

The application of this method is demonstrated in Fig. 3.29.

12 13 14 15
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LT < —
| 12 13 14 15 |
| £V

Fig. 3.29: i of the ion method
(a): volammogram for buffered seawater only; (b):
volammogram obuined after the addition of XO, NO; and
0.113 ug/L Crand (c): b minus a, is equivalent to the resultant
effect of XO, NO; and Cr.

The application of this method for the determination of Cr in a Logy Bay

seawater sample yielded the following resuits. Fig. 3.30 show the actual

ams. In the ofa ground ion, Fig. 3.30(i), the
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peak currents cannot be measured accurately but after the background

subtraction Fig. 3.30(ii), distinct peaks are visible and can be measured.
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Fig. 3.30: ion using

@, and (ii), for Cr
additions of 0, 0.113, 0.225, 0.336 and 0.446 /L Cr .

From Fig. 3.30(ii), the following peaks heights were calculated.

Added Cr (ug/L)  peak height (nA)

[} 1258
0.113 2715
0.225 417.8
0.336 565.7
0.446 7247

The above values give a straight line (© = 0.9995) with a slope of 1338

nA.(ug/L)" and intercept 121.4, from which the Cr concentration can be
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calculated as 0.101 pg/L. This value has been adjusted for the effect of the
dilution of the seawater sample by the addition of required reagents.

Given the i ion isti , this method of
background subtraction was adopted. The method is applicable for both °?“Cr
and “#Cr determinations and has been employed throughout this work for

determination of Cr at low leveis. The i ly repi ible and t

results obtained when applied to riverine and seawater Reference Materials as
well as during recovery experiments in purified seawater and Nanopure water is
testimony to the accuracy of this method. Cr determination in all the seawater
samples (Section 3.11) was carried out using this method of background

subtraction.
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3.10 ANALYTICAL PERFORMANCE

3.10.1 Accuracy and Precision

The y of the i was by the analysis of Cr in trace metal
reference standards from the National Research Council of Canada. Two
reference waters, the Nearshore Seawater Reference Material (CASS-3) and the
Riverine Water Reference Material (SLRS-3) were analyzed for Cr(lil) and Cr(V1)

by the method developed in this study. The results of the analyses are shown in

Table 3.7.
Table 3.7: Analysis of Reference Materials
Certified Cr Cr found
Sample (uglL) (ug/L)
total Cr “A2Cr(ln”! “2Cr(I)"2 22Cr(VI)

CASS-3 [0.092£0.006 |0.088+0.008 (3.5%)"* 0.0920.005 (2.3%)"* ng™

SLRS-3 (0.30£0.04 na' 0.3210.04 (5.4%)"* na's

*1. after reduction step

“2. no prior reduction step

*3. mean £ 95% confidence interval (RSD)

*4. not quantified; below detection limit

*5. not applicable; Fe interference (see Section 3.8.4.1)
The excellent agreement between the certified values and the values obtained
by this method confirms the accuracy of the method. As expected, no Cr(VI) was
found in these waters as a result of its storage at pH 1.6, but the agreement
between the Cr values obtained as Cr(lll) with and without the reduction step is
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proof of the accuracy of the overall procedure, which includes the CSV step as

well as the reduction step and the background subtraction method.

The very good precision of the method is reflected in the values of the relative
standard deviations obtained in the above determinations. Similar RSD values

were seen in the recovery iments during the

Repeated voltanmograms in CASS-3 (which contains 0.092 ug/L Cr), without
any Cr addition, produced average peak heights of 143.0+1.9 nA (meanSD,
n=5) with a RSD of 1.3%. This demonstrates the highly reproducible nature of

the electrode processes leading to the peak formation.
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3.10.2. Sensitivity and Detection Limits

For calibration purposes, all voltammograms were obtained after a 60-s

deposition followed by a 1C-s equilibration but it should be noted that during the

equilil time, the ition of the analyte complex still occurs, albeit at a

much reduced rate. The amount of analyte deposited during the equilibration

stage has been in the ion of the itivity values repol

below. The sensitivity is taken as being equal to the slope of the calibration
graph per unit time and is reported as nA (ug/L)" min™. From calibrations of
Logy Bay seawater, average sensitivities for ?Cr(V1), "?Cr(V1) and Cr(lll) were
found to be respectively 1250, 865 and 675 nA (ug/L)" min™ (ca. 65, 45, and 35

nA nM’ min™). Sensitivities in Nanopure water were about 30-35% higher.

Nanopure water and purified MSRL seawater were used for calculating 3o
detection limits and since the blank solutions failed to give peaks, c vaiues were
calculated for 7 repeat voltammograms at a Cr level of ~0.1 ug/L (after the

addition of 50 pL, 25 pg/L Cr). The calculated detection limits are shown in

Table 3.8.
Table 3.8: Detection limits in ng/L
SCvI) | FCr(VI) Cr(il)
Nanopure water 22 12 18
Purified seawater 14 52 78
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3.10.3 Linear Dynamic Range

In calibration curves in Nanopure water and Logy Bay seawater as well during

the analysis of the seawater sampies from the N.W. Atlantic Ocean (Section

3.11), where the method of ground st ion was employed, * values of
0.999 were routinely obtained, attesting to the very good linearity of calibrations

at low levels.

This method of backgr ion is not for use at high

concentrations because the resulting currents are so large that incomplete
peaks result, i.e., the peaks become broad and the baseline beyond the peak is

not reached.

Calibration curves for Cr(VI) additions to Nanopure water at 4 different
deposition times are shown in Fig. 3.31. Unsubtracted peak height values have
been used in these plots. The plots show that long deposition times will lead to
considerable error in the calculations as the curves for 120- and 180-s
deposition times are non-linear over aimost the whole concentration range. This
is because the mercury surface is saturated with the complex and added Cr

does not bring about the expected increase in the peak height.
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wLc

Fig. 3.31: Linearity of response for different deposition times. (a) 30's, (b)
605, (c) 120sand (d) 180 s.

Interestingly, careful examination of the curves for 30- and 60-s depositions
show that after respectively 4 and 3 standard additions (each ~0.5 ug/L Cr), the
calibration lines show a very slight outward curvature, i.e., fresh additions of
chromium bring about a greater increase in peak height than expected. This is
explainable in the light of the argument in Chapter 4 where it is shown that the
species deposited is Cr'-XO, which is formed by the reaction between Cr(ll)
species produced status nascendi and XO which is already adsorbed on the
mercury. The deposition time aiso controls the amount of XO adsorbed; for a

given, short, deposition time if high levels of Cr are present in solution,

competition for XO may result in the ion and ition of an il g
dinuclear Cr-XO-Cr complex. Simultaneous reduction of this complex and of the

analytical Cr-XO complex would explain the curvature in the calibration plots.
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The linearity of response for a 60-s deposition is very good for the 0-2 pg/L Cr
range. It is recommended that application of this method with a 60-s deposition
time be restricted to the analysis of samples with a Cr content not exceeding
~0.5 pg/L Cr. After three standard additions, the total Cr concentration in
solution would be about 2 pg/L which is within the linear range. For analysis of
solutions with high Cr content (unlikely in natural waters), the original samples
can be diluted to the applicable concentration range or shorter deposition times

can be used.
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3.11 SPECIATION OF CHROMIUM IN THE N.W. ATLANTIC OCEAN

The CSV method developed in this work was applied to the determination of Cr
species in the water column at a station located between Labrador and
Greenland in the N.W. Atlantic Ocean. The seawater samples were collected in
low density polyethylene botties on 10 August 1993 (Section 2.5) and kept
double-bagged and frozen at -14 °C until the analyses were performed. The
seawater analyses were carried out during a one-month period in 1997. For the
analysis, each frozen seawater sample was thawed at room temperature (it took

about 5 hours for this to occur) and the analysis was usually completed within 3

hours of thawing. This was thought r y for minimizing iation
changes and Cr losses through adsorption on the container surfaces. Each
sample was analyzed separately for total Cr as Cr(lll) (E,, = -1.2 V, calibration
by 3 standard additions of Cr(lll)) and for Cr(VI) only (E,,,=-0.2 V, calibration by

3 standard of Cr(VI)). L simt y with the determination

of °2Cr(Vl), "#Cr(Vl) was also determined. The value of "2'Cr(Vl) thus
obtained should always be such that °®Cr(VI) < '#Cr(Vl) < Cr(ill) and this
criterion provided an empirical check on the accuracy of the results. Two
samples (samples 7 and 25) were analyzed in triplicate whereas all other
samples were analyzed only once. However, all voltammetric runs were carried

out in triplicate and electronically averaged to obtain the mean voltammogram;
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this was then used for obtaining the values of i, after a baseline subtraction as
explained in Section 3.9. The experimental procedure is briefly summarized

below.

Determination of total Cr as Cr(lll)
(All by ition at -1.2 V and scanning from -1.2 to

« Stir for 30 s, place votammetric cell in electrode and purge for & min.
« Buffer to pH ~6.6-6.7, replace in electrode and obain blank voltammogram
* Add NOy, XO and complete calibration by standard additions of Cr(lil)

Determination of °*Cr(Vl) and **Cr(Vl)

( for *#Cr(VI) i by ition at -0.2 V and scanning
from -1.2 to -1.6 V; voltammograms for “?'Cr(VI) obtained by deposition at -1.2 V
and scanning from -1.2to -1.6 V)

* Transfer sample to voitammetric cell

« Buffer to pH ~6.6-6.7, place in electrode and obtain blank voltammograms

* Add NO;, XO and complete calibration by standard additions of Cr(V1)

Results of the analyses are shown in Table 3.9 and have been plotted as a

vertical profile in Fig. 3.32.
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Table 3.9 [Cr] at 54.50°N, 48.46°W in the N.W. Adantic Ocean
S.# | Depth | pH [total Cr| Cr(VI) | Cr(W)) | Cr{illy
(m) pg/L g/l | pgll | CrVl)
7 15 812 | 0144 | 0.104 | 0.040 | 0385
18 |30 815 | 0147 | 0121 | 0026 | 0215
8 |45 825 |0138 | 0.115 0023 | 0200
17 |78 817 | 0102 | 0059 | 0043 | 0729
14 |150 | 856 | 0110 | 0103 |0007 | 0.068
13 |3s0 | 830 | 0137 | 0088 |0049 | 0.557
3 |500 | 833 |0141 | 0099 |0042 | 0424
35 |950 | 848 [0142 | 0105 0037 | 0.352
27 |1407 | 846 | 0165 | 0.164 | 0.001 | 0.006
21 |16e8 | 816 |0.169 | 0.154 | 0.015 | 0.097
28 [19%0 | 842 |0.162 | 0.160 | 0002 | 0.013
22 |2281 | 811 |0.470 | 0167 | 0003 | 0018
23 |2573 | 825 | 0179 0179 |0000 | ©
|24 |2061 | 819 |0.190 | 0.190 |0.000 0
|26 [3398 | 830 |o0119 | 0119 [0000 | O
|34 3593 | 844 |o0198 | 0198 [0000 | ©
25+ |3682 | 850 | 0135 | 0.104 | 0.031 | 0.298

* - is 30 m above bottom
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Fig. 3.32: [Cr] profile in water column at 54.50°N, 48.46°W in the N.W.
Adantic Ocean: », total Cr; o, Cr(V1) and », Cr(1ll).
(i) shows the complete depth profile and (ii) is the profile for the

top 1000 m

It should be mentioned at this point that the aim of this exercise was mainly to

demonstrate that the newly developed method could be applied to the

determination of Cr iation in
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is made here to correlate [Cr] with other existing oceanic data for the water

column. The [Cr] data i here will be i into an ive study
that has been undertaken by an interdisciplinary research group under the aegis
of the Intergovernmental Oceanographic Commission. However, some general
comments about the results can be made by comparing these results with
available oceanic data on Cr. Cr profiles have been published for the Pacific
Ocean [33, 42, 166, 169-171], the Mediterranean Sea [102, 171, 172], the North

Atlantic Ocean [103, 171] and the North West Atlantic Ocean [167].

Campbell and Yeats [167] have determined total Cr at 2 stations in the N.W.
Atlantic Ocean (50°47.9' N, 44°01.7' W and 53°00.0' N, 40°59.7' W ), one station
in the Labrador Sea (60°51.0' N, 56°14.6' W) and one station in the Baffin Bay
(72°14.1' N, 65°56.9' W). These stations are in the same geographical region as
the station from which the samples for this study were collected. The total Cr
concentrations reported by these authors vary between 0.172 and 0.270 upg/L.
The total Cr concentrations found in this study (0.102 to 0.198 ug/L) are about
25-40% lower than the values reported by Campbell and Yeats. Some factors
that could explain the difference in the observed [Cr] in this study and the
previous study are:

1. the seasonal variation of Cr; Campbell and Yeats do not mention the

season during which the sampling was carried out.
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2. the storage of samples after sampling. Campbell and Yeats acidified the

water P i i upon d The storage at high acidity

could be ible for ilizil i bound and colloidal Cr.

These processes would lead to higher [Cr] values. In contrast, for this
study, the samples were refrigerated at natural pH upon collection and
then stored for about 4 years. Adsorptive losses during the storage
period as well as the fact that the CSV method used can detect only
dissolved Cr would lead to lower [Cr].

3. shortcomings in the analytical technique used. Campbell and Yeats
utilized a method based on the solvent extraction of Cr(lll) with Alamine
336 for the preconcentration of Cr and subsequently quantified Cr by
Flameless-AAS.  Since such an analytical procedure is prone to
introduced contamination, incorrect [Cr] values may result. For example

analyte carry-over during the analysis could lead to higher values of Cr.

The tota! Cr profiles in Fig. 3.32 show that below the surface, there is depletion
down to about 100 m followed by a gradual increase with depth. Cr(VI) and total
Cr follow a similar vertical distribution. Such profiles have aiso been observed in

the Pacific Ocean [33, 42, 166] and the Atlantic Ocean [167] and are indicative

of a bioir i iour, with a degree of biogeochemical

recycling. In contrast, in the i Sea, Cr ap y has a
conservative behaviour [102]. According to van den Berg et al. [102], a surface
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depletion is not observed in the it of ic inputs or

low primary productivity in those oligotrophic waters.

The apparent Cr minimum observed at 3400 m has also been observed at
approximately the same depth by Campbeil and Yeats [167]. These authors
have rationalized the Cr profiles with other hydrographic data and movement of

water masses. It is antici that such c: ion will also be made for the

data shown in Table 3.9.

The Cr(ll)/Cr(VI) ratios in Table 3.9 show that the predominant species in the
water column is Cr(VIl), which is thermodynamically the most stable form in
oxygenated waters. Unfortunately no data are available for the speciation of Cr
in these waters, but the speciation data is in agreement with recent data for Cr in

oceanic waters [33, 42, 102].

The Cr(lll) profile in Fig. 3.32 shows that Cr(lll) is present especially within the
region where total Cr depletion occurs. Cr(lll) also shows an inverse correlation

with Cr(V1) in this region. Both these factors could be explained by taking into

consit i i ical activity i ing of Cr that result in the
transformation of Cr species by micro-organisms. Surface enrichment in Cr(lll)
can also occur through atmospheric deposition as well as by the photoreduction

of Cr(VI) [168].



Absence of Cr(lll) at greater depths is indicative of its being scavenged by
sinking detritus which results in its removal from the water column. It is
interesting to note that at the deepest point sampled, Cr(lil) is detected again.
This could be attributed to the remobilization of Cr(lli) from the bottom

sediments.
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CHAPTER 4

ELECTRODE PROCESSES

In this chapter, the nature of the process is il i Given the
complexity of the equilibria in solution, however, the extreme difficulty faced in

the complete identification of the ligand species actually involved in the

complexation with Cr is The pi of two ing sites

on the ligand further complicates the study of the species in solution. XO can

form ML, M,L, ML, and M,L, types of [114]. The di ies involved
in a study of the complexes of XO has been recognized by several authors [114,

173].

With the above in mind, the study of the electrode processes is restricted to
identifying the Cr species involved in the reduction rather than the complex itself.
Also, no attempt is made to identify the XO species that are involved in the
complexation process, although they are believed to be H,XO> and HXO*.

Theref , in the i i i the charges on the complexes are

omitted.
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4.1 NATURE OF THE ADSORBED SPECIES

The following conclusions can be made from some observations noted during

the course of Chapter 3.

1.

The optimal conditions for the determination of *#Cr(V1), “*Cr(VI) and
“12Cr(ill) are exactly the same, which means that the analytical peak is
likely to be due to the electrodic reduction of the same species in each
case. Since the analytical peak is seen only in the presence of Cr and no
other metal ion, it is unlikely that the peak is due to a reduction of the
ligand. Also, since no peak is seen in the absence of the ligand, the
species responsible for the analytical peak has to be a Cr-XO complex.
Cr reduction is expected in the -1 to -1.7 V potential range [79).

The Cr(ll1)-XO complex formed in_solution by the reaction between XO
and nascent Cr(lll) (from the chemical reduction of Cr(VI)) is not adsorbed
onto the mercury (Section 3.7.5, pages 93-94).

Failure of Cr(lll) to give reduction peaks at deposition potentials less
negative than -0.8 V shows that either a Cr(ll1)-XO complex is not formed
under the solution conditions or else a complex is formed but not
adsorbed on the mercury electrode. Since it has been shown above that
the Cr(l11)-XO complex is not adsorbed on mercury, it can be confirmed
that a Cr(ll1)-XO complex is not formed in solution; if it did, the response
from a Cr(lll) solution would show a gradual decrease with time, as was
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the case with the gradual removal of Cr(lll) from solution as a result of
complexation with citric acid and tartaric acid (Section 3.8.2). However,

very stable peaks are obtainable with Cr(lll).

Another observation pertinent to this discussion is that under open circuit
conditions, with either Cr(lll) or Cr(VI1) in solution, no analytical peak is observed.

This observation was made by carrying out the experiment in the normal manner

except that the was swil off il i after dispensing a new
mercury drop and switched on just before the stripping stage. The solution was
stired as usual. This again shows that a Cr(lll)-XO complex does not exist in
solution. Nor does a Cr(VI)-XO exist because otherwise peaks would be
observed during open circuit deposition of Cr(VI) solutions. That a Cr(V1)-XO
complex does not exist in solution is trivial because Cr(VI) occurs as an anion

and cannot be complexed.

All of the above observations lead to the conclusion that the analyte Cr-XO

complex does not exist in solution but is formed in situ by the reaction between

X0, (Hg) and a Cr species by the i of the Cr(lll)
and Cr(VI). The ion of XO is in Section 4.2.

Given the electroactivity of Cr(lll), the complex formed cannot be other than
Cr'-XO,(Hg). At the potential of its generation from Cr(lll), the Cr"-XO complex
would be unstable because the complex is reduced at -1.45 V. This complex will
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get oxidi: to the Cr*-XO complex and remain adsorbed.
Hence, the species accumulated on the electrode during the deposition step is
Cr"-X0. This mechanism for the formation of Cr*-XO is along the same lines as
the reduction of Cr(lll) in the presence of EDTA [174] and other N-substituted
ethylenediaminetriacetic acids [175]. A similar mechanism was proposed for the

adsorption of the electroactive species in the CSV of Fe (Section 3.8.4.1).

From Cr(lll), the adsorbed complex is then formed as follows:

Cr(lll),, + XO,,(Hg) + @ — Cr-XO,,(Hg)

Cr'-X0,,(Hg) — Cr'-X0,,(Hg) + e
The formation of the electroactive complex from Cr(VI) is straightforward. The
reduction of Cr(VI) to Cr(Ill) is possible at potentials less than -0.05 V [96, 176].
However, depending on the deposition potential being used, the complex
formation may proceed through the involvement of intermediates like Cr(V) and
Cr(iV) which provide many pathways to the formation of Cr(lll) species [177]. It

is that the ir i would be i at less negative potentials

(e.g., at -0.2 V) whereas, as the deposition potential is made more negative, the
reduction of Cr(VI) could involve a one step, 3-electron reduction to Cr(lll). E,,
for the 3-electron reduction of Cr,0,” is -0.96 V (v SCE) [79]. Some possible

pathways for the formation of Cr"-XO on the electrode are shown below.
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Formation of intermediates,
Cr(Vi),, + € - Cr(V),
Cr(Vl),, + 26 > Cr(IV),,
followed by the formation of the adsorbed complex,
Cr(V),, + Cr(IV),, + XO,(Hg) - Cr(Vi),, + Cr'"-XO,,(Hg),
or
Cr(lV),, + Cr(IV),, + XO,(Hg) — Cr(Vl), + Cr'-XO_,(Hg)
Cr-XO,(Hg) — Cr"XO,_(Hg) + e
or [178],
3Cr(IV),, + 2XO(Hg) — Cr(V), + 2Cr"-XO,,(Hg).
or, through a 3-electron reduction of Cr(V1),

Cr(Vl),, + XO,,(Hg) + 3¢ — Cr"-XO,,(Hg)

The different mechanisms leading to the formation and adsorption of the
electroactive species would explain the different sensitivities for *?Cr(V1), Cr(lll)

and "'Cr(V1).
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4.2 ADSORPTION ON MERCURY

In the formulation of a ism for the ion of the ive species
during the deposition stage, it is claimed that during the reaction between Cr(ll)
and XO (as also between Fe(ll) and XO: Section 3.8.4.1), the metal ion reacts
with the ligand which is already adsorbed on the electrode. This was
demonstrated by a series of experiments in which the solution in the electrode
was changed by substituting the voltammetric cell. All these experiments were
done in Nanopure water. Typically, these experiments were done as follows: a

voltammetric cell (Cell 1) containing a test solution under given conditions

(constituents, pH) was placed in the and a ic p

initiated. ~ After a suitable deposition time t(1), at E,, = E(1), while the
voltammetric programme was still on, the voltammetric cell was substituted with
a fresh cell (Cell 2) containing a deaerated solution under a different set of
conditions. A further deposition was then effected under the previously initiated
voltammetric programme (at E,,, = E(1) or a different potential E(2)) for a time
t(2), following which a normal stripping voltammogram was obtained. Hence by
varying the contents and pH of cells, E(1) & E(2) and the deposition times t(1) &

t(2), a study could be made of the adsorption of the complex on the electrode.

Some observations and ensuing conclusions from these experiments follow.

The observations below are valid for °?Cr(VI), ?/Cr(Vl) and Cr(lil) and no
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further distinction between these species will be made during the course of this

discussion.

1.

Normal analytical peaks result if the deposition of the complex is effected
from a solution containing Cr and XO with or without NO; but the stripping
is carried in a solution containing only NO,” at pH 7. The peaks persist
whether the stripping is carried out immediately or up to 2 min after
changing the solution. This shows that the Cr-XO complex is very
strongly adsorbed on the electrode and does not desorb back into
solution in the absence of the XO/Cr in Cell 2.

A similar conclusion can be reached from an observation that following a
deposition at the optimum E,, (-1.2 V), if the scanning during the

stripping step is done from O V after an equilibrium time at this potential,

peaks i are P to those i when scanning from
-1.2V.

If XO and Cr are deposited sequentially (XO from cell 1 and Cr from cell
2), Cr peaks are obtained as usual. The peak heights then depend on the
deposition times t(1) as well as t(2). While it is normal that i, should

increase with increasing t(2), it was found that at constant 4(2), i,

ir with i ing t(1). For le, for t(2) = 130 s, i, values of

399, 1507 and 1857 nA were obtained for t(1) = 5, 50 and 100 s
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respectively. This shows that the free XO is first deposited on the

electrode and then Cr(ll) complexes the adsorbed XO.

3 i by the ition of XO at
a) varying E(1) (in the range from O to -2 V) and
b) varying pH (pH 3.5, 5.3, 7 and 10),
followed by deposition of Cr (at E(2) = -1.2 V) and stripping led to
comparable analytical peak heights for Cr. Similar peak heights were
also obtained when XO was deposited under open circuit conditions.
This shows that XO is strongly adsorbed on mercury, independently of pH

and at all potentials.

All the above points ish that XO ion is prior to the
formation of the complex on the electrode. It can also be stated that after the
stripping step, the XO remains adsorbed on the electrode as the free XO. This

attests to the strength of the adsorption of XO on Hg.

It was stated in Section 3.2 that the Cr(VI) response is stable when solutions
containing Cr(VI)-XO are left standing in the presence of mercury. This is
remarkable because it is well known the reduction of Cr(VI) starts as soon as it
comes into contact with mercury [79]; the stability in the presence of XO can be

explained by the formation of an adsorbed film of XO on the mercury surface.
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This film inhibits the reduction of Cr(VI) by preventing the direct contact between

Cr(VI) and mercury.
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4.3 ROLE OF NITRATE IONS

In the Square Wave experiments, addition of NO,” was shown to lead to
enhanced peak heights. This enhancement has been attributed to the
regeneration of the oxidized species by a catalytic reduction of NO;. The

occurrence of ic waves in the ion of Cr

in the presence of NO,” was first observed and fully investigated by Tanaka and
Ito [34] in a polarographic study of Cr(lll)-EDTA. Subsequent work by the same
authors [122] on Cr complexes with some other polyaminodiacetic acids

(Cyclohexanediaminetetraacetic acid (CDTA), Trimethylenediaminetetraacetic

acid (TRDTA) and N-(2-Hy yethyl y iami i ic acid (HEDTA))
yielded similar conclusions on the nature of the effect of NO, on the reduction
current. These authors showed conclusively that Cr(ll)-EDTA, the product of the
electroreduction of Cr(Il1)-EDTA, chemically reduces NO, in the vicinity of the
electrode. In the process, Cr(ll)-EDTA is regenerated and then
electrochemically reduced again, with a concomitant enhancement of the

reduction current.
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The catalytic process can be summarized as:
Cr(ll}-EDTA + e — Cr(I)-EDTA

S o H—
The products of the NO, reduction in the above reaction have not been
completely elucidated. Based on the observation that one mole of NO, reacted
with 8 moles of Cr(Il)-EDTA, Tanaka and Ito [94] have proposed the following

8Cr-EDTA + NO; +10H" + 5H,0 — 8[Cr(H,0)EDTA]" + NH,",

but invoke the possibility that the reduction to NH,” need not go to completion;
an intermediate product like NH,OH may also result. It is noteworthy that
according to these authors [94], aqueous Cr(ll) ions do not participate in the

catalytic process.

Later, Zarebski [95] and Lanza and Tadia [179] utilized the catalytic effect in the
polarographic determination of Cr in the presence of polyaminocarboxylic acids.
With the advent of adsorptive CSV as an analytical technique, the catalytic step
was included in methods for the sensitive determination of Cr with DTPA (96,98,

101] and TTHA [99, 100] as the complexing ligands.

In all the methods utilizing the catalytic effect of NO," for sensitivity enhancement
in the determination of Cr, the catalytic mechanism proposed by Tanaka and Ito
(94] has been assumed and none of the authors has ventured into any further

investigation of this mechanism, nor of the product of the NO, reduction. In fact,
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NO, has also been utilized for itivil in the ic
determination of uranium [180, 181] and molybdenum [182-185], but again, no
mention is made of the possible fate of the NO, in any of these cases.

Taking into account the very convincing work of Tanaka and Ito [94] and the
universal acceptability of the mechanism whereby the Cr(ll) complex is
reoxidized by NO, at the electrode, it was decided that it would not be
worthwhile investigating the catalytic behaviour any further. So, it was accepted
that in the CSV determination of Cr as the Cr-XO complex, the catalytic
enhancement was brought about by the chemical oxidation of Cr'-XO to Cr'-XO
by NO,. This implies that the analytical current seen is originating from the
following process:
Cr'-XO,.(Hg) + e — Cr'-XO,,(Hg)
e R—

The effect of NO,” can be demonstrated in several ways. The most obvious
demonstration of the effect of NO, on the reduction peaks is the great
enhancement observed in the peak heights. As discussed earlier, in the
absence of the catalytic effect brought about by NO,, the method would be

unsuitable for the determination of Cr at levels seen in environmental samples.
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The effect of the NO,” can also be deduced from the cyclic voltammetry of the

Cr-XO system in the presence and in the absence of NO, (Section 4.5).

A more tangible demonstration of the effect of NO, in the electrode process is
provided by an examination of the forward pulse and the backward pulse

components of SW i in the and in the absence

of NO;. The resuitant current in a SW voltammogram is the difference between
the current recorded in the forward pulse and the current in the backward pulse
of the Square Wave. In the SW cathodic scan of a simple, reversible electron
transfer process, the forward pulse would result in a cathodic current whereas
the backward pulse would result in an anodic current as the species reduced
during the forward pulse are oxidized again during this pulse. Since the
cathodic and anodic currents have opposite signs, the resultant current is larger
than either the forward or the backward current. However, in the presence of a
competing catalytic process for the reoxidation of the reduced species,
depending on the kinetics of the chemical reoxidation reaction, the reverse pulse
may result in a large decrease or even a complete elimination of the anodic
current. In some cases, the reverse pulse may even lead to a cathodic current

if, when the pulse is reversed, the applied potential remains negative enough for

sustaining the ion of the i idized species. In the latter case,

the resuitant SW current will be less than the forward puise current. This is why
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in certain icati Dit ial Pulse Yy is p to Square

Wave voltammetry.

For obtaining the of the SW , the experiments were

carried out in Nanopure water at pH ~7.1 on the Cypress System. This
instrument has the ility of ing the SW into its

forward and P . Such lution is not on the

Model 384B Voltammetric Analyzer. The forward pulse and backward pulse

current components as well as the in the SW y of
the Cr-XO system in the absence and in the presence of NO, are shown in Fig.

41,

In the absence of NO;, cathodic and anodic currents are seen respectively in
the forward pulse and the backward pulse, whereas in the presence of NO,,
both the forward pulse and the backward pulse yield cathodic currents. The
presence of cathodic currents in the backward pulse confirms that by the time
the pulse is reversed, the electrochemically reduced Cr(ll) species has aiready
been chemically reoxidized to Cr(lll) by the NO," and during the backward pulse,

this Cr(ill) is again reduced electrochemically, hence the cathodic current.
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Fig. 4.1: SW the forward (3), reverse () and

wvolammograms showing
resulant (¢) currents in the absence (I) and presence (if) of
NO;,.

As demonstrated in Section 3.3, for the stripping process, the SW modulation is

much more sensitive than the DP modulation, and this despite the cathodic

current observed in the backward pulse of the SW modulation. This underlines

the claim that the sensitivity achieved in SW voltammetry is unmatched by other

voltammetric techniques.

The detection of an anodic current in the backward pulse of the SW

voltammogram in Fig. 4.1. shows that the electron transfer step is reversible.

This reversibility will be discussed further in Section 4.5.
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4.4 VARIATION OF E, WITH pH

Generally, the variation of E, with pH can be used as a quick diagnosis for the
number of electrons and (protons) involved is an electrochemical reaction. For a

cathodic process involving m protons and n electrons as below,
Ox*" + mH™ + ne — Red® ™",
E, will shift cathodically by 59m/n mV per unit pH change.

A review of the lif on ive stripping y showed that very

few papers actually make any mention of the effect of pH on E,. The few authors
who do report such findings [110, 186-188] have not attempted to rationalize the
experimental results in terms of the number of electrons involved in the process.
This probably indicates that the above criterion may not be applicable to
processes occurring from an adsorbed state. Vega & van den Berg [188] and
Culjak et al. [187] have attributed the shift in E, to the stabilization of the

complex as a result of decreased proton competition at higher pH.

The variation of E, with pH obtained in the present study, is shown in Fig. 4.2.
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Fig. 4.2: Variation of E, with pH.

A straight line fitted through the points in the graph has a slope of 43 mV/pH unit
(* = 0.98). Cathodic shifts in E, of 30-45 mV/pH have been reported in several
CSV methods [110, 186, 188]. It is difficult to interpret this value because it lies
midway between 30 mV (two-electron process) and 59 mV (one-electron
process). Strictly speaking, the value 43 mV/pH points to a process involving 3
protons and 4 electrons. It is highly unlikely for such a process to be occurring

at the electrode.
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4.5 CYCLIC VOLTAMMETRY

Cyclic voltammetry (CV) is a very powerful technique commonly used in the
ir i of i i Under favourable experimental

conditions, CV can provide considerable information about mechanistic and
kinetic parameters. CV can also be used for calculating the area occupied by

the adsorbed molecule and predict its orientation on the surface.

Because of the particularities of the overall process leading to the analytical

peak in the present study, some difficulties were anticipated in obtaining and

preting the cyclic The main difficulty stemmed from the
smaller currents witnessed in the cyclic voltammograms. Some factors

responsible for this are:
1. the limited amount of the reducible complex available. This limitation is
due to the fact that no complex is present in the bulk solution but is

on the

2. NO,, which in the normal stripping experiments enhance the reduction
current by reoxidizing the reduced species, cannot be used in cyclic
voltammetric investigations (see below).

3. the waveform used in cyclic voitammetry is a linear one. It was shown in
Section 3.3 that the sensitivity of LSV is much lower than SW

voltammetry.
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Another factor which i the interp of cyclic was
that the peaks are seen on a rapidly increasing background current. This, in
conjunction with the observation that the switching potential, E,, cannot be too
negative with respect to the peak potential (see below) meant that the peaks
were ill-defined and peak heights could only be roughly estimated.

In view of the above, the objective of CV was i toanir igation of the
ility of the process and ing to find the number of
electrons it d in the of the complex.

It was predictable that the analytical peak had to be the result of a reversible,
one-electron charge transfer because of the subsequent participation of the
reduced species in the catalytic reaction with NO,. The product of an
irreversible electron transfer would not participate in such a reaction.
Furthermore, catalytic reactions tend to be centered on a one-electron reduction

step, as the kinetics of a two-electron step would be too slow [188].

Preliminary cyclic voltammetric experiments were carried out on the Model 3848
Polarographic Analyzer by generating and depositing the complex on the
mercury electrode for 60 s. After a 10-s quiescence time, the electrode was
subjected to a cyclic potential scan at 200 mV/s. The forward sweep was

cathodic and the reverse sweep anodic. The switching potential was set at -1.6

V. Because of the low currents, ively larger concentrations of Cr
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were used for these experiments. All cyclic voltammetry experiments were done

in Nanopure water at pH 7.1.

Cyclic voltammograms of 4 pg/L Cr, obtained in the presence of NO, did not
show any reverse peaks despite prominent forward peaks. This was expected
because for a catalytic electrode process, the reduced species will be reoxidized

faster chemically than i [189]. Thus an anodic peak will not be

seen because by the time the reverse sweep is applied all the reduced species

will have been reoxidized by the NO,".

However, even in the absence of NO,, anodic peaks consistently failed to
materialize in the cyclic voltammograms of Cr-XO solutions (up to 50 pg/L Cr).
As will be seen below, the anodic peaks were not seen in these voltammograms

because of the scan rate and the switching potential employed.

As already mentioned above, the utilization of a linear potential scan in cyclic

y results a ic loss in itivity and failure to see anodic peaks

in cyclic voltammetry was initially ascribed to the extremely low values of the
oxidation current. In fact, even the cathodic peaks were barely visible in the
cyclic voltammograms (Fig. 4.3(i)). It was thought that if cyclic voitammograms
could be obtained by applying a SW potential scan, the sensitivity of both the
cathodic and anodic processes could be enhanced and the anodic peaks could
then be seen.
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Some SW stripping experiments were therefore carried out in which the complex
was deposited at -1.2 V but the stripping scan was carried out from -16 Vto -1.2
V. (In normal experiments, stripping is done by scanning from -1.2 Vto -1.6 V).
The sudden potential jump from -1.2 V to -1.6 V will generate a flux of reduced
species at the electrode and, in the event of the reversibility of the process, a
rapid anodic scan will produce an oxidation peak as the reduced species are
reoxidized. This peak will be equivalent to the reverse peak of a normal cyclic
voltammogram. However, since the Model 384B Voitammetric Analyzer does
not discriminate between anodic and cathodic currents in the SW stripping

mode, the shape of the voltammogram will still ook like a cathodic peak.

Combination of a normal SW voltammogram (scan from -1.2 Vto -1.6 V) and a
‘reverse’ SW voltammogram (scan from -1.6 V to -1.2 V) would then constitute a
‘pseudo-cyclic' voltammogram. The advantage gained by this method is that a
Square Wave modulation can be used for the potential sweep, resulting in larger
currents. The usefulness of this method is evident on comparing the normal and

the pseudo-cyclic voltammograms shown in Fig. 4.3.

Whereas no peak (cathodic or anodic) is found in the normal CV, a well defined
cathodic peak and an anodic peak are seen in the ‘forward’ and ‘reverse’ sweeps
of the pseudo-cyclic voitammogram. The peak on the reverse sweep is not well

defined and looks like an inflexion rather than a peak but it indicates that the
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is il Itis that the first hint on the reversibility of

the ical reduction was provi by pseudo-cyclic voitammetry.
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Fig. 4.3(i): SW pseudo-cyclic volammograms at 200 mV/s. norm.: scan
from-1.20-1.6 V, rev.: scan from -1.6 w0 -1.2 V.
(ii): LS cydic volammograms at 200 mV/s scan rate.

After the process was shown to be reversible by pseudo-cyclic voitammetry, the

Cr-XO system was investigated further by varying the conditions in the normal

linear scan cyclic y and two it observations were made

regarding the occurrence of the anodic peaks.
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Results from the cyclic voltammetry of the Cr-XO complex in the absence of NO,
showed that the anodic peak is seen only at high scan rates. At the 50 ug/L Cr
level, the anodic peak is first observed for a scan rate of about 1 V/s; the anodic

peak height, i, then increases with increasing scan rates. Fig. 4.4 shows cyclic

oar
voltammograms obtained at scan rates of 200, 1000 and 1667 mV/s.
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Fig. 4.4: Effect of scan rate on cyclic volammograms. v = 1667 (a),
1000 (5) and 200 mV/s (c).

Whether an anodic peak is observed or not is also dependent on the switching
potential, E,; if E, is too negative with respect to the cathodic peak potential, E .
the anodic peak is not seen. This is shown in Fig. 4.5, where under similar
scanning conditions, an anodic peak is seen for E, = -1.54 V, but not when E,=

-1.8V.
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Fig. 4.5: Effect of E, on cyclic volummograms. E, = -1800 mV (3) and
-1540 mV (8).

The effect of E, on i, is more clearly illustrated in cyclic

obtained with the Cypress System (see below) in Fig. 46. These
voltammograms were obtained at 2 V/s for E, = -1540, -1600 and -1700 mV.
The cathodic peaks are exactly coincident in each case but, as E, is made more

negative, the decrease in the magnitude of the anodic current becomes distinct.
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Fig. 4.6: Effect of E, on cyclic volammograms. E, = (3) -1540, (b)

-1600and (c)-1700mV. v =2 V/s.
Cyclic voltammograms of the Cr-XO system were also studied as a function of
the scan rates, v. The Model 384B Polarographic Analyzer was found not to be
suitable for such a study because it does not provide a great degree of versatility

in the choice of the scan rates; theoretically, a maximum rate of 2500 mV/s is
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attainable but it was found that in practice, a maximum of only 1667 mV/s could

be reached.

The Cypress System was therefore used for a study of the dependence of the
anodic and cathodic currents in the cyclic voltammograms of the Cr-XO system.
With a view to obtaining appreciably high values of currents, these experiments
were done in solutions containing 85 ug/L Cr(VI) and 200 pL, 5 mM XO. At this
level of Cr, small anodic peaks were visible for scan rates of 400 mVi/s. As
before, no anodic peak was seen in the presence on NO,. A typical cyclic

voltammogram in the presence of NO, is shown in Fig 4.7.

current (A)

=25 T T Y
-1200 -1300 -1400 -1500 -1600 -1700;
E(mV)

Fig. 4.7: Cyclic voltammogram of Cr-XO in the presence of NO;.
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Results obtained for the effect of scan rate on certain parameters of the CV of

the Cr-XO system in the absence of NO," are shown in Table 4.1.

It is again emphasized that because of the very high background currents seen,
especially as the scan rate becomes faster, the values of the resulting peak
currents are only estimates. Fig. 4.8 illustrates the method of estimation of the

peak heights as well as the symbols used in Table 4.1.

Current (uA)l

Potential (av)

Fig. 4.8: A wypical cydlic voltammogram illustrating the symbols used.
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It is acknowledged that the method used for the calculation of i, is not proper
and cannot be used for any rigorous analysis. But the estimated values of i, , do
provide a good qualitative picture of the increase in i,, with the scan rate. The
ratio i fi,. which is normally a useful quantity in the analysis of cyclic
voltammograms seems to be insignificant and will not be used for any
conclusion.  On the other hand the estimated value of i _ is considered useful

because it has been estimated in a standard manner.
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Table 4.1: Effect of the scan rate on the cathodic and anodic peaks

v [-E, |-E, | & -E, | i, i i, v [10%, v
mvis | (% | @ | @b | ) | @R | @R | ™ 3

200 | 1438 | - - = na. - - -
400 | 1468 | 1445 | 23 | 1457 | 124 | 027 | 0.08 31 0.22
600 | 1478 | 1445 | 33 | 1462 | 204 | 046 | 008 34 | 023
800 | 1488 | 1450 | 38 | 1469 | 296 | 084 | 0.10 37 028
1000 | 1495 | 1446 | 49 | 1471 | 384 | 092 | 012 | 38 | 024
1200 | 1498 | 1448 | 50 | 1473 | 440 | 112 | 013 | 37 | 025
1400 | 1503 | 1445 | s8 | 1474 | 520 | 136 | 0.14 37 | 026
1600 | 1508 | 1445 | €3 | 1477 | 616 | 160 | 015 | 39 | 026
1800 | 1512 | 1442 | 70 | 1477 | 696 | 1.76 | 016 | 38 | o025
2000 | 1516 | 1444 | 72 | 1480 | 760 | 184 | 017 38 | 024
3000 | 1530 | 1440 | 90 | 1485 | 1072 | 272 | 020 36 | 025
4000 | 1543 | 1438 | 105 | 1491 | 1344 | 320 | 021 34 | 024
5000 | 1553 | 1431 | 122 | 1492 | 1584 | 400 | 022 | 32 | 025
7500 | 1575 | 1417 | 158 | 1496 | 2040 | 480 | 024 | 27 | 024
10000 | 1592 | 1413 | 179 | 1503 | 2560 | 480 | 026 | 26 | o019

AE;: ~(E,-E,)
E,: 4(E, +E,)
n.q.: not quantified
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From the data in Table 4.1, it is not possible to draw any definite conclusions

1.

ing the but the ing can be said:
the constancy of i, Jv shows that the reduction is occurring from an
adsorbed state; for a process occurring from an adsorbed state, i, is
proportional to v [190].
For 10-fold increases in the scan rate, the following cathodic shifts can be
estimated in E,:

400-4,000 mV/s: 34 mV

500-5,000 mV/s: 32 mV

600-6,000 mV/s: 32 mV

750-7,500 mV/s: 30 mV

800-8,000 mV/s: 31 mV

1000-10,000 mV/s: 34 mV
This almost constant cathodic shift in E, is indicative of an EC,,
mechanism involving a one-electron reduction. For an EC,, mechanism,
E, shifts cathodically by 30/n mV for a 10-fold increase in scan rate [191]
However, because of the essentially qualitative value of the cyclic
voltammograms, it would not be wise to unequivocally state the existence
of an EC,, mechanism.
a quasi-reversible reduction or an ECE mechanism can be ruled out

because for such processes, ip“lv" decreases with increasing v [192].
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This criterion is i to diffusior but has also
been used for processes where the product is strongly adsorbed [193].
its applicability in the present process, where the reactant is strongly

adsorbed, is assumed.

That the anodic peak vanishes at slow scan rates and when the switching
potential is too negative with respect to E,_ is indicative of a consecutive
process that very rapidly depletes the reduced species at the electrode under
these circumstances. The consecutive process could invoive a further,
imeversible reduction (an EE, mechanism) or an irreversible reaction of the

reduced species (an EC,, mechanism).

An EE,, mechanism can be formulated as follows. It has been shown (Section
4.1) that the species adsorbed on the electrode is Cr'-XO. Assuming a
one-electron charge transfer process, it is possible that at E ., Cr(lll)-XO
undergoes a reversible reduction to Cr(l1)-XO. The current generated during this
reduction constitutes the analytical peak in the Square Wave stripping
voltammetry. At a potential E,,, which is only slightly more negative than E,. the
Cr(11)-XO is then rapidly further reduced, irreversibly, to Cr(0) which gets
deposited on the electrode as metallic Cr.
Cr'-XO,,(Hg) + e == Cr'-XO,,(Hg)
Cr-XO,,(Hg) + 26 — Cr-(Hg) + XO,,(Hg)
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Under such a mechanism, an anodic peak can only be observed if the potential
sweep is reversed prior to E,. and if the sweep rate is fast. A switching potential
removed from E,_ and/or a slow scan rate will result in a longer time between the
generation of the Cr(ll) species and the advent of the reverse sweep. During
this time interval, the irreversible reduction of Cr(ll) can occur and hence no
anodic peak will be seen on the reverse sweep. E, values too negative with
respect to E,,. will also enhance the irreversible reduction of Cr(ll), resulting in a
depletion of the oxidizable species and hence a decrease the anodic current.

The EE,, mechanism hinges on an irreversible 2-electron reduction of Cr(ll) to
Cr(0) but attempts to locate a peak corresponding to this process were
unsuccessful. For this reason, it is thought that the EC,, mechanism is more

likely to be occurring at the electrode.

An EC,, process would require an irreversible reaction that rapidly removes the
reduced species from the vicinity of the electrode. As in the case of an EE,
mechanism, the time elapsed between the forward sweep and the backward
sweep would again explain why the anodic peaks are seen at high scan rates

and for E, close to E,.

One possible irreversible process could involve the reaction of Cr(ll) with OH" in

the vicinity of the electrode to form an insoluble film of Cr(OH), on the electrode.

Such film formation has been shown to occur during the reduction of Cr(lll)
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complexes of some strongly basic ligands like ammonia or ethylenediammine in
neutral unbuffered solutions by Tanaka and Sato [194]. These authors
concluded that the reduction product of Cr(lll) complexes with basic ligands

dissociates to yield Cr(ll) species and basic ligands. The liberated ligands make

the solution alkaline in the vicinity of the and cause the ion of
the Cr(OH),. Such film formation was found not to occur in acidic solutions or
with EDTA complexes, which shows that for such a process to occur, there has

to be an excess of basic ligands in the vicinity of the electrode.

Such a process is unlikely to occur with XO as the ligand for several reasons.

As seen earlier, the XO remains on the after the ion of
the Cr so there is no possibility of excess basicity (derived from the ligand; the
products of NO; reduction could in principle lead to extra basicity) in the vicinity
of the electrode. Furthermore, although no data exist on the stability of Cr'-XO,
it is expected this complex will be very stable, given the extreme versatility of XO
as a ligand to form complexes of different geometries (octahedral, tetrahedral
and square-planar). The Cr(ll)-EDTA complex is very stable in the absence of

oxygen and it is believed that the Cr'-XO complex will have comparable stability.

Ancther possible process responsible for the depletion of the reduced species

from the could be the ion of an i i ic species,

(Cr'-X0),, on the electrode. Cr(ll) is known to form extremely stable polymeric
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compounds with Schiff bases, ing in the ion of whose
stability is such that they are insoluble in all common solvents and unusually
stable to air oxidation; even on boiling with H,0,, oxidation to Cr(lIl) occurs only
slowly [178]. The formation of a polymeric Cr(I1)-XO complex would seem to be
a natural extension of the capability of XO to form M,L, ML, and M,L, type
complexes in solution and such a polymerization process would probably be

highly favoured due to the XO being adsorbed on the electrode surface.
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4.6 SUMMARY OF ELECTRODE PROCESSES

To sur ize the i d in the determination of Cr as the
Cr-XO complex, it is postulated that the complex deposited on the electrode is
Cr*-X0O. This complex is formed in situ at the electrode, by different
mechanisms, depending on the Cr species and the potential used for the
deposition, as explained in Section 4.1. For a given Cr species, the amount of
cr ited under optimi jtions is to [Cr] in the bulk of the

solution and on the deposition time. During the stripping step of the CSV,

Cr"-XO is reduced reversibly by a one-electron process to Cr'-XO. The current

resulting from this step is the i for the
quantification of Cr and is catalytically enhanced by NO,, as explained in

Section 4.3.

The one-electron reduction of Cr(lll) to Cr(ll) is also supported by the fact that a
survey of the electrode processes involved in the reduction of Cr(lll)) complexes

at the mercury electrode [121] shows that most complexes undergo a stepwise

reduction, the first step ponding to the lect reduction to the Cr(ll)
species, followed by the irreversible reduction of the reduced Cr(ll) to Cr(0). In
fact, no example could be found where the reduction of Cr(ll) to Cr(0) occurs
reversibly or through a prior one-electron reduction to Cr(l). Hence the

analytical peak cannot be due to a process other than a Cr(lI1)/Cr(ll) process.
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After the stripping step, the fate of the Cr'-XO is uncertain but of the three
possibilities listed in Section 4.5, the EC,, mechanism with the formation of inert

polymeric Cr-XO species is thought to be the most probable.
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CHAPTER 5

CONCLUSIONS

This was ing the that there was a need

for a simple and sensitive method for the chemical speciation of Cr at

concentrations prevalent in the aquatic envi ts, i in
The accurate determination of Cr species at these levels is fundamental to

and ical studies of the metal in aquatic systems.

The main objective of this work was therefore to develop a method for the

speciation of Cr. Inherent in this objective were requirements of the new method

imposed by the envi chemistry lions and iation) of Cr.

The y low cor ions i meant that

1. the detection had to be sensitive,
2. the overall analytical method should invoive the use of a minimum number

of i ge and i steps so as to reduce the risks of

contamination and analyte losses,
3. the analytical procedure should be performable in a contamination-free
environment.
The need for accurate speciation of Cr meant that the possibility of speciation
change during the analysis should be avoided or minimized. Therefore, the
method had to be rapid and not include time-consuming pretreatment steps.
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The set objective has been i by the P! 1t of a CSV method
described in Chapter 3 of this thesis. The use of XO as the complexing ligand,
coupled with the catalytic enhancement due to NO," leads to a highly selective
method; the sensitivity attains 65 nA nM™ min™ for Cr(Vl) in seawater. This

[ by with, for le, a reported sensitivity of 5.8 nA

nM"" min™ attained with DTPA [101].

Speciation is achieved by the selective determination of Cr(VI) and total Cr as
Cr(lll) on the basis of the potential at which the analyte complex is deposited on
the electrode. The reduction of Cr(Vl) requires only SO, at pH 2 and is
performed in the voitammetric cell. Hence there is no need for steps like
heating/boiling, centrifugation, filtration, solvent extraction etc.; this is a notable

asset in trace analysis as contamination risks are greatly lowered.

Some other important attributes of this method are:

1. the method is relatively rapid. A complete analysis for Cr(V1) and Cr(lll)
can generally be achieved within 1 hour.

2. the method involves almost no prior sample pretreatment and, with the
exception of NO, (the purification of which is easily done), only minute
amounts of additional reagents are required.

3. the ical procedure is on a clean bench.




4. Cr analysis is virtually interference free. Fe®" can potentially interfere but,
in seawater, [Fe?"] is too low to affect the determination; in surface waters,
the effect of Fe interference can become serious and has to be accounted
for.

5. the accuracy and precision of the method are very good. This stems from
the fact that the method is electrochemical in nature and is based on the

fundamental Faraday's Laws of electrolysis. Measurement of the two

that i the ical signal, i.e., current and time
(which is a directly related to the potential, the parameter actually

displayed), can be made with a great degree of accuracy.

The successful application of this new method to the analysis of Cr in the N.W.
Atlantic Ocean samples suggests that its performance is good at the lowest

concentration levels likely to be encountered in natural aquatic systems.

Some observations made during the method development process are worthy of
further investigation. XO is a very versatile ligand and under the proper
experimental conditions, it is believed that it can be very efficient in the CSV
determination of many metallic species. It has already been noted that Cu, Pb
and Fe reduction peaks are obtained at pH ~ 7 (not optimized). Optimization of
the various parameters (especially pH and Egp) could lead to very sensitive

methods for the determination of these metal ions.
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CSV has now been established as a very sensitive analytical technique and
analytical methods have been developed for numerous metal ions. With respect

to sensitivity and ease of ication, no other techni can with CSV.

The challenge now facing proponents of CSV would be to develop analytical
methods that would allow the simultaneous determination of several metals from

the same aliquot sample. ion of such i would find

tremendous applications in environmental trace analysis and would without

doubt help in making electroanalytical very itive as o] to,

e.g., spectrometric methods, the main asset of which remains their multi-element

capability. Making CSV a truly multi-el it i is p ly i
but it is felt that the versatility of complexing ligands like XO could be very

for the simult: CSV determination of several

elements.

A minor drawback of the method described in Chapter 3 is the interference
brought about by Fe® on the determination of Cr, especially on Cr(Vl). Even
though, as discussed in Section 3.8.4.2, the interference is negligible in
seawater (because of extremely low [Fe]) and in acidic surface waters, it would

be worth i igati thods for eliminating this i ice.  Such an

investigation would first need to address the nature of the interaction between

Fe and Cr, especially Cr(lll), in the presence of XO.
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In Chapter 4, an attempt is made to the ism of the p
leading to the appearance of the analytical signal. It has been shown that the
adsorbed complex is a Cr"-XO complex and that the analytical peak is due to a
1-electron reduction of this complex. in view of the complexity of the Cr-XO-NO,"
system and despite the essentially qualitative nature of the arguments presented
in Chapter 4, it is felt that, within the scope of this particular work, satisfactory
conclusions have been reached. However, a more thorough study of the
electrode processes need to be undertaken with a view to identifying the
species i for the lyti peak and the fate of the Cr

species after the reduction on the electrode. The scope of such work could be
extended to include some fundamental aspects of the voltammetry of systems
like the one encountered in this particular case (i.e., cases where an adsorbed

species is reduced and the resulting current is catalytically enhanced).

The synthesis of the polymeric Cr(ll)-XO species invoked in Section 4.5 should
be attempted and its properties investigated. It is believed that this compound
will be very stable and inert to oxidation in air, unlike most other Cr(ll)

complexes.
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