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Summary
Derivatisation methods for improved electrochemical detection
in flowing solutions have been developed
determination of various compounds.

and

applied to the

The schemes described are

based on chemical or photochemical reactions and are applicable to
flow

injection

analysis

and

to

high

performance

liquid

chromatography.
Photochemical derivatisation and subsequent electrochemical
detection have been carried out using the photoelectrochemical
(PEC) approach in which photolysis of the analyte and detection of
the photoproduct take place within the detector cell.

Three modes

of irradiation that differ in the position of the irradiation point
with respect to the position of the working electrode are described.
Implementation of these irradiation modes has been achieved
by designing P E C flow cells employing either the thin-layer or the
wall-jet geometry.

Electrochemical and P E C parameters describing

the analytical performance and efficiency of the P E C cells have
been evaluated.

A

method for determining the amount of light

absorbed inside P E C cells has been developed.
In one irradiation mode the light is introduced into the cell
through an optically transparent working electrode, a number of
which

have

been

surface has been

characterised.
shown

to produce

resulting from surface photoeffects.
detection

technique

Irradiation

utilising

of the electrode

background

photocurrents

To minimise these effects, a

pulsed

irradiation

sampling techniques has been investigated.

and

current

IV

Enhancement of detection of some analytes has been achieved
by

use of chemically

properties.

modified

electrodes with

electrocatalytic

Electropolymerised films containing ruthenium centres

have been found to produce the best results.
The

practical

application

of

PEC

detection

has

been

demonstrated with the determination of nitrosamines, explosives,
alcohols, sugars as well as the speciation of thallium ions and online removal of dissolved oxygen for anodic stripping voltammetric
analysis.
Conventional chemical derivatisation has been employed
detect metals by an indirect amperometric method.

to

The method is

based on the postcolumn reaction of a dithiocarbamate ligand with
the metal ions.
The

addition

of derivatising

solutions

through

a

porous

membrane located in the vicinity of the working electrode has
been investigated.

Electrochemical

control of the porosity of

conducting membranes has been utilised to control the transport of
various reagents.
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Chapter 1

INTRODUCTION

2

The
methods

purpose
and

of this work

systems

for

was

to investigate

derivatisation

and

and

apply

subsequent

electrochemical detection of compounds in flowing solutions.

In

the following sections the major areas of on-line derivatisation and
flow electrochemical detection relevant to this study are reviewed.

1.1 Detection in Flowing Solutions
Measurements in flowing liquids have become progressively
more

important

in

all

branches

of

analytical

Applications include continuous monitoring
environment

or in industry

discrete samples.

chemistry.

of substances in the

as well as laboratory

analyses

of

S o m e of the most significant advantages of flow

analysis over batch procedures include (i) ease of automation,
(ii) reduced

sample

handling, (iii) greater

sample

throughput,

(iv) improved reproducibility and (v) lower cost.
Laboratory techniques for flow analysis include continuous
flow

analysis

(CFA),

flow

injection

analysis

performance liquid chromatography (HPLC).

(FIA) and

In C F A

high

concentrations

are determined on the basis of steady-state detector signals, i.e.,
for a given sample the detector signal is constant with time.

In the

FIA technique a small volume of the sample is injected into a
carrier solution continuously
flowing

stream

transports

detector

where

the

flowing through the system.

the

analytical

sample
signal

band

or

"plug"

is generated.

The
to the

From

an

operational point of view H P L C systems are similar to FIA systems
[1], the main difference being the presence in the former of a
chromatographic column between injector and detector in order to

3

separate the components of the sample.

Transient responses are

obtained in both FIA and H P L C in the form of peaks with the peak
height

or

peak

area

being

proportional

to

the

analyte

concentration.
Of all the flow techniques described above, HPLC is currently
not only the most widely used but it is also one of the most
important analytical techniques in today's laboratories.

A

great

deal of the current interest in analytical measurements in flowing
solutions is undoubtedly due to the attention being given to the
development and improvement of H P L C methods.
As

a large proportion of analyses involve determination of

traces of substances in complex matrices, the detection methods
employed

in conjunction

with flow

sensitive, selective and reliable.

techniques

must

be highly

Most on-line detection systems

have been based on optical and electrochemical methods.

1.2 Electrochemical Detection in Flowing Solutions
1.2.1

General
Electrochemical (EC) techniques are varied and can be based

on

measurements

potential or current.

of

conductance,

impedance,

capacitance,

Of the available E C methods only a few are

important in analytical practice.

Voltammetric

techniques based

on measurements of current under potential controlled conditions
are the most widely utilised.

In its most c o m m o n

form, called

"amperometry", E C detection is performed by holding the working
electrode at a fixed operating potential.

Owing to the popularity of

4

these techniques, the term E C detection is n o w c o m m o n l y used to
describe detection based on voltammetric principles.
Electrochemical methods, especially amperometry, are very
well suited to flow systems in view of their simplicity and ease of
signal handling and automation.

These methods have traditionally

been used in monitoring systems and more recently have found
increasing

[2-5], F I A

application in C F A

[5-9] and

especially

H P L C [5,7,9,10-13],
Although they are not as universal as photometric methods, it
is n o w

clear that E C

measurements

can often have

advantages over the classical spectroscopic approaches.

significant
The major

advantages of E C detection are (i) high sensitivity, (ii) selectivity
and (iii) simplicity.

Since E C detection can be more specific, lower

detection limits are often feasible.

Electrochemical detectors do

not require an optical system therefore, they can be more simple
and m u c h less expensive than U V
electrochemistry

is a surface

or fluorescence detection.

technique, small

transducers

Since
can

easily be constructed.
Electrochemical detectors are the systems of choice for some
important groups of substances for which they exhibit unrivalled
sensitivity [4,10,12,13].

The selectivity of these detectors often

simplifies sample pretreatment and facilitates the determination of
trace compounds in mixtures.

These advantages are fully utilised

in H P L C where the high sensitivity of electrochemistry is combined
with highly efficient separation of the sample components.

5

In some cases the selectivity of E C detection is such that it can
be

used

without

FIA [5-8,14],

a prior

chromatographic

separation, as in

It is also very c o m m o n that new detection principles

and previously unstudied chemical systems are characterised by
FIA before application in H P L C [15-17].

Applications in FIA utilise

the same transducer technology developed for H P L C .
Most applications of EC detection have utilised the oxidative
mode

due to the simplicity and

[5,6,9,12,13,18].
but this form

sensitivity of this approach

Reductive electrochemistry has also been used
of detection demands

more

stringent operating

conditions (Chap. 7). The major requirement is the need to remove
oxygen from the mobile phase and the sample in order to avoid
the large background currents resulting from

the reduction of

oxygen.
The

most

serious drawback

of E C

methods

is the poor

reproducibility of the sensor surface as a result of interactions
with

the

test

solution, particularly

adsorption

of

sample

components or E C reaction products [19-21].
While, as mentioned above, flow EC methods of detection offer
a number of advantages over other detection techniques, they are
also

advantageous

voltammetry.

when

compared

with

conventional

Under flow conditions (i) automation is simple,

(ii) sensitivity is significantly improved as a result of improved
mass transport and absence of charging currents (for potentiostatic
conditions), (iii) electrode

fouling

is minimised

because

the

exposure of the electrode to the sample and reaction products is

6

brief and (iv) selectivity is greatly enhanced if a chromatographic
separation precedes the detection step.

1.2.2 Principles of Electrochemical Detection
Electrochemical detection in flowing solutions is usually
carried out in a transducer consisting

of a small volume cell

(<20 u U ) which contains at least a pair of electrodes, one of which is
the

sensing

or

"working

controlled conditions.

The

electrode"

operated

analyte, transported

under
by

potential

the carrier

solution, passes through the cell and comes in contact with the
working electrode where it undergoes electrolysis via an oxidation
or reduction process.

The current generated by the E C reaction is

measured and used to determine the concentration of analyte.
the E C

For

reaction to occur the applied potential must be greater

(more positive for oxidations, more negative for reductions) than
that required

for the electrolysis of the analyte.

The

excess

potential required to force an oxidation or reduction process is
termed

the

"overpotential".

Since

the

solution

between

the

electrodes must be electrically conductive to allow the current to
flow through the measuring system, a relatively high concentration
(typically 0.1

M ) of an inert supporting electrolyte is normally

added to the solution.
In the description of E C measurements based on voltammetric
principles two processes must be considered:
mass transfer.

electron transfer and

Electron transfer refers to the process by which

electrons are exchanged between the electrode and the analyte in
contact with it.

The electron transfer process controls the rate of

7

the E C reaction w h e n the overpotential applied is relatively small.
Because the analyte can be electrolysed only if it is very close to
the electrode surface, the transport of analyte molecules to the
interface

is important.

Mass

transport

may

occur

mechanisms: migration, diffusion and convection.
amount

of supporting

by

three

If a sufficient

electrolyte is present to avoid

electrical

migration, transport of the analyte to the electrode surface under
hydrodynamic
convection.

conditions

is

effected

only

by

diffusion

and

This is often referred to as "convective diffusion".

W h e n the applied overpotential is such that the reaction rate
is fast relative to the rate of mass transport, the concentration of
electroactive species near the electrode surface is depleted.

If the

overpotential is sufficiently large so that the reaction rate becomes
even faster, the concentration of analyte at the electrode surface
approaches zero.

Under these conditions the E C reaction and the

current

to be

are

said

mass

transport

limited

or

controlled.

Analytical measurements are usually m a d e at high overpotentials,
a condition that ensures m a x i m u m rate of electron transfer.
In a hydrodynamic situation, according to a simplified model
proposed by Nernst [5,22], there is a thin layer of static liquid
immediately adjacent to the surface of the electrode.

Through this

layer the reacting species is transported by diffusion.

Beyond this

layer, called the "diffusion layer" ( 8 ) , the analyte is transported by
convection.

Within the diffusion layer the concentration gradient

is assumed to be linear.

Based on this model the current generated

by the electrolysis of the analyte is equal to:
i = n F A D (Co - C)/S

(1.1)
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where

n

is the number of electrons exchanged, F

constant, A the electrode surface area, D
the analyte, Co
C

the Faraday

the diffusion coefficient of

the concentration of analyte in the bulk solution,

the concentration of analyte at the electrode surface and 8 the

diffusion layer thickness.
If the overpotential is large enough so that at the electrode
surface the analyte has been totally depleted, then C = 0.

Under

these conditions the current is mass transport limited and directly
proportional to the bulk concentration of the analyte.

At such a

potential the concentration gradient across the diffusion layer is
steepest, therefore the current is maximal and is termed "limiting
current".

In FIA and H P L C the concentration of analyte {Co ) is not

constant but changes

continuously

following

sample band, ideally Gaussian in shape.
current follows

the same

variation

the profile of the

According to Eq. (1.1) the

and

therefore, peak

shaped

responses are obtained.
The effect of applied potential on the reaction rate and the
resulting current can be studied by constructing a hydrodynamic
voltammogram ( H D V ) [5,22].

This is ideally an 5-shaped

curve

which is obtained experimentally by measuring the current during
injections

of

the

same

analyte

solution

at different

applied

potentials.

The inflection point is termed the "half-wave potential"

(£ 1/2 )and the plateau region corresponds to the limiting current.
This

region

represents

the potentials

the

current is

limited by diffusion of analyte to the electrode surface.

The slope

of the rising portion of the H D V
or reversibility of the E C

at which

gives an indication of the kinetics

reaction.

The steeper the curve, the
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faster the rate of electron transfer, and the more reversible the
reaction.

Each compound

generates a characteristic H D V

characteristic £ 1/2 , slope and plateau region.

with a

These parameters are

dependent on the electrode material and solution composition.
To achieve the most sensitive detection, it is desirable to
operate the working electrode at a potential on the limiting current
plateau.

However, in some cases it is advantageous to operate at

lower potentials in order to achieve better selectivity or lower
noise levels; the latter m a y be necessary to improve the signal-tonoise ratio (S/N) and the detection limit.
Under hydrodynamic conditions analyte transport to the
electrode surface is partly achieved by convection.

Consequently,

a change in the flow rate will be expected to cause a change in
current.

A n increase in the flow rate leads to an increase in the

current response

[5,22,9].

This results from

a decrease in the

diffusion layer thickness and a consequent increase in the slope of
the concentration gradient.

It should be noted that although the

peak current increases with increasing flow rate, the electrolytic
conversion efficiency diminishes as a result of the decrease in the
residence time of the analyte in the cell.

The peak current is an

expression of the rate of the E C reaction while the charge (peak
area) is a measurement of the amount of analyte electrolysed.
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1.3 Derivatisation
1.3.1

in

Flowing

Solutions

General

Derivatisation in association with FIA and especially HPLC has
become an acceptable and widely used means of analysis of both
organic and inorganic species.

In the past few years, a large

number of papers, reviews and books have been published on the
use of derivatisation as a means to improve analytical methods
[23-31].

Although

chromatography

the formation

can

be

carried

of chemical derivatives in
out

to

improve

separation,

derivatisation to enhance detectability is by far the most common
purpose.

Currently, the most widely used and more reliable H P L C

detection systems are absorbance, fluorescence and E C detectors.
These detection systems are not universal and for certain types of
compounds they lack adequate sensitivity or selectivity.

These

limitations can be circumvented by using suitable derivatisation
techniques

whereby

some

of

the

physical

or

chemical

characteristics of the analyte are altered by forming a product
containing suitable chromophores, fluorophores or electrophores.
The general goals of derivatisation are one or more of the
following: (i) expand

the range

of applications, (ii) enhance

selectivity, and (iii) improve sensitivity.

Usually, the main goal is

to increase sensitivity and this is achieved
compound

by converting the

to a form that produces a greater detector response.

Derivatisation in H P L C

can be either carried out prior to the

chromatographic step (precolumn) or following the elution of the
separated sample from the column (postcolumn).

Both precolumn

and postcolumn derivatisation can be performed either in a batch
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m o d e in a separate procedure (off-line) or on a continuous fashion
as part of the chromatographic procedure (on-line).
Postcolumn off-line derivatisation is possible but it requires
the removal of each analyte from the H P L C system, followed by an
off-line derivatisation step and
with a suitable detector.

detection of the final derivative

The number of steps and time involved

render this approach impractical.
Precolumn on-line derivatisation has not been extensively
used

because

of

the

stringent

limitations

it imposes

on

the

properties of the reagents, reaction time and reaction conditions.
Precolumn
mode

derivatisation is most often employed

[23,25,27].

in an off-line

T h e advantages of this approach

are that it

places few restrictions in the way the reaction is carried out with
respect to solvent, reaction time and
require instrument

modifications.

reagent and

it does not

drawbacks

include: the

The

need for the reaction to either go to completion or proceed to a
precisely determined

degree of completion; the reaction product

must be reasonably

stable; the presence of reaction by-products

and excess reagent m a y interfere with separation; and it requires
extra sample manipulation, clean up and extra time and effort.
Postcolumn on-line derivatisation is the most widely used
approach

and

its

discussed below.

merits, disadvantages

and

applications

are

12

1.3.2

Postcolumn

Derivatisation

Postcolumn derivatisation, sometimes referred to as "reaction
detection", has gained considerable attention over the past few
years and is n o w widely accepted and used in routine analysis
[24,26,28-33].

T h e vast majority of postcolumn

schemes have used homogeneous

derivatisation

(solution) reaction

conditions

where the derivatising reagent, usually delivered by a p u m p , is
continuously added to the column effluent in a low dead-volume
mixing device (Fig. 1.1).

After the mixing stage, the resulting

solution is directed into a reaction chamber where further mixing
and the actual derivatisation reaction occur over a limited period
of time.

At the end of the reaction time the derivatised analyte

solution is passed

through

an E C

[7,26,33-35] or any other

conventional H P L C detector.

5

6

I H
1

2

K^^^^^^—L_
3

4

7

8

9

Fig. 1.1 Schematic diagram of a postcolumn derivatisation system;
(1) eluent, (2) pump, (3) injector, (4) column, (5) reagent solution,
(6) reagent pump, (7) mixer, (8) reactor, (9) detector

The advantages of postcolumn derivatisation are several,
including (i) the derivatisation reaction need not go to completion

13

or be well defined, the only requirement is reproducibility, (ii) the
reaction product need not be very stable, (iii) separation is not
affected by derivatisation, therefore, the separation and detection
steps

can

be

optimised

separately,

(iv) absence

of

artifact

formation, (v) it is free from additional operations and attendant
risks and it is easy to automate for routine operation.
other

techniques, postcolumn

derivatisation

suffers

A s with

from

some

limitations, including (i) increased instrument complexity due to
the need for a second p u m p to add the reagent solution, (ii) extracolumn

band

broadening

caused

by

the

postcolumn

reaction

system, (iii) increased baseline noise, (iv) the presence of excess
reagent that can interfere with detection, and
eluent

for

the

separation

is often

not

the

(v) the optimum
optimum

reaction

medium.
The quality of a postcolumn reaction system depends very
much on the effective control and optimisation of the delivery of
the reagent, efficiency of mixing, and chemical reaction within the
reactor.

Additional factors are the properties of the reagent such

as sensitivity, specificity and stability.
The mixing

device used for contacting and

homogeneously

mixing the column eluent and the reagent stream is usually a "Y"
union or a "T" mixer, the latter being more c o m m o n .

Postcolumn

reactors are designed

time with

to provide

an adequate delay

m i n i m u m dead volume and band spreading.
reactors

are

generally

employed,

the

Three main types of

choice

being

primarily

dependent on the kinetics of the reaction involved [29,32,36].
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For slow reactions requiring reactor residence times between
5 and 20 minutes, "segmented stream" reactors are used.
systems the H P L C

column effluent is segmented

bubbles or immiscible

In these

with either air

solvent plugs at regular intervals.

reactions of intermediate kinetics, i.e., those requiring

For

reaction

times between one to several minutes, a "packed bed" reactor is
preferred.

This reactor consists of a short glass or stainless steel

column packed with small, inert glass beads.

The third type of

postcolumn reaction chamber is the "open-tubular" reactor.

It is

utilised for fast reactions requiring delay times of less than one
minute.

The open-tubular reactor is the simplest system and the

one most frequently used.

This type of reactor makes use of a

piece of stainless steel, or more commonly, P T F E
tubing.

narrow-bore

The capillary tube is normally coiled or knitted to decrease

band broadening [36,37].

This m a y also be reduced by decreasing

the length or the internal diameter of the tube.
A fourth type of postcolumn reactor, known as a membrane
reactor, has been

introduced

in more

recent times.

In these

systems the reagent is introduced into the column effluent stream
through

a

porous, inert

membrane.

Pneumatic

pressure

is

commonly used to force and deliver the reagent solution across the
membrane.
mixers

and

Membrane
reaction

reactors

coils.

A

usually

remove

brief discussion

the need
on

for

membrane

reactors is presented in Chap. 11.
Efforts to avoid some of the shortcomings of postcolumn
derivatisation including demand for an extra reagent p u m p , mixing
and dilution problems and

band

broadening, have prompted

the
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development of pumpless reaction systems that do not involve the
addition of liquid reagents [26,29,32].

Reactor systems that do not

require pumping and mixing units include solid-phase reactors, E C
reactors

and

photochemical

reactors.

Solid-phase

reactors are

essentially packed-bed reactors containing active materials instead
of inert particles.

Derivatisation

can

stoichiometric or enzymatic reactions.

be

based

on

catalytic,

Another approach involves

the use of E C reactions either to generate a reagent which in turn
reacts with the analyte or to convert the analyte into a more easily
detected compound.

Postcolumn derivatisation schemes based on

photochemical reactions have

become

increasingly

popular

over

the last few years [24,31,38,39] and are discussed in the following
sections.
1.4 Postcolumn Photochemical Derivatisation
1.4.1

General
Postcolumn

photochemical

derivatisation

is carried

out in

reactors consisting essentially of a light source, an irradiation coil
and a cooling

system.

In on-line photochemical

derivatisation

methods, the analyte present in the effluent from the analytical
column is irradiated in a continuous manner as it flows through an
open-tubular photolysis reactor.

Following irradiation, the liquid

stream is directed to a conventional H P L C

detector where the

product of the photochemical reaction is detected.
Although photochemical reactors may be used with virtually
any

detection

m o d e , the

fluorescence and

majority

especially E C

of

applications

detection.

Detection

have

used

based

conductivity measurements has also been reported [40-42].

on
This
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approach utilises the increased conductance of the mobile phase
that results from the formation of ionic species w h e n analytes are
exposed to ultraviolet ( U V ) light.

W h e n fluorescence detection is

used the aim of the derivatisation step is to convert the analyte
into

a

derivative

with

enhanced

fluorescent

emission

characteristics [43-47].
Photochemical derivatisation in HPLC with EC detection is
designed to produce electroactive species that can be detected at
oxidative

potentials

detection

of

[15,17,48-54].

compounds

that

This
have

allows
either

the

sensitive

no

inherent

electroactivity or that are only amenable to reductive E C detection.
In addition, it has been shown [15,31,48,55] that a large number of
compounds

that can already be determined

under E C

oxidative

conditions can be studied more conveniently by HPLC-photolysisEC

detection

(LC-P-EC).

A

list of selected

applications

of

LC-Photolysis is given in Table 1.1
Photochemical derivatisations are a function of many
variables and experimental conditions, including type of solvent,
pH

of the solution, salts and

reagents present in the stream,

irradiation time, quenchers present in the eluent, wavelength and
intensity

of

the

light

used.

All

these

variables

should

be

considered whenever photochemical derivatisation is to be utilised.
Photochemical derivatisation reactions are ideally suited to
flow analysis and

offer various advantages

postcolumn chemical derivatisations.

over the traditional
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Table 1.1 Selected applications of LC-Photolysis

Analyte

Detector

Ref.

Pesticides

C

40

Nitrosamines

C

41

Pesticides

C

42

Phenothiazines

F

43

Saccharides

F

44

Phenylurea herbicides

F

45

Nitrosamines

F

46

Tamoxifen metabolites

F

47

Organ othiophosphates

EC

15

Organobromides

EC

17

Explosives

EC

48

Pharmaceuticals

EC

49

Organoiodides

EC

50

Cardiovascular drugs

EC

51

Clofibric acid

EC

52

Cephalosporin

EC

53

Inorganic anions

EC

54

C: Conductivity, F: fluorescence, E C : electrochemical
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(i) The first important advantage is the simplicity of the
instrumentation resulting from the absence of reagent p u m p s and
mixers.
light

The only piece of equipment that needs to be added is the

source.

unhindered

by

In

this way,

the postcolumn

the

chromatographic

reactor setup, and

system

is

the baseline

noise associated with mixing and pulsating flow are eliminated.
(ii) The use of light as the derivatisation reagent avoids
dilution, contamination

and matrix effects normally

with liquid chemical reagents.

encountered

The S/N is improved by eliminating

any noise contributions to the background by the reagent.

An

additional effect is a reduction in extra-column band broadening.
(iii) The kinetics associated with photochemical reactions are
relatively fast since m a n y
intermediates.

of the reactions involve free radical

Thus, only short irradiation times are needed, and

the use of nonsegmented

flow and short reaction coils can be

employed without undue band spreading.
(iv) Apart from being more convenient to perform,
photochemical derivatisation often results in derivatives amenable
to oxidative E C detection and in increased selectivity that can be of
particular value in the determination of compounds in complex
matrices. The high selectivity of this technique results from the
fact that for a compound to be responsive it must absorb radiation
from the U V

source and undergo a photoreaction to produce an

electroactive species which can be oxidised at a specific electrode
and

operating potential.

When

coupled

with

chromatography,
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increased selectivity is achieved as a result of the separation of the
sample

components.

1.4.2 Principles of Photochemical Reactions
A photochemical process is a chemical reaction that takes
place under the influence of light.
of photochemistry, only

According to a fundamental law

light that is absorbed

photochemical effect [56,57].

can

produce

a

Light that is not absorbed by the

molecule cannot induce chemical change.

The absorption spectrum

provides an indication of the wavelengths required

to generate

different molecular excited states.
On the molecular scale, the first step of a photochemical
process is the "absorption" of a photon by the molecule resulting in
the formation of an electronically excited molecule.
M + hv -> M *
where M
in

an

(1.2)

denotes the molecule, hv the photon and M *
excited

state.

The

second

stage

is

the molecule
the

"primary

photochemical reaction" which directly involves the electronically
excited

molecules.

The

final

step

comprises

the

"secondary

photochemical reactions" or "dark reactions" that occur from the
intermediates,

radicals

or

ions

produced

by

the

primary

photochemical process.
Formation of an excited molecule occurs via promotion of an
electron from an initially occupied, low energy orbital, to a high
energy, previously

unoccupied

orbital

[56,57].

excited electronic states can result from

Two

types

of

an absorption process.
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One

state, called singlet state (5), results w h e n

the

promoted

electron does not experience a change of its original spin.
second

state, termed

triplet state (T), arises w h e n

electron undergoes a change of spin.

The

the excited

The lowest singlet and triplet

states are denoted S^and Tx respectively.

Photochemical reactions

normally occur from the Si and ^states regardless of the state that
is produced initially.
Absorption of a photon of light is an extremely rapid event.
In fluid solution at room temperature the lifetime of the lowest
1 0 - 1 3 to 1 0 - 1 2

excited state ranges from
excited

state is a distinct species with

seconds [56,57].
characteristic

The

physical

properties and its o w n characteristic range of chemical reactions.
Deactivation of the excited state can occur via physical processes
such as radiationless decay or luminescent decay involving loss of
energy by collisions or emission of light, respectively.
physical

processes regenerate

chemical
undergoes

reactions

can

occur

decomposition

photochemical

the

product.

in

or

The

radiation causes a compound

ground
which

state.
the

to undergo

with

In addition,

excited

rearrangement
efficiency

These rapid

to

molecule
form

a

which

absorbed

a specified

chemical

change is expressed in terms of "quantum yield" (0), the ratio of
molecules of product formed to the number of photons of light
absorbed.
For efficient conversion of analyte to product an irradiating
wavelength is required at which analyte absorption is high and
product absorption is low.

Simple absorbance of light, however,

does not necessarily lead to the chemical transformation and the
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formation of a n e w species. For such a reaction to take place, bond
breakage

must

occur, a process

amounts

of energy

[58].

that requires

Light

398.7 kJ/einstein at 300 n m
Since organic chemical bonds

in

and

relatively

the U V

region

large

contains

597.9 kJ/einstein at 200

have

dissociation energies

nm.

above

167.4 kJ/mol it can be seen that light in the U V range is the most
suitable radiation for effective photolysis.
The molecular excited state is both a better reducing agent
and a better oxidising agent [56,57].

In the excited state the

molecule is a better electron donor because the promoted electron
is more weakly bound than it was in the ground state.

O n the

other hand, the excited molecule is also a better electron acceptor
because the empty orbital that was occupied before the electronic
excitation can accept an electron from another species.
is that electron transfer is a c o m m o n
mechanisms

The result

first step in photochemical

and the immediately following chemistry is that of

radical cations and radical anions.

These species as well as m a n y

of the final products are often electroactive and amenable to E C
detection.
Interaction of an electronically excited state with a second
molecular

species

deactivation

of

may

the

lead

excited

to

a

state

chemical
to

substrate molecule in its ground state.
called quenching

of the excited

formation

electronically

of an

regenerate

the

or

to

original

This general process is

state and
excited

reaction

it m a y

state

of

lead
the

to the

quencher.

Oxygen is an important, though often unwanted quencher, since it
can interact with m a n y excited states of other molecules.
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A n important use of quenching is in the generation of excited
states that are not readily accessible by the normal process of light
absorption.

This use of quenching is called "sensitisation" [56,57],

In this process a photoactive compound, the sensitiser (S), absorbs
light and generates an excited state.

This energy m a y

then be

transferred to other molecules and lead to the formation of an
electronically excited state as shown by Eqs. (1.3) and (1.4).
S + hi/ -> S* (1.3)
S* + M

-> S + M *

(1.4)

The excited species M* can subsequently undergo a chemical
reaction or energy deactivation.

1.4.3 Photochemical Derivatisation Using Reaction Coils
The first postcolumn photochemical reactor applied to a
flowing stream was developed by Iwaoka and Tannenbaum [59].
They photohydrolysed N-nitrosocompounds
was

subsequently

Electrochemical
photochemical
determination
were

detected

on-line

detection

was

derivatisation

by

by

photodecomposed

to

a colorimetric

first
Snider

of volatile nitrosamines
produce

electrochemically using a flow cell.

to produce nitrite that

coupled
and

[55].
nitrite

to

Johnson
The
that

reaction.
on-line
for

the

nitrosamines
was

detected

Since then a large number of

LC-P-EC applications have been reported (Table 1.1) particularly
by Krull and co-workers.
While maintaining a basic design, a large number of individual
photochemical

reactors

have

been

described

[24,31,38].

The
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irradiation sources employed range from high intensity H g
arc lamps

to m e d i u m

fluorescent

black

and

low-pressure

lights.

All

of

these

or Z n

light

lamps

sources

and

exhibit

Most photolytic processes

relatively high outputs in the U V region.
require U V

Hg

or X e

radiation to proceed at analytically useful rates.

In applying photochemical reactors, particularly when arc
lamps are utilised, attention should be given to thermal effects
resulting from the heat generated by the light source.
and

reproducible

cooling

of the system

temperature fluctuations and

irreproducible

Constant

is required

to avoid

measurements.

The choice of material for reaction coils has been restricted to
quartz and P T F E , although the latter has been preferred [24,31,38].
P T F E capillaries are more convenient to use because they are less
fragile, easier to handle and more readily available in different
diameters.

The

significantly

transmittance

lower

than

that

of P T F E

to U V

of quartz

below

light is only
280

nm.

A

disadvantage of P T F E is that the material is permeable to oxygen,
so that the detection of certain analytes m a y be hindered (Chap. 7).
Another concern when using P T F E reaction coils is the release of F*
and H +

ions from the tube inner surface that has been shown to

occur upon irradiation [60].
result

of

their

own

Teflon reactors undergo fracture as a

photochemical

degradation

after

several

months.
Although the initial photochemical reactors employed reaction
coils simply wrapped

around

the U V

lamp, it is n o w

common

practice to use knitted irradiation coils to minimise extra-column
band

spreading

[31,37,38].

The

wraparound

configuration

can
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result in severe band

broadening, peak

distortion

and

loss of

chromatographic resolution.
The goal of postcolumn photochemical derivatisation is to form
as m u c h photoproduct as possible but with m i n i m u m
photolytic degradation of that product.

A

subsequent

general observation in

photochemical reaction detection is that there exists an optimal
residence

time in the photochemical

reactor

[24,31,38],

The

residence time in the reaction chamber is governed by the flow
rate and the tubing diameter and length.

Studies of response as a

function of flow rate have shown that there is an initial rise in
response with increasing residence time, then a plateau, followed
by a steady reduction of the response.

This parabolic curve

indicates

initial photolysis

that the

analyte

undergoes

an

to

produce an electroactive species, but with further photolysis the
initial photoproduct is converted to a form which is no longer
electroactive at the applied potential.
The use of chemical reagents can greatly increase the
applicability
[24,31,39].
addition

of

postcolumn

photochemical

It is possible to combine
of

reagents

necessary

to

derivatisation

this approach
assist

or

photochemical reaction or detect the photoproduct.

with the

induce

the

If reagents

must be added, photochemical reaction systems offer a high degree
of flexibility since addition can be made precolumn or postcolumn.
In the latter case, reagents m a y

be added before the reactor or

after the reactor [45,61], if the reagent is used only to facilitate
detection of the photolysis products.
possible

the

development

of

The use of reagents has made

detection

schemes

in

which

a
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sensitiser, added to the mobile phase, is used to absorb light and
initiate

a

photochemical

reaction

with

photoinactive

analytes

(Chap. 5).

1.5 Photoelectrochemical Detection
In more recent times as part of a modern trend toward
miniaturisation of detection devices [16,62-65], a second m o d e of
photochemical reaction detection was introduced by Weber and coworkers [62]. In this approach, called "photoelectrochemical (PEC)
detection", the eluent from the analytical column passes through
an amperometric detector cell fitted with a transparent window so
that light from
compartment.

an external source can be shone into the cell
The intermediates or photoproducts

generated

by

the light absorbed by the solution are immediately detected within
the cell, at the working electrode.

While the approach employed

by Weber et al. involved illumination of the solution directly above
the

working

electrode

in

a

wall-jet

cell,

others

described

experimental setups which made use of thin-layer cells [16,63,64].
In these cases the solution above the working electrode as well as
the electrode surface were irradiated.
In the detection

scheme

described

above

derivatisation is

carried out within the detector, and the cell compartment serves as
both photolysis reactor and
approach

a

number

of

measuring

benefits

may

chamber.
be

In using this

obtained

over

the

conventional photochemical derivatisation systems [38].
(i) Since no reaction coil is needed, the extracolumn band
broadening is completely eliminated.

The cost and time required
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to construct a conventional reaction coil, which involves knitting
20-30 m

of teflon tubing, is also eliminated.

lifetime

of

these

reactors

is

limited

A s noted before, the

due

to

photochemical

degradation.
(ii) In a PEC cell, photolysis times are much shorter than those
utilised in conventional photochemical reactors.

A s a consequence,

degradation of the desired photoproduct due to overexposure is
minimised.

Removal of the reaction coil also results in shorter

analysis time.
(iii) Since the photochemical derivatisation takes place very
near

the

electrode

intermediates

and

surface,

products

photogenerated

with

very

short

excited
lifetimes

states,
can

be

detected.
(iv) A

final advantage stems from the simplicity of the P E C

experimental setup which

involves handling

of a system

much

more compact than the conventional coil reactors.

1.6 Irradiation Modes in Photoelectrochemical Detection
For the purpose of this work, it is considered that photolysis of
the solution stream inside an E C flow cell m a y be carried out in
three different modes depending

on the relative position of the

irradiation point and the detection point.

The irradiation site is

mainly determined by the position of the window
the light is introduced into the cell chamber.

through which

The detection site

corresponds to the point at which the working electrode is placed.
To be useful for flow P E C detection, the photolysis point must be at
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the same point or upstream of the detection site.
irradiation modes

The proposed

are illustrated in Fig. 1.2. For simplicity the

electrode is assumed to be in a channel through which a solution is
flowing under laminar flow conditions.

A s discussed later other

geometries are possible.
In the first arrangement (A), irradiation takes place in a point
upstream

and

"adjacent"

to

the

working

electrode.

The

photogenerated product is transported to the working electrode by
the convective action of the solution

stream.

In the

second

configuration (B), the point of photolysis is located "above" the
working

electrode.

To

generate

the

analytical

signal, the

photoproduct must diffuse to the electrode surface before it is
swept away

by

the streaming

solution.

If the light b e a m is

directed from the side opposite the working electrode both the
solution

and

the electrode

surface

are irradiated.

The

third

approach (C) requires the use of an optically transparent electrode
(OTE)

since

the

light b e a m

must

electrode to reach the solution.

pass

through

the

working

In this case, photolysis occurs

directly "on" the electrode surface within the diffusion layer of the
electroactive photoproduct.
Of these three irradiation approaches, only the "above"
configuration has been applied to P E C detection in flow systems
[16,62-64].

The

"on" m o d e

has only been used

solutions for conventional P E C

in stationary

or spectroelectrochemical studies.

Conceivably, any of the three irradiation modes m a y be applied to
any

of the cell geometries

commonly

employed

in flow

EC
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A. "Adjacent"
\s ;•:•;• •:;••;;•{

hv

! h.v

B. "Above"

V/E
^ir^r^ p p »•, ^^~rr
1

*

C. "On'

•

t

hv

Fig. 1.2 Irradiation modes of photoelectrochemical detection in flowing
solutions; W : window, E: working electrode.

29

detection.

However, for practical reasons the thin-layer and the

wall-jet are the only analytically useful designs (Chap. 2).
Comparison of the three approaches indicates that, in
principle, and based on hydrodynamic and E C

considerations, the

"on" m o d e appears to exhibit the most efficient configuration since
the detectable species is effectively
surface.

generated

at the electrode

Dilution of the photolysed plug due to diffusion and

convection is thus avoided or minimised.

However, this approach

exhibits a number of practical drawbacks such as the preparation
and availability of suitable OTE's.

In addition, a search of the P E C

literature shows that irradiation of the working electrode m a y lead
to the generation of noise and background currents (Chap. 3).
The "above" m o d e is also subject to the problems arising from
direct irradiation of the electrode surface.

In this case, a second

drawback results from the fact that most of the photolysis takes
place on the side of the channel opposite the working electrode.
The photoproduct, therefore, must diffuse across the channel to
reach the electrode surface.

The advantage of this m o d e is that it

does not require specially designed and prepared electrodes.
The "adjacent" mode is advantageous in that the electrode
surface is not exposed to the light and it permits the use of any
conventional electrode material.
at a certain distance from
possible

to

collect

the electrode surface, it should

(detect)

photoproduct, provided

the

detection points is minimal.

Although photolysis takes place

a

significant

separation

proportion

between

be

of

the

irradiation

and
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1.7

Aims

of the Project

The general aim of this project was to study, develop and
apply n e w derivatisation procedures and E C detection methods and
systems for determination of compounds in flowing solutions.
the

main

purpose

of this work

was

to investigate detection

processes, the flow technique most often used was FIA.
due

to

the

similarities

techniques, the

detection

incorporated into H P L C

existing

between

schemes

developed

methods.

As

However,

laboratory
can

Chromatographic

be

flow
readily

separations

prior to detection were included in some applications.
The project involved various aspects of E C detection including
postcolumn

chemical

derivatisation,

reaction,

chemically

postcolumn

modified

photochemical

electrodes,

pulsed

amperometric detection, design of detector cells and development
of practical applications.
The major part of the work reported here involved the
combination of postcolumn photochemical derivatisation with
detection and is described in Part I.

EC

Specifically, attention was

focussed on the P E C approach where derivatisation and detection
occur within the detector cell.
Initial research was aimed at designing and evaluating various
P E C cell types and geometries which could allow the application of
the previously
included

considered

irradiation

modes.

electrochemical, photoelectrochemical

parameters.

The

evaluation

and

irradiation
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A

study

properties

of the optical, electrochemical

of

electrode

materials

and

potentially

photochemical

useful

for

PEC

detection was included.
A number of applications designed to further evaluate the PEC
cells and to demonstrate the applicability of the proposed

PEC

approach

was

were

developed.

carried out between

When

electrode materials, irradiation modes, cell

designs and measuring techniques.
determination

of

possible, a comparison

compounds

of

The applications included the
environmental

and

industrial

importance such as nitrosamines, explosives, alcohols, sugars and
thallium.

In most cases only representative members of a family

of compounds were determined.
work

to

carry

out

It was not the purpose of this

comprehensive

method

development

optimisation for each type of compound investigated.

and

In one of the

applications irradiation was not used to photolyse the analyte but
to remove oxygen from solutions to facilitate the use of reductive
electrochemistry

in the detection of metals by

anodic

stripping

voltammetry.
The use of pulsed irradiation was investigated as a means to
overcome the background effects resulting from irradiation of the
working electrode in the "above" and "on" modes.
In order to improve the sensitivity of the detection schemes
being

developed, various

evaluated.

Efforts

were

chemically
concentrated

modified
on

application of electrocatalytic polymer films.

electrodes

the preparation

were
and

Illumination of these

electrodes to achieve photocatalytic effects was considered.
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In the area of chemical derivatisation, described in Part II of
this thesis, the first aim was to investigate the use of a soluble
dithiocarbamate

ligand

as

a postcolumn

reagent

for

improved

detection of metal ions by an indirect amperometric scheme.
A second objective involved the development of a reagent
addition electrode which could allow both derivatisation of the
analyte and subsequent detection of the derivative to occur at the
electrode surface.
could

It was envisaged that the derivatising reagent

be delivered

membrane

in an

into the sample

approach

membrane reactors.
addition

of

investigated.

reagent

solution through

similar to that used

a porous

in postcolumn

Conducting membranes that would permit the
to

be

controlled

by

EC

means

were
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Chapter 2

PHOTOELECTROCHEMICAL CELLS
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2.1 INTRODUCTION
2.1.1 Electrochemical
2.1.1.1

Parameters

General

Electrochemical (EC) detection in flowing solutions is carried
out in small volume
material.

cells usually

T h e three

electrodes

constructed

necessary

from

a plastic

for the measuring

system, i.e., the working, reference and auxiliary electrodes, are
placed in close proximity within the cell.

W h e n the electroactive

analyte, carried by the stream flowing through the cell, comes in
contact

with

the working

electrode

held

at an

appropriate

potential, a current signal is produced.
When

compared with other detection systems, E C detectors

based on voltammetric principles show

two distinctive features.

Firstly, the detection is based on a chemical (electrolysis) rather
than a physical process.
occurs

in a localised

electrode.
electrode
mechanism.

Secondly, the actual detection process

area of the detector cell, the working

Consequently, the transport of the analyte
surface

is a

fundamental

part

of

A s a result, the hydrodynamic

the

to the

measuring

conditions

become

important and factors such as cell geometry, fluid flow pattern and
dead volume need to be considered.
All electrolytic detectors, namely
and

polarographic, operate

amperometric, coulometric

on the basis

of the oxidation or

reduction of the analyte at the working electrode held at a usually
constant potential.

In all cases the current generated is measured

and used to determine the analyte concentration.
only difference between

amperometric

In principle, the

and coulometric detectors
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is

the

electrolytic

conversion

efficiency.

With

coulometric

detectors complete electrolysis (100 % ) of the analyte occurs, while
with

amperometric

takes place.
which

only partial electrolysis

(1-10

%)

A polarographic detector is an amperometric device

employs

electrode.

detectors

a dropping

mercury

electrode

as the

working

Amperometric systems are by far the most commonly

employed E C detectors.

They are preferred over other E C detectors

for their higher sensitivity, wider range of applications, simpler
design and construction and easier operation.
Any EC detector should ideally meet a number of
requirements [5,9]: it should be selective, highly sensitive, exhibit
long term

stability and provide

a wide

linear range.

In the

following paragraphs these factors are briefly discussed in relation
to the design parameters and characteristics of the flow cell.
Selectivity. Selectivity in EC detection can be achieved by
adjusting the applied potential.

It can also be controlled by a

judicious choice of electrode material.
obtained

by

selection

of potential

compound.

using

pulse

waveforms

windows

aimed

Further control can be
that

make

possible

at detecting

Similar results can be obtained with

a

the

specific

dual-electrode

cells.
Sensitivity. Sensitivity, defined as the slope of the responseconcentration curve, is affected by
applied.

the potential and

waveform

A s far as cell design is concerned, an obvious w a y of

increasing the analytical signal is to increase the area of the
electrode.

However, this will also increase the noise and reduce

the signal-to-noise ratio (S/N) which results in loss of detectability.
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Another w a y
mass

of improving sensitivity is to increase the rate of

transport of the analyte to the electrode.

This can

be

achieved by using a more convenient cell geometry or reducing the
dead volume.

Higher flow rates will also increase mass transfer

and the current signal.

The effect of flow rate on the detector

response varies with the cell geometry.
Stability. Stability problems are normally associated with a loss
of activity

of the electrode

with

time

caused

by

adsorption

phenomena and deposition of reaction products on the electrode
surface.

In this respect, flow patterns can affect the rate of

electrode passivation.

The

application

of a suitable potential

waveform can also alleviate electrode fouling.

Since mechanical

polishing is usually required to resurface the working electrode,
cell designs that allow easy access to the working electrode surface
are preferred.
Linear Dynamic Range. Most EC detectors comply with the
requirement of a wide linear range.
magnitude

are

common.

Linear ranges of 3-5 orders of

Linearity

of

response

is

usually

associated with the ohmic potential drop (//?) of the cell which
should, therefore, be kept to a minimum.
It is apparent from the above discussion that three major
elements are critical for the adequate analytical performance of an
EC

detector:

the

working

technique and the cell design.
performance

of E C

electrode

material, the

Each of these three aspects of the

detectors are discussed

emphasis on cell design.

measuring

below

with special
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2.1.1.2 Electrode

Material

The properties and applications of working electrode
materials used in voltammetric
detail [7,66,67].

analysis have been reviewed in

Only a few remarks will be m a d e here.

The working electrode material should be selected on the
basis of providing a suitable potential range for the application at
hand, low and constant residual currents and noise, reproducible
surface activity and
addition, an

favourable electrode reaction kinetics.

electrode

material

for

measurements

In

in

flowing

over

mercury

solutions requires ruggedness and long term stability.
Despite reproducibility problems and sometimes higher
residual currents, solid
drop electrodes.

electrodes

are preferred

Their superior mechanical stability and

wider

potential range, particularly in the positive direction, are major
advantages.

Solid electrodes also allow simpler cell designs to be

employed.

The

major

drawbacks

of solid electrodes

are the

adsorption of electrode reaction products and formation of oxide
films that cause
electrode.

variations in the active surface

Various chemical, E C

area of the

and mechanical methods have

been proposed for cleaning solid electrodes [19,20].
Common solid electrode materials include several forms of
carbon, such as glassy carbon, carbon paste and pyrolytic graphite.
Of these, glassy carbon is the most widely used.

A m o n g metallic

electrodes, Pt and A u are the most popular but

other materials

such as A g , C u and Ni are occasionally used.

Most of the above

electrode materials can also be used as substrates for mercury
film electrodes.

N e w working electrodes have become available in
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recent

years

with

the

electrodes (CME's).

A

development

of

chemically

modified

discussion and applications of C M E ' s are

presented in Chap. 9
The choice of reference and auxiliary electrodes is usually
m u c h easier than the choice of working electrode.

Most detectors

employ Ag/AgCl and A g / A g + reference electrodes for aqueous and
non-aqueous

solutions respectively.

Platinum

or stainless steel

solution outlets usually serve as auxiliary electrodes.

2.1.1.3 Measuring Technique
The simplest and most common measuring technique used in
flow E C analysis involves monitoring the current while a constant
potential is applied to the working electrode.

The advantage of

this approach, called "direct current ( D C ) amperometry", is that
measured

signals

normally

a

are free

limiting

voltammetric methods.

from

factor

for

charging

currents

detection

in

which

are

conventional

Therefore, detection limits 2-3 orders of

magnitude lower than those obtained in batch measurements are
possible.

However,

in

attempts

to

improve

EC

detection,

techniques involving the variation of the applied potential with
time have been introduced.
Transient techniques may be classified as voltammetric or
pulsed amperometric.

In voltammetric detection, a record of the

current is obtained as a function of potential which is scanned over
a significant voltage range.
of detection using

Application of the voltammetric m o d e

linear sweep

and, more

waveforms, have been reported [68-70].

A

commonly, pulsed

disadvantage of this
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approach is that a fast sweep rate is required to allow completion
of one complete scan while the analyte is within the cell. Fast scan
rates generate high

charging

currents

and

as a result these

techniques have limited sensitivity.

i

i

i

i

1

1

i 1 1 1

time

Fig. 2.1 Pulsed amperometric detection waveform; E2: base potential, E\\
detection potential, t2-' pulse internal, tj: pulse duration, ts: sampling time;
the current is measured for a few m s after ts

Pulsed amperometric detection (PAD) involves the repetitive
application of a waveform consisting of 2 or 3 short potential
pulses of small amplitude (Fig. 2.1). The current is measured at a
specific point (ts) of each cycle.
offer

better

S/N

than

Pulsed

voltammetric

amperometric techniques
measurements

and

consequently, they are of more interest from the analytical point
of view.
for

According to theory, sensitivity (current/concentration)

pulsed

amperometry

amperometry
[71-72].

is
In

usually
pulsed

greater

techniques

than
the

for

DC

detection

potential is applied for a short period, hence reducing the time
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during which the electrode reaction takes place.

This implies a

thinner diffusion layer and, as the current is proportional to the
concentration gradient, a higher signal.
However, the application of transient techniques does not
normally improve the detection limit [73-75].
decaying
successful

residual

currents

discrimination

background processes.

of
of

solid
pulse

The large and slow

electrodes

prevent

the

techniques

against

the

The elimination of the signal dependence

on the flow rate has been observed by some authors [74,76] but
not by others [75,77].

It appears that this effect is only significant

and noticeable at very low flow rates.
There are two advantages of pulsed techniques that are now
widely accepted.
compared
compounds

The first is an improvement in the selectivity

with that of D C

amperometry.

in the presence of others can be carried out using

differential pulse measurements [78,79].
reduction

Selective detection of

in

electrode

fouling

The other advantage is a

[68,80].

Because

in

pulse

amperometry the detection pulse is of short duration, the exposure
of the electrode to reaction products is diminished and therefore
the electrode stability is improved.

2.1.1.4 Cell Design
2.1.1.4.1

General

Of all the elements determining the performance of a flow EC
detector, the most critical is the cell design.
parameters
impossible.

of cell design

is not

only

Optimisation of all the

difficult but

frequently

Often some of the requirements must be compromised
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to meet others.

The most important parameters are

resistance, dead volume and noise.

electrical

The effect of cell geometry and

hydrodynamics on detector performance is discussed together with
the types of detectors in the next section.
Resistance. When current flows through the solution in a cell it
gives rise to an ohmic drop, known as iR drop. This iR drop causes
the potential of the working electrode to decrease and as a result
the linear range
becomes

of the detector is diminished.

significant w h e n

Non-linearity

high current levels are produced

or

when the conductivity of the solution is low.
The above problems can be alleviated or eliminated by
appropriate positioning in the cell of the reference, auxiliary, and
working electrodes [81,82].

The electrodes should be close to one

another to minimise the iR drop.
very

small

compromises

arrangement is that with

must

However, since cell volumes are
be

made.

A

convenient

either the reference electrode or the

auxiliary electrode opposite the working electrode.

However, to

avoid potential interferences from materials or products released
by the reference or auxiliary electrodes, these two electrodes are
usually placed downstream of the working electrode.
Cell resistance is even more critical when using measuring
techniques

in

which

instantaneous currents

potential
generated.

pulses

are

applied

and

high

In these cases, an effective

potential control and an undistorted response are only possible if
the iR drop is kept to a minimum.
Dead Volume. The dead volume of a detecting device has a
direct bearing on resolution, sensitivity and response time.

The
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effect of increasing the dead volume of a detector cell is to dilute
the sample
height.

causing

band

broadening

and

a reduction

in peak

The dead volume of a detector consists essentially of

contributions from the volume of the cell and the volume of the
connecting tubing and fittings.

The first contribution is normally

the largest.
An EC cell with small volume not only suppresses dilution but
also increases the signal current by causing an increase in the rate
of mass transport.

For an E C detector, although the geometrical

volume and the dead volume are related, they are not identical.
The dead volume can be smaller [83] than the physical volume.
This is due to the fact that the E C detector only detects what is in
the vicinity of the electrode surface.
determined by the flow pattern.

The dead volume is then

Furthermore, the dead

volume

can be a function of flow rate [84,85].
The dead volume can also be larger than the geometrical
volume.

This arises due to the contribution from the sensor and

electronic circuitry time constants [82,86].

The effective cell dead

volume increases as the time needed for the detector to respond to
a change in analyte concentration increases.
Noise. Noise can be defined as a random signal superimposed on
the steady state background
originates

from

hydrodynamic,

environmental sources.
the

magnitude

of

signal.

the

Noise in E C
chemical,

flow systems

electronic

and

In E C detection the noise is proportional to
background

dependent on the potential.

current

which

in

turn

is

The background current arises from
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the electrolysis of solvent or electroactive impurities in the carrier
stream.
Most types of noise are directly proportional to the surface
area of the working electrode and the S/N
by using small electrodes [87,88].

can usually be improved

Often, the major source of noise

is the pulsating flow caused by the eluent p u m p .

Noise can also

arise from any turbulence occurring in the cell, if well defined
hydrodynamic conditions and well polished electrode surfaces and
cell walls are not maintained.
pick

up

(50/60

H z ) noise

Other sources of noise include mains
and

thermal

noise

if the

ambient

temperature is subject to oscillation.

2.1.1.4.2 Types of Cells
In the following discussion only the basic designs of
amperometric

detectors are considered.

specific designs and applications

Detailed

description of

are available in the literature

[5,7,11].
Several cell geometries have been described but three have
been most extensively studied:
Limiting

currents

under

tubular, thin layer and wall-jet.

steady

state

amperometric detectors have been derived

conditions

for

these

[22] on the basis of

hydrodynamic principles (Eqs. (2.1)-(2.4), Table 2.1). Usually, it is
assumed that the liquid flow is laminar and that the rate of the E C
process is controlled by mass transport alone.
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Table 2.1

Steady-state limiting currents for amperometric
detectors [22]

Cell

Limiting current

Tubular

i = ki n F C D2/3 p/3 r2/3 TJ2/3

Thin-layer

i = k 2 n F C D2/3 h-2/3 w-l/3 b 1 2/3 Tjl/3

Wall-jet disc

i = k 3 n F C D2/3 y-5/12 ^-1/2 r3/4 TJ3/4

Wall-jet ring

i = k 3 n F C D2/3 y-5/12 d-l/2 (ro9/8 _r.9/8)2/3 TJ3/4

(2A)

(22)

(2

( 2.4)

kl, k2, k 3 : numerical constants, n: number of electrons, F: Faraday constant,
C: analyte concentration, D:diffusion coefficient, v. kinematic viscosity,
h: channel thickness, w: channel width, d: nozzle diameter, 1: electrode length,
b: electrode width, r: electrode radius, rj: ring inner radius, r0: ring outer radius,
U: volume flow rate.

Tubular electrodes consist of a tube made of a conductive
material in which the inner surface of the tube forms the surface
of the working electrode.

For practical reasons tubular electrodes

have not been frequently used.
difficulty

in

constructing

the

This is primarily due to the
electrode

and

in

cleaning

and

polishing the inner surface.

Thin-laver Cell
In the thin-layer (TL) or channel cell, the solution is forced
through

a

thin

(0.05-0.3 m m )

rectangular

channel

whose

dimensions are determined by a gasket placed between two plastic
blocks.

The working electrode is imbedded into one of the channel

walls.

Disc-shaped electrodes of 1-4 m m

used.

This thin-layer design

3)

in diameter are normally

has become the most widely used E C
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detector.

A n extensive list of applications for this cell can be found

in some detailed reviews [7,89].
According to Eq. (2.2) the response of the thin-layer cell
depends on the size of the electrode and on the dimensions of the
channel.

Thinner and narrower channels are expected to improve

mass transfer of the analyte to the working electrode due to the
resulting smaller dead volumes and higher liquid linear velocities.
However, because the noise and electrical resistance increase as
the solution layer becomes thinner, there is a practical limit to the
reduction of channel thickness.

Wall-jet Cell
In the wall-jet (WJ) configuration [90,91] the solution is
introduced

into the cell through

perpendicularly

onto

a disc

a jet or nozzle and

or ring

electrode.

The

impinges
distance

between the nozzle tip and the electrode surface is adjustable.
The expressions (Eqs. (2.3) and (2.4)) for the limiting current
at the wall-jet electrodes show that the dependence of the current
on the flow rate is stronger for the wall-jet cell than it is for other
amperometric detectors.

Although this can be used to advantage

to increase the signal it also means that the p u m p noise will be
higher.

A

means of enhancing the signal current is to reduce the

diameter of the nozzle.

Although Eqs. (2.3) and (2.4) do not

contain a parameter concerning

the distance between the nozzle

and the electrode, experimental results [85,92] show that this has
an effect.

The radius of both the ring and the disc electrodes also

determines the current level and dead volume.
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Comparative
performance

of

the

studies

[93,94]

thin-layer

and

However, the particular hydrodynamic

have

shown

wall-jet

cells

that
are

the

similar.

conditions of the wall-jet

system provides one advantage over the thin-layer design.

Since

the effective dead volume of the system is determined only by the
thickness of the hydrodynamic boundary layer [85], it is possible
to place the wall-jet electrode into a large volume cell without loss
of efficiency [95].

The dead volume can be minimised by using

small working electrodes and high flow rates [85,95].
It is interesting to note that the hydrodynamic regime of the
wall-jet system depends on whether the hydrodynamic

boundary

layer is allowed to grow under free or restricted conditions.

It has

been shown [96] that for the typical spacers used the growth of the
boundary

layer is restricted and therefore the so-called wall-jet

devices behave like thin-layer cells with radial flow.
conditions

the limiting

current is described

by

Under those
an

expression

similar to Eq. (2.2).

Dual Electrode Cells
The application of amperometric detectors cells fitted with
two

working

electrodes

usually

information and allows improved

provides

additional

qualitative

selectivity and detection limits.

The thin-layer cell has been most often used and in this case three
arrangements are possible:
series.

parallel-opposed, parallel-adjacent and

The last two configurations have been the most widely

investigated [7,97].
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The parallel-opposed

scheme relies on

the generation

and

diffusion between opposed working electrodes of both members of
a reversible redox couple.

In the parallel-adjacent mode, the two

electrodes are side by side and "see" exactly the same solution
simultaneously.

The

series

orientation

involves

placing

electrodes sequentially on the same side of the flow channel.
this

case

the

most

common

approach

is to

apply

potentials to both electrodes so that the upstream

the
In

different

electrode is

used for instance to generate a product that is detected at the
downstream

electrode.

The parallel and series configurations are also possible with
the wall-jet cell [98,99],

This can be achieved by employing a split

disc electrode and a ring-disc electrode, respectively.

2.1.2 Photoelectrochemical Parameters
2.1.2.1 G e n e r a l
When photoelectrochemical (PEC) and conventional EC
detection are compared, an important difference arises due to the
fact that in a P E C

cell a second chemical process occurs; the

photolytic reaction.

Consequently, optimisation of the detection

process becomes more difficult and requires that a second set of
design and operational parameters be considered.
concepts and
and

parameters associated

application

of P E C

cells

with

have

In this work

the design, evaluation

been

identified

and

are

introduced and discussed in the following sections.
In EC detection the goal is to maximise, within the time scale
of

flow

measurements,

the

number

of

analyte

molecules
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interacting with the electrode.

In a P E C system the first objective

is to maximise the interaction of the solute molecules with the
incoming light.
molecules

The second goal is to bring as m a n y photoproduct

as possible

within

diffusion

range

of

the

working

electrode during the time that the solvent volume containing the
photoproduct is inside the cell. Good E C efficiency and high current
cannot be achieved without a good photolytic efficiency since the
species

producing

the

current

has

to

be

generated

by

the

photochemical reaction.
Although photolysis is a homogeneous phenomenon, the way
in which it is brought about in P E C cells using the "adjacent" or
"above"

irradiation

modes,

makes

it

possible

to

view

the

photochemical step prior to the E C reaction as a process occurring
at the "generator" electrode in a "series" or
dual-electrode cell, respectively.

"parallel-opposed"

If the window in the P E C cell is

imagined as behaving like a "generator" electrode and the working
electrode is considered to be the "detector" electrode, the analogy
between

the

concepts

of

dual-electrode

detection

and

PEC

detection can be extended to include geometrical parameters such
as area, separation and relative position of the electrodes.
As with EC detectors, to be analytically useful, PEC detector
cells should

ideally

exhibit the properties

sensitivity, stability and linearity.

of high

selectivity,

The effect on these parameters

of those factors associated with the photochemical process will be
discussed in this section.
Selectivity. The obvious way of controlling the selectivity in
photolytic

reactions

is by

selecting

a

wavelength

that

would
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interact only

with

requires

use

the

the c o m p o u n d
of

of interest.

monochromators

or

This

filters

to

approach
produce

monochromatic light.
Sensitivity. In PEC detection the size of the detector signal is in
principle dependent on both the extent to which

the analyte is

photolysed and the extent to which the photoproduct reaches the
electrode.

If

all

the

other

variables

remain

constant, the

sensitivity (response/concentration) of the detector will be directly
proportional to the intensity of the light beam.

A

similar result

m a y be achieved by increasing the irradiation area, provided that
the cell volume remains unchanged.
On the other hand, if the light intensity and other parameters
are kept constant, the magnitude of the current will be a function
of the number of photolysed analyte molecules transported to the
electrode surface.

At constant flow rate, this will be dictated by

the relative position of the window and the working electrode; in
other words, by the cell geometry and irradiation mode.
Stability. Stability problems can be introduced particularly when
direct

illumination

of

the

working

electrode

is

involved.

Modification or degradation of the electrode surface m a y
from irradiation with intense beams, particularly of U V
The final effect will be determined
mode

and

electrode

material

of pulsed photoelectrochemical

radiation.

by the particular irradiation

being

circumstances improved stability m a y

result

employed.

In

these

be achieved by application

detection

methods

in which

the

electrode surface is only exposed to the light for short periods of
time.
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Thermal changes produced by the absorption of light inside
the cell can affect the E C reaction causing baseline drift and noise.
Signal stability in P E C detection is also associated with the stability
of the output of the light source.

Discharge lamps capable of

delivering constant fluxes over the duration of the analysis are
required.
Linear Dynamic Range. Linearity of the PEC response relies on
keeping a proportionality between the analyte concentration and
the photoproduct

concentration.

This

requires

that the light

intensity be sufficiently high to ensure constant photolysis rate
and efficiency over the range of concentrations being determined.
The preceding discussion suggests that the performance of a
PEC

cell is determined, from

features such as the working
and

measuring

the photochemical

electrode material, the irradiation

techniques, cell

irradiation source.

viewpoint, by

design

and

intensity

of

the

In the following sections these elements are

discussed, particularly those connected with cell design.

2.1.2.2 Electrode Material
The EC characteristics of electrode materials have been
discussed in Sec. 2.1.1.2.

While these are the only properties that

need to be taken into account for the "adjacent" m o d e of detection,
further considerations should be m a d e if direct irradiation of the
electrode is intended.

In this case, parameters to be evaluated

include, photochemical

activity, background

and

long

term

stability

under

irradiation.

photocurrent levels
Clearly, optical

transparency is required if the light beam is to be directed through
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the electrode.

In addition, it is necessary to consider the physical

form of the electrode material, particularly for applications in flow
cells where the available space and geometries are restricted.

The

properties and evaluation of electrode materials used for direct
irradiation modes are described in Chap. 3.

2.1.2.3 Irradiation and Measuring Techniques
As discussed in Sec. 2.1.1.3, in EC detection the measuring
techniques employed
transient,

the

latter

Similarly, photolysis
performed

fall into two categories: potentiostatic and

with

comprising
of

batch

continuous

or

mainly

or

pulsed

flowing

pulsed

waveforms.

solutions

irradiation

can

be

techniques

(Chap. 8).

Consequently, in P E C measurements it is possible to

envisage

number

a

of

detection

methods

resulting

from

the

combination of the various possible E C and irradiation techniques.
Continuous
approach

and

irradiation
leads

to

in a flow

steady

state

system
regimes

is the
if the

concentration in the carrier solution remains constant.
sources always produce transient signals.

simplest
analyte

Pulsed light

Although more difficult

to implement in practice, flash photolysis avoids the problems of
solution heating and electrode instability in those cases where the
electrode surface is directly irradiated.

In the latter situation

pulsed irradiation usually permits an improvement
Both continuous and pulsed

irradiation m o d e s

in the

S/N.

are amenable to

combination with any of the conventional E C detection techniques.
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2.1.2.4

Cell

Design

Photoelectroanalytical cells have been constructed by fitting
a conventional E C

detector cell with a transparent window that

allows light to be shone inside the measuring compartment, near
the working electrode.

Both thin-layer [16,63,64] and wall-jet [62]

cells have been described.

All of them have employed the "above"

illumination mode.
The thin-layer cells used previously employed a design
similar to cell IIA (Sec. 2.2.3) in which the electrode surface is
exposed to the light.

In the wall-jet cell reported by Weber [62],

the light beam enters the cell compartment from one of the sides
above the working electrode.

Other possible configurations, not

previously reported, are cells I and III (Sec. 2.2.3) developed in
this work.
While in conventional EC detection the extent of the EC
reaction (electrolysis) is the only parameter that can be affected
by the cell geometry (Sec. 2.1.1.4), in P E C detection this influence
also affects the extent of the photochemical reaction (photolysis).
Design characteristics such as relative position and size of the
irradiation

and

detection

points,

flow

pattern,

measuring/photolysis compartment size and shape and light flux
will influence the rate and
conversion

and

extent of the analyte photolytic

the photoproduct

collection

efficiency. These

factors in turn determine the magnitude of the analytical signal.
When optimising a cell design, it should be remembered that the
requirements for maximum E C efficiency and maximum photolytic
efficiency are not only different, but often opposed.
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A

discussion on the effect of cell design parameters on the

P E C detector response is given below.

Consideration is especially

given to the cell designs described in Fig. 2.3 in Sec. 2.2.3.

The

influence of cell geometry and hydrodynamics on the P E C signal is
examined together with the experimental results.
Window Size and Position. Assuming that the power of the
lamp and cell volume remain constant, increasing the irradiation
area, i.e., window size, should increase the amount of light shone
into the cell which in turn should result in an increased amount of
photoproduct and a greater analytical signal.

While in the thin-

layer cell the largest useful window would have the area of the
channel, in the case of the wall-jet ring electrode, the size of the
window is determined by the radius of the ring.

T o increase the

window area would require an increase in the diameter of the ring,
which as discussed in Sec. 2.1.1.4.2, causes the signal current to
decrease substantially even w h e n

the geometrical volume of the

cell is not altered.
For a given window size and detection conditions, the position
of the window with respect to the working electrode, along with
the flow pattern, will determine the amount of photolysed material
that is transported to the electrode surface.

The

analogy with

dual-electrode cells introduced in Sec. 2.1.2.1 can be useful here to
understand the factors influencing the generation of the P E C signal.
A

crucial parameter in "series" dual-electrode channel or wall-jet

cells is the collection efficiency
material

detected

(detector) electrode

as
to

a

limiting
the

flux

(N)

which relates the flux of

current

on

of material

the

downstream

generated

at the
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upstream (generator) electrode.

The collection efficiency is a

function of the geometry of the electrodes.
that the collection efficiency

It can be shown [22]

increases with

dectector electrode, but more importantly, N
between electrodes diminishes.

the size of the

increases as the gap

Because of diffusion into the bulk

of the solution, the proportion of generated species reaching the
downstream

electrode

electrodes increases.
employing

decreases
A

as

the

transit time

between

similar situation exists in a P E C cell

the "adjacent" irradiation m o d e

where the window,

acting as generator of photoproduct, is placed upstream of the
detector electrode.
Similarly, a "parallel-opposed" dual-electrode cell can be
compared with a P E C cell using the "above" irradiation approach.
In this case

a competition

exists between

diffusion

of the

generated species to the detector electrode and its removal from
the cell by convection.
can

be increased

by

Under these conditions the signal current
reducing

the thickness

of the

solution

layer [100].
Although no analogy exists for PEC cells using the "on" mode
of irradiation, this configuration can be viewed as a situation in
which the window

and the working electrode are superimposed

and occupy the same site.
the

roles

of

both

In other words, one electrode performs

"generator"

and

"detector"

electrode

simultaneously.
Cell Compartment Size. According to the photolysis law
(Eq. (2.7), App. 2.1) the photoconversion efficiency increases with
irradiation time. For a particular P E C flow cell and for a given flow
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rate, the irradiation time is directly proportional to the residence
time

of the analyte molecules

inside the cell.

Under

these

conditions the residence time is largely controlled by the size of
the measuring compartment, i.e., the cell volume.

Greater cell

volumes will reduce the linear velocity of the solution inside the
cell

thus

increasing

the

residence

and

irradiation

times.

Unfortunately, a decrease in linear velocity will also decrease the
E C signal (Table 1.1). At the same time, large dead volumes cause
band broadening and loss of resolution in chromatographic peaks.
Evidently,

in

designing

PEC

cells

compromises

between

photochemical and E C efficiencies must be made.

2.1.2.5 Light Intensity
Since the efficiency of photochemical processes depends on
the intensity of the light that interacts with the analyte, a measure
of this intensity is often required [16,62,63,101,102].

With the

introduction of flow-through irradiation cells, measurement of the
light intensity directed into these devices becomes

of interest.

Furthermore, with the development of this m o d e of detection, it is
envisaged that n e w cell designs will continue to be produced.
simple method

A

for evaluating the performance of such cells is

therefore required.
Systems for the measurement of UV-vis light fall into two
general

categories:

actinometers.
a known
advantage

instrumental

devices

and

chemical

Chemical actinometers are liquid systems possessing

and reproducible quantum yield.
that

measurements

may

be

Actinometry has the
made

in

the

photolysis cell as that used for the reaction being studied.

same
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Due

to a number

of advantages, including

reproducibility, the most
potassium
workers

widely

used

chemical

ferrioxalate actinometer developed
[103,104].

sensitivity and
system

is the

by Parker and co-

It involves the photochemical reduction of

Fe(III) in acidic oxalate solutions according to
-> 2Fe(C 2 04)2 2 - + C 2 0 4 2 - + 2 C 0 2

2Fe(C 2 04) 3 3- +hv

(2.5)

The amount of Fe(II) produced is determined
spectrophotometrically

and

related

appropriate calculations (App. 1.1).
irradiated solution be removed

to

the

light

intensity

by

The method requires that the

from the photolysis cell and the

absorbance measured after addition of the colorimetric reagents.
Although

actinometric

measurements

have

only

been

performed in batch systems, it should be possible to apply the
same principles to flow systems.

Furthermore, since Fe(II) and

Fe(III) are electroactive, the in-situ E C

determination

of these

species should be feasible.

2.1.3 Aim of the Chapter
In the first part of this chapter the concepts and parameters
associated
introduced.

with

the

design

and

evaluation

of P E C

cells

are

In the experimental sections the P E C cells designed and

developed

for this project are described

and

their performance

evaluated.

The evaluation included conventional E C cell parameters

such as dead volume, flow rate dependence and response time.

The

influence of parameters associated with irradiation of the light and
the photochemical reaction on the P E C performance of the cell were
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also assessed.

These included

window

size and

compartment dimensions and light intensity.
evaluate

flow

PEC

cells

was

position, cell

A method designed to

developed.

It involves

the

determination of the light intensity absorbed inside the cell using
the potassium ferrioxalate actinometer.

2.2 EXPERIMENTAL
2.2.1

Reagents
All

reagents

distilled water.

and

solutions

were

prepared

using

triple

All chemicals were of analytical reagent grade.

Potassium ferrioxalate for the actinometer was prepared by mixing
potassium oxalate and ferric chloride solutions according to the
procedure reported in the literature [104].
were

prepared

daily

spectrophotometric

in 0.05

determination

M

Actinometer solutions

H2SO4.

Reagents for the

of ferrous iron were

prepared

as described previously [104].

2.2.2 Instrumentation
Voltammetry and irradiation in the batch m o d e were carried
out in a conventional electrochemical cell.
Research

(PAR)

174

Polarographic

A

Princeton Applied

Analyzer

was

used

in

conjunction with a glassy carbon working electrode, a Ag/AgCl(3M
NaCl) reference electrode and a platinum wire auxiliary electrode.
Voltammograms were recorded with a Houston Omnigraphic 2000
X - Y recorder.
A schematic diagram of the flow system employed is shown
in Fig. 2.2. A Dionex Basic Chromatography Module contained the
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Fig. 2.2 Schematic diagram of flow system; (1) carrier solution, (2) pump, (3)
injector, (4) lamp, (5) photoelectrochemical cell, (6) potentiostat, (7) recorder,
W : waste

p u m p and a 50 u L injector.
Systems ( B A S ) L C - 3 A

The potentiostat was a Bioanalytical

amperometric controller.

Potential pulses

for time constant measurements were applied with the P A R

174

system.

All

The detector cells were as specified in the text.

potentials were measured
reference electrode.

with respect to a Ag/AgCl(3M

The detector output was recorded with an ICI

D P 600 strip chart recorder.

During time constant experiments the

current was recorded with an Analog
MacLab

NaCl)

Digital Instruments

system interfaced with a Macintosh

S E computer.

(ADI)
The

software used to operate the system was A D I Chart V2.4.
For actinometry measurements, electrochemical detection of
the ferrioxalate passed

through

the P E C

cells took place at a

conventional Dionex thin-layer cell located downstream.

A

Dionex

packed bed reactor coil (115 cm, 0.008 c m i.d.) was included in the
system between the P E C
reduce

baseline

noise

and detector cells to favour mixing and
associated

photolysis of the actinometer.

with

small

variations

in the
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The light source for batch irradiation was
pressure H g lamp.
A

Cathodeon

C

a Philips low-

It was placed directly above the photoreactor.

950 light source fitted with a 200 W

Xe-Hg

discharge lamp (Hanovia) was used with the flow system.

The

light was focussed on the P E C cell which was mounted opposite the
lamp.

This particular lamp was selected because it provided an

intense and

broad

spectrum

radiation

requiring either U V or visible light.

suitable for applications

Unless otherwise specified a 5

c m long quartz cell containing distilled water was placed between
the lamp and the P E C cell to remove IR radiation.
fan was directed at the P E C
constant temperature.

Cool air from a

cell to remove heat and keep a

For actinometry work a filter was placed

between the light source and the P E C cell to isolate the light at
400 n m .

Spectrophotometric

Shimadzu U V - 1 6 0

measurements

were m a d e

with a

spectrophotometer.

2.2.3 Photoelectrochemical Cells
To make use of existing parts and electrodes, commercial EC
cells were modified to suit the requirements of P E C

detection.

Three principal types of P E C cells were constructed with two of
them employing the thin-layer (TL) geometry (I and II) while the
third was based on the wall-jet (WJ) geometry (III).
Schematic views of all the PEC cells designed in this work
along

with

the irradiation

modes

involved

and

the associated

nomenclature are presented in Fig. 2.3 and Table 2.2.

Physical

characteristics and dimension of the cells and electrodes are given
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Fig. 2.3 Schematic view of photoelectrochemical cells; W:window, E: working
electrode. Details in Table 2.2.
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Table. 2.2

Photoelectrochemical

cells

Type

Irradiation

IA

Thin-layer

Adjacent (Same side)

IB

Thin-layer

Adjacent (Opposite side)

IIA

Thin-layer

Above

IIB

Thin-layer

On

Code

mode

IIIA

Wall-jet

Adjacent (Pt elect.)

IIIB

Wall-jet

Adjacent (Glassy carbon elect.)

in Tables 2.3 and 2.4.

These measurements apply to all the work

described in this and following chapters unless otherwise stated.
T o obtain the type I P E C cell, the block of a Dionex cell
containing

the reference

electrode

was

replaced

by

plastic block fitted with a rectangular quartz window.

a similar
This block

also allowed a B A S RE-3 reference electrode to be placed at a point
downstream

of the working

electrode.

The

stainless steel cell

outlet served as auxiliary electrode.
The

type II P E C

cell resulted

from

replacement

of the

stainless steel block of a B A S LC-17 transducer by a plastic block
where a rectangular quartz window

was placed.

The

reference

electrode (Ag/AgCl) was placed in a small chamber outside the cell
compartment.

The stainless steel outlet of the chamber was used

as auxiliary electrode.
The type III P E C cell made use of a Metrohm wall-jet cell in
which

the original working

electrode

was

replaced

by

electrode in the centre of which a quartz window was placed.

a ring
The
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Table 2.3

Physical parameters of thin-layer PEC cells

Parameter

Cell
1

II

Channel thickness (mm)

0.385

0.150

Channel length (mm)

19.10

15.50

Channel width (mm)

2.03

4.20

Geometric volume (|iL)

14.9

9.5

Window length ( m m )

10.50

14.32

Window width ( m m )

3.50

3.32

Table 2.4 Physical parameters of wall-jet P E C cells

Parameter

Cell
IIIA(a)

IIIB(h)

Nozzle-wall separation ( m m )

3.35

3.45

Electrode outer diameter ( m m )

6.25

7.40

Electrode inner diameter ( m m )

5.75

6.40

Geometric volume (^L)

143.6

152.4

W i n d o w diameter ( m m )

3.00

3.80

Electrode area ( m m 2 )

4.71

(a) Platinum ring electrode.
(b) Glassy carbon ring electrode

10.84
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solution outlet was located on one side of the cell compartment
which contained the reference electrode (Ag/AgCl) and a glassy
carbon auxiliary electrode.

This cell was fitted with a Pt ring

(IIIA) or glassy carbon ring (IIIB) electrode.

2.2.4 Procedures
General
All electrodes were polished with 0.3 urn aluminium oxide on
a soft polishing pad before use.
um

were filtered through a 0.45
experiment.

Actinometer

Solutions for flow experiments
membrane

solutions used

filter before

for batch

were deoxygenated with nitrogen before irradiation.
the flow
interfere

system

were

under

spectrophotometric

not deoxygenated

the
method

Solutions for
did not

conditions.

for the determination

that described in the literature [58,104].

experiments

since oxygen

experimental

each

The

of Fe(II) was

It involves the reaction

of Fe(II) with 1,10-phenanthroline and measurement of the colour
developed after 1 hour at 510 nm.

Actinometry in the Flow System
In flow irradiation systems, Eq. (2.10) (App. 2.1) for optically
dilute actinometers

applies

since the transmittance

of the cell

approaches 100 per cent as a result of its small pathlength.
The system is first equilibrated with a 0.05 M
while a potential of 0.0 V

H 2 S 0 4 solution

is applied to the detector cell located

downstream of the P E C cell, as described in Sec. 2.2.2.
3 mM

{[A]Q) actinometer solution is pumped

Next, a

through the system
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and the baseline allowed to stabilise.
irradiated

and

the decrease

The photolysis cell is then

in the baseline recorded.

This

procedure is repeated at different flow rates to allow for different
irradiation times.
The irradiation time (t) is equal to the residence time of the
actinometer in the cell.

The average residence time can be

calculated knowing the geometric cell volume and the flow rate.
The value of [A]t is proportional to the decrease in the detector
response.

The intensity of the incident light (/0) is then calculated

using Eq. (2.11) where k is obtained from Eq. (2.12) using the
method of least squares and V is the irradiated cell volume, which
is determined by the thickness of the cell gasket and the area of
the flow channel exposed to the radiation.

The path length (b) is

equal to the thickness of the cell gasket. The values of 0 and e will
depend on the wavelength of the radiation employed.

The amount

of light absorbed (7a) is calculated using Eq. (2.13).

2.3 RESULTS AND DISCUSSION
2.3.1

Evaluation

2.3.1.1

Dead

of

Electrochemical

Parameters

Volume

Parameters such as standard deviation, time constant,
response volume and peak width have been used to estimate the
dead volume of flow cells [82,84,86].

Because the shape of the

response curves differ for various detectors and even detection
conditions, there is no single parameter that can describe the
response

features

of

a

detector

and

whatever

measure

of

broadening is adopted some approximation will be involved [86].
Because of its simple determination the peak width at half height
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(W i/2) was chosen as an estimate of the dead volume.
parameter

has been

suggested

for operational

comparison

This
of

detectors through a figure of merit [84],

Table 2.5 Volumes and peak widths at half height for PEC cells

Cell

W1/2<a>
(uL)

Geom. vol.
(nL)

Thin-layer (I)(b) 14.9 79.2
Thin-layer (II)(b)

9.5

75.4

Wall-jet (IIIA)

143.6

106.1

Wall-jet (IIIB)

152.4

113.5

(a) Potential: 0.95 V; carrier solution: 0.1 M NaN03 at 0.5 mL/min;
sample solution: 10~5 M Fe(CN)6 4 ~
(b) Electrodes: glassy carbon discs

Injections of K 4 F e ( C N ) 6 were used to generate a detector
response from

which

the W m

summarised in Table 2.5.

were measured.

Results are

Although the wall-jet (WJ) cells have

geometrical volumes 10 to 15 times larger than the thin-layer (TL)
cells the actual band broadening, measured as W
times greater.

l/2,

is only 1.4

This results from the fact that the effective dead

volume of a W J cell is hydrodynamically limited to a thin layer of
solution adjacent to the electrode surface, irrespective of the size
of the measuring compartment
however,

affected

by

the

[85,96].
size

The dead volume is,

(radius)

(Sec. 2.1.1.4.2) as shown by the difference in W
electrodes.

of
U2

the

electrode

for the two ring

In contrast, for the T L cell the dead volume and the

electrode size are not closely related provided the geometrical
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volume remains constant.

Separate measurements of W

y2

for a Au

film electrode with a surface area 10 times greater than that of a
glassy carbon disc electrode produced the same value when fitted
in the same TL cell.
The greater band broadening exhibited by the WJ cells
suggest that from the E C

viewpoint, lower detection sensitivities

may be expected when compared with those possible with the TL
cells.

2.3.1.2 Flow Rate Dependence
A distinctive characteristic of amperometric detection is the
significant effect of flow rate on the analytical signal.

In order to

characterise a detector, it is important to assess the flow rate
dependence

of the response

with

the

analyte present

under

conditions where the system is at equilibrium, i.e., steady state, as
well as for the transient analyte peaks normally employed.
flow rates evaluated were between 0.2-2.0 mL/min.

The

These values

covered the working range of most FIA and H P L C applications.
Higher flow rates led to relatively high levels of noise due to
turbulance generated by the fast linear velocity of the liquid inside
the cells.
As shown in Table 2.1 the limiting current for the TL cell
under steady state conditions is proportional to the 1/3 power of
flow rate while the equilibrium current for the W J cell varies with
the 3/4 power of flow rate.
provided

the jet diameter

The latter dependence is valid

is significantly

smaller

than

the

diameter of the electrode, and the separation between the jet and
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the electrode is such that it does not restrict the growth of the
hydrodynamic boundary layer [96].

A

rate applies for the W J ring electrode.

similar dependence on flow
T h e limiting currents at a

W J disc and at a W J ring electrode can be easily related and only
differ by a geometrical factor [22].
Typical plots of current vs. flow rate for a TL cell and a WJ
cell are presented in Fig. 2.4.

The curves for the W J cells deviate

from the expected behaviour at low flow rates.

It is possible that

at low flow rates the solution leaving the jet has low
and is not able to contact the ring effectively.

momentum

Because the solution

flows away from the wall after impinging on it, a larger electrode
radius results in a thicker hydrodynamic boundary layer and in a
lower

rate of mass

transport

[105,85].

This

effect is

more

pronounced at low flow rates since the thickness of the boundary
layer increases as the flow rate decreases [85,106].

For this reason

Table 2.6 Detector current dependence on flow rate<a)

Cell

Steady- state current^)
Experimental
Theoretical

Peak current^0)

Thin-layer (I)(d)

0.33

0.39

0.23

Thin-layer (II)(d)

0.33

0.33

0.24

Wall-jet (IIIA)

0.75

0.58

0.48

Wall-jet (IIIB)

0.75

0.61

0.45

(a) Slopes of plots log(response) vs. log(flow rate)
(b) Potential: 0.95 V; solution: 10'5 M Fe(CN)64-, 0.1 M NaN.03
(c) Potential: 0.95 V; carrier solution: 0.1 M NaN03; sample solution:
10"5 M Fe(CN)64"
(d) Electrodes: glassy carbon discs
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Fig. 2.4a Effect of flow rate on the thin-layer cell steady-state response,
(A) cell I, (B) cell II; electrodes: glassy carbon discs; potential: 0.95 V; solution:
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Fig. 2.4b Effect of flow rate on the wall-jet cell steady-state response, (A) cell
IIIB, (B) cell IIIA; potential: 0.95 V; solution: 10" 5 M Fe(CN)6 4 "
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the ring electrode requires a greater jet-electrode separation than
the disc electrode if the flow pattern is not to be restricted [105].
The theoretical and experimental flow rate dependence for
the cells studied are compared in Table 2.6.

G o o d agreement with

the theoretical values is observed for the T L cells.
than expected were obtained for the W J

cells.

L o w e r slopes

These deviations

probably stem from the fact that the design of the cell does not
permit free radial flow of the solution in all directions along the
wall but restricts it to one direction (Sec. 2.2.3).

In addition,

because the electrode radius is relatively large, it is possible that
w h e n the solution reaches the ring a fully developed laminar flow
exists.

Under those conditions the cell no longer exhibits true wall-

jet behaviour and the dependence of the current on the flow rate
decreases [96].

T h e current values for flow rates lower than

0.3 m L / m i n were not used to calculate the slopes for the W J cells
due to the apparent deviation from normal behaviour.
Although not theoretically studied as the steady state
responses, the flow rate dependence

of the flow injection peak

current is of practical interest since this represents the conditions
under which the cell is normally used.

The curves in Fig. 2.5 show

again

design

exhibits a stronger

cell.

T h e slopes of the

that the response

of the W J

dependence on flow rate than the T L
logarithmic
Table 2.6.

plots

of

peak

height

vs. flow rate are given in

In all cases the exponential flow rate dependence of the

transient signal was lower than for the corresponding steady state
conditions.

This suggests that the relative system lag, arising from
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electronic and

mechanical attenuation becomes more apparent

with increasing flow rate.

200-

5 150•a

100cu
50-

o-l 1 , , ,
0.0

0.5

1.0

1.5

2.0

Flow rate (mL/min)

Fig. 2.5 Effect of flow rate on the flow injection response for (A) thin-layer cell
(I), (B) wall-jet cell (IIIB); electrodes: glassy carbon; potential: 0.95 V; carrier
solution: 0.1 M NaNC>3; sample solution: 10"5 M Fe(CN)6 4 '

2.3.1.3 Response Time
The relative placement of the working, auxiliary and
reference electrodes is important because resistive solutions and
high currents can cause substantial iR drops with consequent loss
of potential control and linearity of response. The successful
application of pulsed detection techniques where fast potential
pulses and high instant currents are involved relies on the rapid
decay of the charging current arising from the double layer
capacitance. The charging current caused by a potential step is
described by the expression [67]:
ic = (AE/R) e-'/RC (2.6)

71

where ic = charging current at time t, AE
step, R

= uncompensated

= height of the potential

resistance and C

= capacitance of the

electrode double layer.
There are various possible methods to determine the ability
of a system to respond to a potential step.
potential pulse of 50 m V

In these experiments a

was applied and the charging current

recorded and measured at its m a x i m u m

and after 40 ms.

This

delay time is c o m m o n l y

used by conventional instrumentation to

sample

pulsed

the

measurement

current

in

at very

short

voltammetric

times

(2

ms)

techniques.

was

also

made

A
to

facilitate comparison of the decay rates of the charging current for
the various cells evaluated.
The response of the system, controlled by RC (Eq. (2.6), is
potential-dependent.
at 0.95 V

Consequently, the potential step was applied

since most of the detection methods developed in this

work were employed in this potential region.

A

brief preliminary

study on the effect of electrode configuration (Fig. 2.6) on the cell
response time was carried out using a T L cell. Data from Table 2.7
suggest that the separation between

the reference electrode and

working electrode is probably the most critical factor affecting the
decay of the charging current.

W h e n the iR increases the current

transient becomes smaller, broader and decays at a lower rate.
A similar but more detailed study was carried out for all the
P E C cells utilised in this work.

In this case current densities were

used to allow comparison of cells fitted with electrodes of different
size.

Selected

current-time

curves

are presented

in Fig. 2.7.

Examination of Table 2.8 indicates that the response and rate of
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Fig. 2.6 Electrode positions in a thin-layer cell; E: working electrode. Details in
Table 2.7.

Table 2.7 Evaluation of electrode arrangements^)

Electrode position^)
Reference
Auxiliary

ic (2ms)( d )

(HA)

(UA)

ic(2ms)/icm

(D
(D

(3)

18.2

7.2

0.39

(4)

16.4

8.3

0.51

(2)

(3)

1.1

1.1

1.00

(2)

(4)

0.6

0.6

1.00

(a) Cell: thin-layer; working electrode: glassy carbon disc; potential: 0.95 V,
A E : 50 m V ; solution: 0.1 M NaNC-3 at 0.2 mL/min.
(b) See Fig. 2.6 for electrode positions
(c) M a x i m u m charging current
(d) Charging current at 2 m s after the potential pulse
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t (ms)

Fig. 2.7 Charging current transient for (A) thin-layer cell (II), (B) wall-jet cell
(IIIB), electrodes: glassy carbon; potential: 0.95 V, A E : 50 m V , solution: 0.1 M
N a N 0 3 at 0.2 mL/min
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current decay are significantly higher with the W J

design.

close proximity of the electrodes allowed by the W J
accounts for this behaviour.

The

geometry

Cell I also has a close electrode

arrangement but its response time is not as fast.

Possibly, the fact

that the electrodes are separated by a thin layer of solution causes
the electrical resistance, and thus RC, to be higher.
cells investigated exhibited response
to the relative position

The other T L

times that are closely related

of the auxiliary

and

particularly, the

reference electrode with respect to the working electrode.

Table 2.8 Evaluation of electrode arrangement of PEC cells(a)

Cell IOTC) Ic(2ms)/Icm Ic(40ms)/Icm

(nA/cm2)

Thin-layer (I)(c) 28.70 0.39 0.27
Thin-layer (II)(d)
Wall-jet (IIIB)

3.30

0.86

0.41

130.70

0.00

0.00

(a) Potential: 0.95 V, AE: 50 mV; solution: 0.1 M NaNC>3 at 0.2 mL/min.
(b) M a x i m u m charging current density
(c) Working electrode: glassy carbon disc, position of reference electrode: (1),
position of auxiliary electrode: (3) (Fig. 2.6)
(d) Working electrode: glassy carbon disc, position of reference electrode: (2),
position of auxiliary electrode: (4) (Fig. 2.6)

For detection using pulsed amperometry
(I)

and

the

wall-jet

photoelectrochemical
employed.

cells

detection

were
the

the thin-layer cell

selected.
thin-layer

For
cell

pulsed

(II)

was

Although this cell shows a relatively slow response, it

offers the best configuration for direct irradiation of the working
electrode from close distances.

In addition, charging currents are
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not

expected

in

pulsed

PEC

experiments

potentiostatic

because

conditions.

these

The

are

performed

under

transient

background

signals are due to photochemically induced faradaic

processes and exhibit a slower decay than the charging currents.

2.3.2 Evaluation of Photoelectrochemical Parameters
2.3.2.1

General

Assuming that the power of the lamp and the irradiated area
remain constant, the efficiency with which the light is used to
photolyse the analyte will depend on various cell parameters.
a TL

For

cell, they include position of the window relative to the

working electrode and channel thickness, width and length.

In the

case of the W J ring electrode, the position and size of the window
are fixed, leaving the separation between jet and wall as the only
variable.

The W J cell employed in these studies did not allow a

significant or useful variation of this separation.

It could be

increased, with a reduction in response, but could not be decreased
below 2.9 m m .

Consequently, only the T L geometry was used to

study the influence of the design parameters mentioned
N-nitrosodiethylamine

(NDEA)

and

potassium

above.

ferrioxalate

(actinometer) were employed to evaluate the cells since these two
compounds undergo facile and reproducible photolytic processes
and

generate photoproducts

means (Chap. 4 and

easily

detected

by

electrochemical

Sec. 2.3.2.7.).

2.3.2.2 Effect of Irradiation on the Detector Response
Irradiation of solutions with discharge lamps raises the
problem

of transfer of heat

from

the

light

source

and

the
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consequent

rise in

solution

temperature.

The

effects that

temperature induces on electrochemical processes are well known
[88,107,108] and

include baseline

irreproducible responses.

drift, increased

noise

and

For these reasons an assessment of the

effect of irradiation on the cell temperature and response was
carried out.

Table 2.9 Removal of heat with IR filters^)

Filter length

Removal

(cm)

(%)

Thin-layer (IA)

2

33

Thin-layer (IIA)

3

36

Thin-layer (IA)

5

56

Thin-layer (IA)

5

41

Wall-jet (IIIA)

5

22

Wall-jet (IIIA)

5

66

Species detected

Nitrosamines(h)

Thallium^)

Alcohols(d)

Cell

(a) Flow rate: 0.5 mL/min
(b) Potential: 1.1 V; electrode: Pt (IA, IIA), glassy carbon (IA)
(c) Potential: 1.1 V; electrode: Pt; carrier solution: 0.025 M H 2 S O 4 ,
0.05 M formic acid.
(d) Potential: 0.9 V; electrode: Pt; carrier solution: 80:20 C H 3 C N : H 2 0 ,
10 p p m benzoquinone.

Preliminary experiments comprised the irradiation of cells
using the "adjacent" approach, i.e., the working electrode was not
exposed to the light.

The carrier stream consisted of a solution

containing only a photoinactive supporting electrolyte.

W h e n the

light source was turned on the background current was observed
to increase.

The low rate of increase and results from batch
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irradiation experiments (Sec. 3.3.2.1) suggested that the rise in
background current was the result of temperature variation only.
To alleviate the above problem the use of various IR filters
was considered.

Because of its simplicity and availability a quartz

cell containing distilled water was chosen.

In addition, a fan was

used to help dissipate the heat and keep a constant temperature.
Evaluation of the efficiency of the IR filter was carried out using
different carrier streams and

detector cells.

The

variation in

baseline current and analytical signal upon irradiation with and
without the IR filter was compared.
When the IR filter was used the increase in background
current was

substantially reduced but the size of the responses

produced by the analytes showed no significant difference.

The

values listed in Table 2.9 represent the reduction in background
current achieved w h e n the IR filter was included in the system
while the lamp was on.
experiments
solution

probably

composition

subsequent

Different values were obtained in different
due

to variations in ambient

and, cell geometry

experiments

reported

in

and

this work

using a 5 c m long quartz cell and a fan.

conditions,

materials.
were

All

performed

This arrangement reduced

the heating of the detector cell and kept its temperature constant,
thus avoiding formation of bubbles within the cell and drift of the
baseline.

78

2.3.2.3

Effect of Electrode

and

Window

Position

Initially, the effect of two cell configurations on the PEC
response was studied.

In one configuration the window

was

placed upstream and on the same side of the channel as that
occupied by the working electrode (cell IA).

In the second

arrangement, the window was also upstream but placed on the
channel wall opposite the working electrode (cell IB).

Both

windows were of identical size.

Table 2.10 Effect of cell window position on the PEC signaK3)

Cell Peak height (nA)
Adjacent-opposite side (IB) 5 2
Adjacent-same side (IA)
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(a) Electrode: glassy carbon disc; potential: 1.1 V; carrier solution:
0.1 M N a 2 S 0 4 at 0.5 mL/min; sample solution: 5 p p m N D E A .

As indicated by the peak heights in Table 2.10 the
photoelectrochemical

efficiency

of the cell is higher for the

"adjacent-same side" configuration.

Assuming

that the flow is

laminar, diffusion is the only mechanism by which the dissolved
species can travel across the thin layer of solution.

While in the

"opposite" configuration the photoproduct has to diffuse the height
of the channel to reach the electrode, in the "same side" position
the electrode is almost placed within the reaction layer where the
photoproduct

is generated

and

consequently

molecules reaching the electrode increases.

the

number

of

The "same side" mode

(cell IA) was used for the remainder of this work.
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The possibility of enhancing the P E C signal with an
electrode was explored.

Improved E C detection with a thin-layer

cell fitted with an R V C disc has been reported [109].
provides

transparency

and

potentially useful for P E C
arrangements

were

high

surface

applications.

evaluated

using

a

area,
Two

This material
characteristics

electrode/window
cell.

thin-layer

The

thickness of the channel was increased to accommodate an
disc with a 3 m m diameter.
a flow-through electrode.

RVC

RVC

This arrangement effectively provided

A glassy carbon disc imbedded in one of

the channel walls served as the electrical contact.

In the first

configuration the R V C electrode was placed in front of the window
so that the light passed "through" the electrode and reached the
solution flowing inside the pores of the material.
arrangement, involving

an

"adjacent" m o d e

In the second

of irradiation, the

electrode was placed downstream of the window.
The response for 5 ppm NDEA at the "adjacent" electrode
(152 n A ) was two times larger than it was at the "through"
electrode (295 n A ) . W h e n the electrode is in front of the window,
the irradiation area and volume are limited to the area and volume
of the R V C disc that can be reached by the light. In contrast, when
the electrode is located downstream of the window, the irradiation
area and volume are significantly increased.
electrode is further away
disadvantage

from

in this case

The fact that the

the irradiation point is not a

because

the R V C

tridimensional structure that extends between
channel.

electrode has a
the walls of the

Therefore, the whole photolysed sample plug comes in

contact with the electrode, increasing the detection efficiency.
Although

this approach

showed

promise

it was

not

further

80

investigated

because of the practical difficulties encountered in

preparing and placing the small R V C electrodes.

2.3.2.4 Effect of Channel Thickness and Width
A detailed study on the variation of the PEC response with
channel thickness and width was carried out.
injection

detection

increasing thickness.

of N D E A

was

Initially, the flow

examined

with

gaskets

of

T o eliminate the effect of dead volume, the

ratio of the lamp-on responses for separate injections of N D E A
its photoproduct (NO2") was evaluated.

and

Results, presented in Table

2.11, show that thicker channels result in higher ratios, i.e., higher
photolytic efficiencies.

A

similar but more detailed study

carried out with the ferrioxalate actinometer.
3 mm

widths were used.

glassy carbon disc.

was

Channels with 2 and

The electrode was a 3 m m

diameter

The process monitored was the reduction of

ferrioxalate consequently, the signal decreased when the lamp was
turned on due to a decrease in the concentration of ferrioxalate
(Eq. (2.5)).

Elimination of the effect of dead volume on the

responses was achieved in this case by comparing the ratios of the
"lamp off" and
decreases

with

"lamp on" responses.
the

lamp

photoconversion efficiency.

on

Since the peak

a higher

As

shown

ratio

indicates

current
greater

in Table 2.12 the peak

height diminishes with increasing gasket thickness while the ratio
of responses, i.e., the efficiency, increases.
increases

with

increasing

expected to decrease.
solution

decreases

channel

Since the dead volume

thickness, peak

currents are

However, because the linear velocity of the
as

the

dead

volume

becomes

larger, the

residence time of the analyte in the cell and thus the photolysis
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Table 2.11 Effect of channel thickness on the P E C signal^)

R(NDEA/N02")(b)

Channel thickness

(mm)
0.09

0.07

0.27

0.31

0.38

0.35

0.76

0.64

(a) Cell: adjacent-same side (IA); electrode: glassy carbon disc;
potential: 1.1 V; carrier solution: 0.1 M Na2SC>4 at 0.5 mL/min.
(b) Ratio of responses for 5 ppm N D E A and 0.5 ppm N02".

Table 2.12 Effect of channel thickness and width on the P E C
signal**)

Channel
Thickness/Width
(mm)/(mm)

Cell

Pk. ht.(b)

R(Off/On)(c)

(nA)

Adjacent-opposite (IB)

0.09/3
0.27/3

5000
3420

1.46
2.76

Adjacent-same side (IA)

0.09/2
0.27/2
0.38/2
0.56/2
0.76/2

4840
3300
2970
2030
1620

2.30
3.47
6.32
6.77
7.71

Adjacent-same

0.09/3
0.28/3
0.46/3

3980
3290
2800

1.96
5.65
6.36

side (IA)

(a) Electrode: glassy carbon disc (3mm); potential: -0.3 V; carrier solution:
0.05 M H 2 S O 4 at 0.5 mL/min; sample solution: 3 m M potassium ferrioxalate.
(b) Response with lamp off.
(c) Ratio of responses with lamp off and lamp on.
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time, increases.

The

result is a higher photoconversion

of

ferrioxalate and a larger decrease in peak current.
Within the narrow range investigated, the influence of
channel width on the P E C response was not significant. The use of
a wider channel results in a greater dead volume and lower peak
currents decreasing the sensitivity of the E C response.

On the

other hand, increased channel width means a larger irradiation
area

and

longer

photoconversion
exposed

residence

efficiency.

to the

solution

times; factors
The

also

that

improve

the

fact that the electrode area

increases

with

wider

channels

probably offsets any gains in the overall P E C efficiency which
could result from the other factors.

As a compromise between E C

and photochemical efficiencies, cell separators 0.38 m m
channels 2 m m

thick with

wide were employed for subsequent experiments.

Similar gaskets are used in commercially available E C detectors.

2.3.2.5 Effect of Channel Length
Two gaskets defining channels with identical width and
thicknesses but with differing lengths were used to compare the
PEC efficiency.

The length of the window was fixed and equal to

the length of the longer channel.
results are obtained

with

As shown in Table 2.13, better

the longer channel.

The increased

channel length permits longer exposure of the sample to the light.
This results from the longer illuminated distance travelled by the
analyte as well as from the increased residence time allowed by
the increased

dead

volume.

As

photoconversion of the analyte occurs.

a consequence, a greater
This gain is larger than the
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loss in E C

efficiency due to the increased dead

volume, and

consequently, the overall P E C performance is improved.

Table 2.13 Effect of channel length on the PEC signal**)

Channel length R(Off/On)*b) R(NDEA/N02_)(c)

(mm)
14 7.68 0.15
20

8.97

0.26

(a) Cell: adjacent-same side (IA); electrode: glassy carbon disc
(b) Conditions as in Table 2.12
(c) Conditions as in Table 2.11

2.3.2.6 Effect of Flow Rate
The influence of flow rate on the PEC response is to some
extent dependent on

the kinetics of the primary

photochemical

reaction and the existence of secondary photochemical reactions.
A study of this aspect of P E C detection was carried out for each
application and reported in the relevant chapters.
experiment using

the almost

ideal ferrioxalate

However, an

system

and

an

"adjacent" thin-layer cell was conducted and the results compared
with the theoretical predictions derived in App. 2.2.

As indicated

by the experimental curve in Fig. 2.8 the steady state current due
to oxidation of the photogenerated Fe(II) diminishes exponentially
as the flow rate increases.

Although an increase in linear velocity

leads to improved mass transfer and higher current, at the same
time it results in a reduction of residence time and degree of
photolysis.

The

latter effect is more

significant

and, as a
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consequence, the current signal is observed to decrease.

The

experimental and theoretical (Fig. 2.14, App. 2.2) curves are
similar in their general trends but their rates of decrease are
different. This is partly due to the assumptions made in deriving
Eq. (2.14) which are not totally valid in a real situation. In
addition, the values of cj and c% were arbitrarily assumed to be
unity. Replacement of C3 and C4 by their real values are likely to
produce a plot in better agreement with the experimental curve.

1.0 - *
0.8 - \

E

\

Z 0.6 - \
0.4- ^^»^^
0.2-J 1 1 1 1
0.0

0.5

1.0

1.5

2.0

Flow rate (mL/min)

Fig. 2.8 Effect of flow rate on the steady-state PEC response
(normalised) for the "adjacent" thin-layer cell (IA); electrode: glassy
carbon disc; potential: 1.0 V; solution: 3 m M potassium ferrioxalate.

Measurements using the flow injection technique indicated
that, like the steady state current, the peak current also decreased
exponentially with flow rate but the effect on the transient signal
was less pronounced. Further results on the influence of flow rate
on the flow injection PEC signal are presented in the applications
chapters.
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2.3.2.7

Measurement

2.3.2.7.1

Stationary

of

Light

Intensity

Cells

Initially, experiments were carried out using the batch mode
in order to characterise the electrochemistry
actinometer and

of the ferrioxalate

to investigate the effect of irradiation on the

electrochemical responses.

Glassy carbon exhibited reproducible

and well defined voltammetric responses, and therefore was used
in all subsequent work.
The

electrochemical

responses

for

F e ( C 2 0 4)33"

and

F e ( C 2 0 4 ) 2 2 " were studied in both irradiated and non-irradiated
solutions using linear sweep voltammetry
pulse voltammetry ( D P V ) .
is shown in Fig. 2.9.

A

( L S V ) and differential

typical linear sweep

voltammogram

In all cases the reduction response for the

Fe(III) species was found to be more sensitive and better defined
than the oxidation response for the Fe(II) species.

O n this basis,

the reduction of Fe(III) was chosen for quantitative work.
Calibration curves were prepared and found to be linear in
the 1-6 m M

range.

The

Fe(III) reduction response

linearly with irradiation time as shown in Fig. 2.10.

decreased

Although D P V

was more sensitive, linear sweep voltammetry was chosen for the
remainder of this work due to the simplicity and speed of the
technique.
To test the proposed method, the intensity of a UV light
source with emission in the 254 n m
irradiating 50 m L of a 6 m M

region was determined

by

actinometer solution for 18 minutes.

As the system exhibited high absorbances, Eq. (2.9) (App. 2.1) for
optically dense actinometers was applied.

The intensity of the

0.1

-0.1

-0.3

-0.5

-0.7

E/V

Fig. 2.9 Linear sweep voltammogram of a 6 m M ferrioxalate actinometer
solution (A) before irradiation, (B) after irradiation; electrode: glassy carbon;
scan rate: 50 mV/s; irradiation time: 5 min.

<

^
&<

t (min)

Fig. 2.10 Effect of irradiation time on the degree of photolysis of a 6 m M
ferrioxalate solution in a stationary cell, (A) L S V : 50 mV/s, (B) D P V : pulse period
0.5 s, pulse amplitude 50 m V , scan rate 10 mV/s.
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incident light was found to be Io = 7.8xl0 16
comparison

photons/s.

A

of the electrochemical procedure with the standard

spectrophotometric

method

showed

that

results

from

both

methods agreed within ± 5 %.

2.3.2.7.2 Flow Cells
Preliminary experiments using FIA were carried out to study
and optimise the electrochemical response of Fe(C204)33~ under
flowing conditions. A 0.05 M H 2 S O 4 solution was pumped through
the system at 0.2-0.5 mL/min
actinometer

and irradiated and non-irradiated

solutions of varying

concentrations

Detection was performed using D C amperometry.

were injected.
Responses were

obtained upon application of both positive and negative potentials.
The response at positive potentials, where Fe(II) was oxidised,
increased

for

longer

irradiated

solutions

while

at negative

potentials, where Fe(III) was reduced, the peak height decreased
for longer irradiated samples.

As in the stationary cell, the Fe(III)

reduction response was employed for monitoring purposes.

As

expected, when the photolysis cell was irradiated the response was
smaller than the response observed with the lamp off (Fig. 2.11).
Calibration curves were found to be linear up to 3 m M ferrioxalate.
Having characterised the detector response for the
ferrioxalate ion, experiments under steady state conditions were
carried out to evaluate the proposed method .
was first equilibrated by passing 0.05 M
3 mM

The flowing system

H2SO4unt.il a stable

actinometer solution was then

baseline was obtained.

A

pumped at 0.5 mL/min.

While more dilute solutions can be used,

ft

400 nA

A

JL
2 MIN
i —

<

Fig. 2.11 Response due to reduction of the ferrioxalate actinometer with
(A) lamp off, (B) lamp on; irradiation cell: thin-layer (IA); detector cell: thinlayer, glassy carbon electrode; potential: -0.25 V; carrier solution: 0.05 M
H 2 S O 4 ; sample solution: 4 m M ferrioxalate.

higher concentrations could make the assumption of an optically
dilute actinometer invalid (App. 2.1).

The potential applied was

0.0 V

in order to keep the actinometer response on scale and

within

the linear range.

As

the actinometer solution passed

through the system, the baseline was observed to increase from its
original level and then stabilise rapidly at a new level.

W h e n the

photolysis cell was irradiated, the current decreased as expected.
The change in current level was proportional to the residence time
which was governed by the flow rate.
To evaluate the light absorbed inside the cell (/a) it is first
necessary to determine the intensity of the incident light (/0).
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Provided

that the cell w i n d o w

is transparent to the incident

radiation, IQ is only dependent on the light source, the optical
system and the area exposed to the radiation.

In contrast, 7 a is

determined by the geometry, configuration and size of the cell
compartment.

The amount of light absorbed is also dependent on

the flow rate since this parameter controls the residence time of
the analyte in the cell.

The value of 7 a will include the light

reflected by the back wall of the cell since this light will also be
available for absorption by the solution.

In order to evaluate the

irradiation efficiency of a P E C cell, 7a is the parameter of interest
since only the light that is absorbed is photochemically useful.

2.52.01.5-

B
O
U

1.00.50.0-

0.2

0.4

0.6

0.8

1.0

Flow rate (mL/min)

Fig. 2.12 Concentration of ferrioxalate actinometer remaining after photolysis
of a 3 m M solution in (A) cell II, (B) cell I, (C) cell IIIA, (D) cell IIIB.

Experimental measurements were carried out with the
ferrioxlate

actinometer

following

the

procedure

described, i.e., the decrease in actinometer

previously

concentration

was

monitored at different flow rates while the photoelectrochemical
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Table 2.14

Cell irradiation parameters^)

Parameter
I

II

Cell
IIIA

IIIB

Geometric volume (uX)

14.9

9.5

143.6

152.4

Layer thickness ( m m )

0.385

0.150

3.250

3.450

Irrad. area ( m m 2 )

21.32

47.54

7.07

11.34

Irrad. volume (M,L)

8.2

7.1

23.0

39.1

Ia(b) (photons/s)

1.54

6.80

2.99

9.02

xlO 1 2

xlO 11

xlO 1 2

xlO 12

(a) Actinometer solution: 3 m M ; light source: 200 W Xe-Hg
(b) (I0/area): 3.52xl0 17 photons/s c m 2 (X: 400 nm, e: 213.8 L/mol , 0 : 1.14 )
Ia: light absorbed at 0.6 mL/min flow rate

<
G

t(s)

Fig. 2.13 Concentration of ferrioxalate actinometer as a function of irradiation
time for (A) cell II, (B) cell I.
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cell

was

illuminated.

The

concentration

of

unphotolysed

actinometer remaining after irradiation of the P E C cells at various
flow rates is shown in Fig. 2.12.

A n average value of the incident

light (/0) per unit of irradiation area was calculated (Eq. (2.12),App.
2.1) from individual values obtained for the thin-layer P E C cells.
The wall-jet cells could not be used for determination of I0 because
the

relatively

absorbances

long

which

dilute actinometer.
Fig. 2.13.

pathlengths
invalidated

the

of

these

cells

assumption

resulted

of an

in

optically

Typical plots used to determine IQ is shown in

The geometrical and irradiation parameters of the P E C

cells evaluated are summarised in Table 2.14.

The light absorbed

in each cell (/a) was calculated with Eq. (2.13) and corrected for
irradiation area.
According to Table 2.14 the amount of light absorbed by the
P E C cells increases in the order II, I, IIIA and IIIB. This is also the
order for increasing cell geometric volume.

This result suggests

that the value of 7 a is directly proportional to the residence time of
the solution in the cell.

Consequently, it would appear that the

wall-jet design should be expected to provide superior photolytic
efficiency relative to the other cells.

O n the other hand, for a given

concentration of electroactive photoproduct the sensitivity of the
wall-jet cell should be expected to be lower since the magnitude of
the E C

signal

is inversely

proportional

to the

dead

volume.

Although the dead volume is in general not directly determined by
the cell volume (Sec. 2.1.1.4), Table 2.5 shows that in this case
there is a correlation between both parameters that lends support
to the above conclusion.
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Light Absorbed Under Flow Injection Conditions
Injection of actinometer solutions using FIA with the lamp on
revealed

that the degree of photolysis, in contrast to previous

results, was smaller with the wall-jet cells.

This result is probably

a consequence of the relatively large nozzle-electrode separation
and ring electrode diameter.

Under flow injection conditions, the

hydrodynamic behaviour of the liquid in the wall-jet cell is such
that the jet stream containing the analyte and the photoproduct
loses m o m e n t u m and is diluted by the surrounding carrier solution
before it contacts the ring electrode, resulting in smaller current
signals.
Under steady state conditions, the jet stream does not suffer
dilution because it has the same concentration as the rest of the
solution inside the cell.
are

available

All the analyte molecules in this volume

for photolysis

and

subsequent

diffusion

to the

electrode surface.

The result is greater photolytic efficiency and

analytical signal.

Comparative studies of the performance of the

thin-layer and the wall-jet designs under flow injection conditions
are presented in the applications chapters.

2.4 CONCLUSIONS
A number of PEC cells designed for this work have been
evaluated in terms of their E C

and photolytic efficiencies.

geometries, thin-layer and wall-jet, and

Two

three irradiation modes,

"adjacent", "above" and "on", were considered.

The thin-layer cells

could operate in the three modes whereas the wall-jet design could
only employ the "adjacent" configuration.
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The

channel

electrodes

exhibited

in

general

a

superior

performance over the wall-jet ring electrodes.

The thin-layer cells

were

and

shown

to have

dependence.
the second
levels.
electrode

smaller dead

volumes

less flow rate

The first parameter led to greater sensitivity while
factor produced

baseline with

slightly lower

noise

The wall-jet design is advantageous because it allows an
arrangement

response time.

which

results

in

smaller

iR

drop

and

Although the band broadening caused by the wall-

jet cell is larger in absolute terms than that caused by the thinlayer cells, when the geometrical volume of the cells is taken into
account

(band

broadening/geometrical

volume), the situation is

more favourable for the wall-jet design.

It is not unreasonable

therefore, to expect that a wall-jet cell fitted with a smaller ring
electrode and/or having a smaller nozzle-wall separation should
have a performance which could be better than that of the channel
cell.
The PEC efficiency of the thin-layer cell was assessed as a
function of the position and size of the window and the size of the
channel.

Large

irradiation

areas

and

close proximity

of the

irradiation point to the working electrode are conditions required
for a sensitive detector response.

The optimum

photolysis/detection

should

compartment

be

volume of the
a

between band broadening and degree of photolysis.
channel,

the

larger

the

dead

volume,

the

compromise
The larger the

larger

the

band

broadening and the greater the photolytic efficiency.
To facilitate a comparison between the irradiation efficiency
of the various P E C

cell designs a method was developed

which
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allows in-situ measurement of the light intensity directed into the
cell using the ferrioxalate actinometer.

The method also allows

evaluation of components of the irradiation system such as light
sources, filters, cell window materials and lenses.
work,

a

procedure

for

actinometric

A s part of this

measurements

in

batch

irradiation cells was developed.
Actinometric measurements for the PEC cells revealed that
the amount of light absorbed within the P E C
the

volume

of

the

cells was directly

proportional

to

photolysis/detection

compartment.

A s a result, the wall-jet cells were found to have

higher photolytic efficiencies in the steady state regime.

This

advantage is lost under flow injection conditions due to dilution of
the sample band arising as a result of the relatively large ring
electrode diameter and nozzle-electrode separation.
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Appendix

2.1

Theory of Actinometry
The intensity of light absorbed by an actinometer can be
determined

by

measuring

the

concentration

of

photolysed

actinometer species (A)
- (d[A]/dt) = Ia0/VN (2.7)
where
[A]

=

concentration of actinometer species (mol/L)

t

=

irradiation time (s)

7a

=

incident light absorbed (photons/s)

0

=

quantum yield for photolysis reaction of species A

V

=

volume of actinometer (L)

N

=

Avogadro's number

The intensity of absorbed radiation can be obtained from
Ia = I0 - It (2.8)
where I0 represents the intensity of the incident light and 7 t the
intensity of light transmitted through the actinometer.
shown

[58] that by

combining

Eq. (2.8) and

It can be

Beer's law

substituting into Eq. (2.7) an expression can be obtained

and

whose

form varies according to the absorbance of the photolysis system.
(i) Optically Dense Actinometer: If the absorbance of the
irradiation cell is greater than 2.0, almost all the incident light is
totally absorbed.

In this case w e obtain
[A]t = [A] 0 -(0 I0 t/VN)

where

(2.9)
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[A]0

=

[A] t -

initial concentration of species A
final concentration of species A after irradiation time (t)

The light absorbed inside the cell (7a) is equal to I0.
(ii) Optically Dilute Actinometer: This case applies when
transmittance of the irradiation cell approaches
absorbance is lower than 0.01.

100 %

and the

For this condition

[A]t = [A] 0 exp (-kt)

(2.10)

where
k = 2.303 0 I o e b / V N

(2.11)

e

=

molar absorptivity of species A (L/mol c m )

b

-

path length of the irradiation cell (cm)

Equation (2.10) is normally used in its logarithmic form
ln[A]t = ln[A]0 - kt
A plot of In [A]

t

(2.12)

vs. t will be a straight line with slope k. This

means that the rate of photolysis of species A

at any time is a

function of the instantaneous concentration of A.
These equations are only valid for a particular wavelength.
Unlike optically dense actinometers, optically dilute actinometers
can only be used with monochromatic

light because the molar

absorptivity is a function of wavelength and therefore it affects
the k value in Eq. (2.10).
cell is given by
Ia = 2.303 I0eb[A]t (2.13)

The incident light absorbed inside the
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Appendix

2.2

Dependence of the PEC Signal on Flow Rate
The flow rate dependence of the steady state PEC signal of an
"adjacent"

thin-layer

cell

combining

the

equation

basic

can

be

derived

for the

qualitatively

by

cell current response

(Eq. (2.2)) with the photolysis expression for an optically dilute
actinometer (Eq. (2.10)).
In this simplified and qualitative model it is assumed that in
contact with the window there is a layer of solution of thickness xv
(0<xp</*, h = channel thickness) within which a certain fraction of
the analyte (A) undergoes photolysis during the time (t) it is
exposed to the light.

The photolysed analyte plug, now containing

the stable photoproduct (5), is transported downstream
streaming solution to the working electrode.

by the

Under steady state

conditions the concentration of A passing in front of the window is
the same in both the axial and radial directions.

The initial

concentration of photoproduct is [B]0 and is assumed to be uniform
within the photolysis layer (xp).

Due to diffusion forces, when the

photolysed plug reaches the working electrode, the concentration
of photoproduct will be [B]<[B]0. However, because the generator
and detector points are very close, it is assumed for the purpose of
this model, that the concentration of B

does not change between

the two points and that the thickness of the photolysed plug
remains unchanged and is such that X p >8, where 8 is the thickness
of the diffusion layer.
For a given cell and compound Eq. (2.2) can be rewritten
i = ci [B] UV3 (2.14)
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where c\ is a constant containing cell and electroactive species
parameters.

A n expression for the photoproduct (B) equivalent to

Eq. (2.10) can be written in the form
[B] = exp (c2t)
where

cz

parameters.

is a

constant

(2.15)
containing

irradiation

and

analyte

Since the irradiation time (?) is a function of the flow

rate (U), it is possible to combine Eqs. (2.14) and (2.15) to obtain
i = c 3 Ui/3 exp (c 4 /U)

(2.16)

where C3 and C4 are constants characteristic of the systems under
study.

1.00.8 -

E
x-

o
Z.

0.60.40.20.0

0.0

—r~
0.5

1

-T—

1.0

1.5

—r~
2.0

Flow rate (mL/min)

Fig. 2.14 Effect of flow rate on the steady-state P E C response (normalised) for
an "adjacent" thin-layer cell as predicted by Eq. (2.16).

A plot of normalised current as a function of flow rate
(Fig. 2.14) assuming C3 = c\ - 1 shows that the current response
decreases exponentially with increasing flow rate.

This type of
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dependence can only be expected if the photochemical reaction is
fast and the photoproduct is stable.
Application of this model to a wall-jet cell leads to an
expression similar to Eq. (2.16) but with a different dependence on
the flow rate
i = c5 U3'4 exp (c6/U) (2.17)
From Eq. (2.17) it is apparent that for a wall-jet cell the
decrease in P E C signal with increasing flow rate is less significant
than for a thin-layer cell.
the E C

component

This is due to the stronger influence of

of the P E C

signal because

increases n o w with the 3/4 power of the flow rate.

this component
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Chapter 3

ELECTRODE MATERIALS
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3.1 I N T R O D U C T I O N
3.1.1

General

The properties required for a working electrode material are
normally dictated by the specific needs of the intended application.
However,

some

generalisation

is possible

and a n u m b e r

desirable characteristics can be described (Sec. 2.1.1.2).

of

T h e ideal

electrode should exhibit a large potential range, mechanical and
chemical stability, low background currents, an easily reproduced
surface,
kinetics.
scheme,

low

electrical

resistance

and

fast

electron-transfer

While these properties are useful in any E C detection
specific

applications

sometimes

pose

more

stringent

requirements, often related to the physical form of the electrode
material.

For instance, the planarity

and smoothness

of the

electrode surface are critical for detection in thin-layer flow cells.
O n the other hand, a highly porous electrode m a y be required for
coulometric applications.

A more unusual and difficult to impart

property in a working electrode is optical transparency.
optical transparent electrodes
spectroelectrochemical

(OTE's) is frequently

and photoelectrochemical

The use of
required in

studies where a

light beam is to be directed through the electrode surface.
As described in Sec. 1.6, two of the possible photoelectrochemical

modes

of detection

working electrode.

direct irradiation

of the

In the first configuration ("above"), the light

reaches the electrode
through the solution.

involve

surface from

the front-side

after passing

For such an application, it is necessary to use

a non-photosensitive electrode material, i.e., a material which will
not undergo photochemical reactions upon illumination.
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In the second direct irradiation m o d e
introduced

into

the

electrode itself.
should

cell

after

passing

("on"), the light is

through

the

working

For this type of application the electrode material

obviously

exhibit

optical

transparency

in

addition

to

minimum photoactivity as in the previous case.
In the first part of this introduction a critical review of some
recently introduced OTE's potentially useful for P E C
flowing solutions is presented.
the

photoeffects

resulting

detection in

In the second part the nature of

from

irradiation

of

electrodes

is

discussed.

3.1.2 Optically Transparent Electrodes
The

use

markedly

of

after

optically

the

techniques [110].

transparent

introduction

of

electrodes

increased

spectroelectrochemical

In a typical spectroelectrochemical experiment

the product of an E C

reaction is monitored

spectroscopically.

Applications of OTE's in photoelectrochemical studies have also
been reported [101,102].
are used

to monitor

introduced

into

the

In these investigations, E C

a photolytic
solution

product

through

the

techniques

generated

by

electrode

light

surface.

Extensive reviews describing the more traditional OTE's have been
published

[111,112].

Clearly, there are two characteristics that any OTE should
exhibit:

high optical transparency and high conductivity.

requirements

are often more

These

stringent for photoelectroanalytical

applications where low concentrations of the species of interest are
involved.

Since

very

few

materials

combine

high

optical
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transparency

with

low

electrical resistance, compromises

must

often be made.
In the development of an OTE two strategies can be followed.
In

one

approach,

material by

transparency

imparted

virtue of holes or pores.

advantage

that the

regions.

In

prepared

is

the

electrode
second

in the form

to

a

conducting

This approach has the

is transparent

over

all spectral

strategy, the conducting

material is

of a film

sufficiently

thin to

become

transparent.
The two types of OTE's described above were investigated in
this work and their optical and E C properties considered.
application

of

these

electrodes

in

flow

cells

was

Since
intended,

consideration was also given to the physical form and mechanical
characteristics of the material.

Both

carbon-based

and

metal

that combines

good

electrodes were included.

Carbon Cloth
Carbon cloth (Le Carbone-Lorraine) is a porous, semitransparent

material

conductivity
surface area.

and

of a

fibrous

mechanical

nature

stability

with

high

porosity

and

The cloth m a y be obtained in different thicknesses

and pore sizes. On-line applications in C F A [113] and H P L C
have been described.

[114]

D u e to high background currents and an

irreproducible surface, carbon cloth must be pretreated before use.

104

Reticulated Vitreous Carbon
Reticulated vitreous carbon (ERG) is a porous material with a
honeycomb

structure that combines the electrochemical properties

of glassy carbon with high surface area and low resistance to fluid
flow.

Reticulated vitreous carbon ( R V C ) is available in several

porosity
geometric

grades

and

shapes.

reviewed [115].

may
The

be

easily

properties

machined

into

different

of the material have

been

Like glassy carbon, R V C is inert to a large number

of chemicals and has a wide potential range in aqueous media.
With R V C , electrochemical pretreatment is usually necessary in
order to obtain reproducible results.

Thin slices of R V C have been

used

electrodes

as

optically

transparent

in

transmission

Light

transmittance

spectroelectrochemical

studies

through a given R V C

electrode is essentially constant over the

[116,117].

entire UV-visible region.

Most applications for R V C

developed

flow

for

amperometric

work

in

conditions

systems

[118,119],

stripping voltammetry [120,121].

A

under

and

for

have been

coulometric
on-line

or

anodic

flow-through sampling device

that features a dual R V C electrode cell has been reported [122].

Metallic Foam
The application of an optically transparent metallic substrate
[123] with a structure similar to that of R V C

has been described.

Metallic foams have the advantage of being mechanically stronger
than R V C , a material difficult to handle in small pieces.
made of Cu, Ni, A u and Pt are available in various porosities.

Foams
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Metallic M e s h
Micromesh or minigrid electrodes of various types which
differ in the size of the holes and wire thickness are prepared by
electrodeposition methods.
A u , Pt, Ni and C u

Minigrids of various metals, such as

are commercially available (Buckbee-Mears).

The electrochemical properties of these electrodes are very similar
to those of conventional electrodes m a d e from

the bulk metal.

However, because the thickness of the mesh does not exceed a few
\i m , the electrodes are flexible and can be bent to fit various
geometries.

Numerous

spectroelectrochemical

studies employing

mesh electrodes have been published [124-126].

Metallic Film
Metal or metal oxide OTE's can be prepared by evaporation,
sputtering

or

chemical

vapour

material onto glass or quartz.
used

extensively

for

deposition

of

the

conductive

Films of Sn02 and ln203 have been

spectroelectrochemical

photoelectrochemical [102] studies.

[127,128]

and

Tin oxide coatings have also

been commercially available (P.P.G., Schott) for some time.

The

electrodes exhibit good optical properties and stability in aqueous
and nonaqueous

solvents [129].

show similar properties.

Metal

film electrodes usually

Platinum and A u film electrodes, bare or

H g coated have found wide application in spectroelectrochemistry
[130,131] and photoelectrochemistry

[101].
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Metallised Plastic Film
Thin film electrodes are difficult to fabricate and their use is
restricted

to

cases

where

rigid

substrates

can

be

employed.

Recently, polyester sheets covered with a thin film of metal or
metal oxide have become commercially available (Sierracin).
substrate

material

is very

geometries become possible.

flexible

and

consequently

The

unusual

Despite the thinness (100 n m ) of the

coatings they usually exhibit low resistivity and good mechanical
stability.

Optical transparency is good but limited to the visible

region since the plastic substrate absorbs in the U V
Various

grades

available.

of A u

and

indium

tin oxide

and

IR.

(ITO) films are

The electrodes exhibit good electrochemical properties

[132] and are stable in aqueous and non-aqueous solvents.

The

use of A u

film electrodes for an on-line electrochemical reactor

[133] and

as

substrates

for

the

electrochemical

synthesis

of

conducting polymers [134] has been described.

3.1.3 Irradiation of Electrodes
Irradiation with UV or visible light of an electrode under
potential controlled conditions usually results in the production of
a current referred to as "photocurrent".
due

to

photochemical

phenomena

surface or in the adjacent

Photocurrents can arise

occurring

solution.

These

on

the

electrode

processes include

ejection of electrons from the electrode, change in the distribution
of charge carriers within the electrode, photochemical reactions of
species adsorbed

onto

the electrode

surface

and

solutes in solution that yield electroactive species.

photolysis of
The occurrence

and magnitude of any of these processes are normally a function of
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electrode material, solution composition, applied potential, light
wavelength and intensity.

O f all these, and in the absence of

photoactive species in solution, the electrode material is the main
factor that determines the nature of the photoeffect.

Important

differences exist between semiconductors and metal electrodes.

Photoeffects at Semiconductor Electrodes
According to the band theory of solids [135] two sets of
electronic states are available.

The valance band ( V B ) is a set of

states that is nearly filled with electrons while the conduction
band (CB) is a second set that is almost empty.
exhibit a forbidden
bands, called

the

electron energy
band

gap.

conductivity, electrons must
V B to the C B .

region

For

a

Semiconductors

between

these

semiconductor

to

two
show

jump across the band gap from the

The energy required to promote the electron can be

supplied by either heat or light.

Once the electron is promoted to

the C B , it becomes mobile and acts as a charge carrier.

W h e n an

electron is promoted to the C B it leaves behind, in the V B , a hole
which behaves as a positively charged
V B as electron rearrangements occur.
in the V B

can

also be

particle moving within the

Electrons in the C B and holes

introduced

by

the addition into the

semiconductor of acceptor and donor species called "dopants".
material

doped

semiconductor.

with

donor

atoms

is

called

an

A

n-type

In contrast, a p-type semiconductor is a material

doped with acceptor atoms.
When the semiconductor electrode-solution interface is
irradiated with light of energy greater than the band gap, photons
are absorbed and electron-hole pairs are created.

The electric field
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inside

the

separate.
more

semiconductor

causes

the

electrons

and

holes

to

If the potential applied to an n-type semiconductor is

positive than the flat-band potential (Efb), the holes are

delivered to the surface where they extract electrons from species
present at the interface while the electrons m o v e into the external
circuit through the electrode lead.

Thus, irradiation of an n-type

semiconductor

photo-oxidations, i.e., causes

electrode promotes

photoanodic currents.

In contrast, at p-type electrodes operating

at more negative potential than Efb

photocathodic

currents flow

due to photoreductions.
S o m e of the most commonly found semiconductor materials
are oxides of Sn, Ti, Pt, A u and Z n [135].

Most of these materials

are n-type semiconductors and when present on electrode surfaces
they can generate significant photocurrents [135,136] particularly
when irradiated with U V

light.

The ability to produce current

upon illumination has promoted the extensive use of some of these
materials, such
applications

as

Sn02

and Ti02,

in

photoelectrochemical

[136-138].

Photoeffects at Metal Electrodes
Irradiation of metal electrode surfaces has been k n o w n for
many years to produce photocurrents [139-141].
responsible for such photocurrents is called

The phenomenon
"photoemission", a

process whereby electrons from the electrode surface are ejected
as a result of excitation caused by the impinging photons.
steps

involved

photoemission,

in

the

photoprocess

thermalisation

and

are

solvation

believed
of

the

to

The
be

emitted

electrons, reaction of the solvated electron with scavengers present
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in solution and finally, electrolysis of the electroactive products
resulting

from

the

electron-scavenger

vicinity of the electrode.

reaction

formed

in

the

In the absence of scavengers, species

such as N 2 O , N O 2 " and H + , the solvated electrons return to the
electrode and the resulting photocurrent is close to zero.

However,

even in the absence of electron acceptors residual photocurrents
are observed.
the

solvated

These photocurrents are associated with reaction of
electrons

with

the

solvent

and

with

traces

of

impurities that act as scavengers [141].
Photoejection of electrons is highly influenced by the energy
of the light and the applied potential.

There is a m i n i m u m energy

that has to be supplied to remove an electron from the electrode,
therefore, there is a wavelength
improbable [139,140].

above which

photoemission is

This limit shifts to shorter wavelengths as

the potential becomes more positive.

On

the other hand, for

radiation of a given wavelength, there is a threshold potential for
photoemission.

Emission of electrons only becomes energetically

possible at more negative potentials [141,142].
It should be noted that photocurrents can also arise from a
number of thermal effects [139].

Heating of the electrode due to

absorption of light can result in changes in electrode potential or
capacitance and produce a photocurrent.

3.1.4 Aim of the Chapter
In the first part of this chapter OTE's potentially suitable for
PEC

detection are described and their optical and E C

evaluated.

properties

The second part of this chapter describes studies on the
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effect of light on the EC behaviour of the working electrode under
amperometric conditions as a function of electrode material,
radiation and solution characteristics.

3.2 EXPERIMENTAL
3.2.1

Reagents

and

Electrode Materials

All chemicals used were AR grade. Solutions were prepared
from triple distilled water. Solutions of the electroactive ions used
for voltammetric

experiments were prepared

from potassium

ferricyanide and the sodium salts of nitrite, iodide and bromide.
Mercury plating solutions were prepared by dissolving metallic Hg
in HNO3.

Standard solutions of Cu(II) and Pb(II) were prepared

from the nitrate salts and acidified with HNO3.
Carbon cloth in different thicknesses was supplied by Le
Carbone Lorraine. Reticulated vitrous carbon with porosities of 10,
60 and 100 pores per inch (ppi) was obtained from ERG.

Copper

foam with pore sizes in the 200-2000 urn range was purchased
from Astro Met.

Nickel meshes with different aperture sizes were

obtained from Buckbee-Mears and Au
Dionex.

mesh was supplied by

Metallised plastic films with varying conductivity were

obtained from Sierracin under the denomination Intrex G (Gold)
and Intrex K (Indium tin oxide).

The commercial tin oxide-coated

glass was Schott 822.

3.2.2 Instrumentation
Voltammetric experiments were performed in a conventional
three electrode cell. The working electrode was prepared from the
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material under study.

In all cases, electrical contact was made

with a tantalum wire.

The auxiliary electrode was a Pt wire and

the reference electrode was a Ag/AgCl(3M NaCl) electrode.
potentiostat

was

a

PAR

174

Polarographic

The

Analyser.

Voltammograms were recorded with a Houston Omnigraphic 2000
X-Y recorder.

Optical properties were studied with a Shimadzu

UV-160 spectrophotometer.

Scanning electron micrographs were

obtained with a Hitachi S-450 scanning electron microscope.
The flow system has been described in Sec. 2.2.2. For
continuous irradiation the potentiostat was a B A S LC-3A system
coupled to a thin-layer (IIA) detector cell (Sec. 2.2.3). The working
electrodes were a 3 m m

diameter glassy carbon disc and 1.5 m m

diameter Pt and Au discs. The light source was a Cathodeon C 950
system equipped with a Hanovia 200 W
cooling fan and

a 5 cm

experiments to remove heat.

Xe-Hg discharge lamp.

long water filter were used in all
Flash irradiation was performed with

a high intensity, broad spectrum E R G

FXQ-289-2 Xe flash tube

controlled by a homemade power supply.
measurements

were

photographic lamp.

made

with

a

Some pulsed irradiation

low

intensity

Xe

flash

In these experiments the potentiostat was a

P A R 174 Polarographic Analyser.
system was used

A

The clock signal from the P A R

to trigger the lamp.

The

transient current

responses were recorded with an ADI MacLab system coupled to a
Macintosh SE computer.
Chart V2.4 software.

The system was controlled by the ADI
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3.2.3

Procedures

Conventional glassy carbon, Pt and Au disc electrodes were
polished on a polishing pad with 0.3 n m alumina before use.
other

electrodes

were

pretreated

as

described

in

The

Sec. 3.3.

Supporting electrolyte solutions for the flow system were filtered
through

a

experiment.

0.45

um

membrane

filter at the

start of each

Mercury films were coated by applying -0.70 V for

10 minutes from a stirred 60 ppm Hg(II) solution.
Two methods were employed for preparation of Sn02 films
on

glass.

One

method

[143]

involves

the

homogeneous

precipitation of tin hydroxide from a solution containing SnCU and
NH4OH.

The oxide is formed by heat treatment after deposition.

The second procedure [144] consists of spraying a tin solution onto
a hot glass plate. Under these conditions reaction of the SnCU with
water forms the tin oxide film.

Doping with antimony can be

achieved by adding Sb(III) to the spraying solution.

3.3 RESULTS AND DISCUSSION
3.3.1

Evaluation

of Optically

Transparent

Electrodes

The optical and electrochemical properties of various
optically transparent electrodes suitable for the "on" mode of
detection were investigated.

The cyclic voltammetric responses of

several species were used to evaluate the E C
electrode materials.

The

behaviour of the

optical and electrochemical data are

summarised in Tables 3.1 and 3.2 respectively.
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Table 3.1 Optical transparency of electrode materials
Electrode Material

Maximum % T

Type

(X>300 n m ) (X<300 n m )
Glass/Sn02
Glass/Sn02(l)
Glass/Sn02 (2)
Glass/Sn02 (3)
Glass/Sn02 (4)
Plastic/Sn02
Plastic/Sn02
Plastic/Au
Plastic/Au
RVOa>
RVC(b)
Cu foam<c)
Carbon cloth
Ni mesh
Ni mesh
Au mesh

Schott 822
Homemade
Homemade
Homemade
Homemade
Intrex K-EC
Intrex K-LC
Intrex G-28FX
Intex G-l
60 ppi
100 ppi
200-2000 u
T C M 182
40 lpi
1000 lpi
100 lpi

(a) 3 m m thick, (b) 2 m m thick, (c) 2 m m thick

75
47
65
56
56
84

82
82
32
22
10
28
8
56
46
71

0
0
0
0
0
0
0
0
0
22
10
28
8
56
46
71
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Carbon Cloth
To obtain reproducible responses, it was found that
pretreatment of the cloths was necessary.

Several pretreatments

including heating, soaking in acid and application of a positive and
negative potential were applied.
pretreatment

consisted

of

The most successful method of

immersing

electrolyte for 12 h before use.
air

bubbles

in

considerably.
completely

the
The

remove

cloth

the

cloth

in

supporting

This procedure removed trapped

and

above

the

reduced

background

pretreatment,

however,

^reproducibility

between

currents
did

not

electrodes.

These discrepancies are believed to be the result of the inconstant
ratio between the E C and geometrical areas of the electrodes [145].
The cloth most suitable for this work in terms of background
currents and light transmission was 0.35 m m
cloth available.

Before

each

thick, the thinnest

experiment, the potential of the

carbon cloth electrode was cycled between -1.00 V and 0.00 V in a
solution

containing

background

supporting

currents were

electrolyte

obtained.

Of

until

reproducible

the ions investigated

responses were observed for ferricyanide only (Table 3.2).

These

responses were broad and ill-defined which is indicative of slow
electrode kinetics.

These results suggested that the material was

unsuitable for voltammetric applications.

Reticulated Vitreous Carbon
The material that has bigger pores exhibits higher optical
transparency

(Table 3.1) but its mechanical

particularly when thin electrodes are prepared.

stability is lower,
Electrodes m a d e
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Table 3.2 Responses for various species at OTE's(a)

Electrode
Epa (V)
Glass/Sn02 (Schott)
Glass/Sn02(l)
Glass/Sn02 (2)
Glass/Sn02 (3)
Glass/Sn02 (4)
RVC (60 ppi)
R V C (100 ppi)
Plastic/Sn02 (K-LC)
Plastic/Au (G-l)
Ni mesh (40 lpi)
Au mesh (100 lpi)

Fe(CN)63Epc (V)

N0 2 -

I"

A E P (V) Epa (V)

Epa(V

NR(b)

1.30
1.60
1.70
1.65
1.50
0.08
1.70

0.05
0.30
0.15
0.15
0.15
0.25
0.27
0.20
0.20
0.27

-0.10
-0.10
-0.10
-0.10
-0.05
-0.15
0.14
-0.25
0.00
0.14

0.15
0.40
0.25
0.25
200
0.10
0.13
0.45
0.20
0.13

NR
NR
NR
NR
1.20
1.10
1.10
0.80
-

-

0.18

0.07

0.11

0.78

-

-

(a) in 50:50 methanohO.l M NaCl
(b) No response

of 100 ppi R V C

offered the best compromise between light

transmission and ease of handling.
Voltammetric responses at RVC electrodes were observed for
all the species examined (Table 3.2).

Most peaks were well

defined and similar to those usually obtained at glassy carbon
electrodes.

However, with R V C a more rigorous pretreatment is

necessary to achieve reproducible results.
between -1.00 V

and

background currents.

1.00 V

Cycling the potential

was found to produce stable

Provided that the pretreatment was similar,

no significant differences in peak potentials were observed for R V C
electrodes with different porosities.
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Metallic F o a m
The optical transparency (Table 3.1) and mechanical strength
which allows the use of very thin electrodes suggested that
metallic foams would be suitable for P E C applications.
the voltammetric properties of the C u

the

However,

electrode available

were

found to be severely limited by background responses and high
residual currents.

In addition, the narrow anodic potential range

of the substrate restricted its application for oxidative detection.
This electrode material was not used for further tests.

Metallic Mesh
The

Ni

and

Au

minigrids

transmittances

over

the

entire

other OTE's (Table 3.1).

investigated

spectrum

when

showed

high

compared

with

Although extremely thin, the mechanical

strength of these meshes is adequate if handled with care.
voltammograms of the Ni mesh between -1.00 V
not

show

any

background

ferricyanide well defined

responses.

In

Cyclic

and 0.50 V
the

did

presence

of

and reversible oxidation and reduction

waves were observed (Table 3.2).

Although the negative potential

limit of the Ni mesh m a y be extended by coating it with a H g film,
the anodic potential range remains restricted due to oxidation of
the substrate.
The restriction of a small positive potential window is not
present for A u mesh electrodes (Table 3.2), which also exhibit high
chemical and E C stabilities in most solutions.
advantages, which

allow

the

use

of A u

In addition to these
electrodes

in

many
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oxidative detection schemes, the A u

mesh also provides a better

substrate for H g films [146].

Tin Oxide Film
Initially, home made Sn02 electrodes were investigated. Two
coating methods (Sec. 3.2.3) were evaluated, both involving the
initial deposition

of

tin hydroxide

conversion to tin oxide by heat.

on

glass

followed

by its

The first method [143] is based on

the controlled homogeneous precipitation of tin hydroxide.

This

procedure did not yield a transparent film of tin oxide but rather a
white precipitate.
difficult to control.

In addition, the precipitation conditions were
The second coating method

spraying a tin solution onto a hot glass plate.

[144] involved
This procedure

provided a more effective deposition of S n 0 2 and also allowed the
variation of the film thickness which could be achieved by varying
the number of coatings.

For comparative purposes, a commercially

available tin oxide coated glass was obtained.
As expected the glass substrate allowed good transmittance
of visible light but it absorbed light in the U V

region (Table 3.1).

This limitation could be easily overcome by replacing the glass
substrate by quartz.
Voltammetric data revealed that responses could be obtained
for Fe(CN)6 4 " and L but not for N O 2 " ,
more irreversible oxidation.

probably because of their

O f the home-made electrodes, those

coated 3 or 4 times gave more reversible responses as shown by
the AEp

values (Table 3.2).

Even more reversible waves

observed at the commercial tin oxide electrode.

were

Presumably, this
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trend results from the increased conductivity of the tin oxide film.
In

particular, the

conductivity

of

the

commercial

film

was

significantly higher than that of other electrodes, probably due to
the presence of antimony which acts as a dopant.

Unfortunately,

the use of the commercial electrode was hindered by the presence
of oxidation and reduction waves between

-0.40 V

which could interfere with analytical signals.
background

responses

could

not

be

and 0.20

V

The source of these

established

composition of the coating could not be obtained.

since

the

Preparation of

tin oxide coated glass electrodes was not pursued further due to
problems

associated

with reproducibility

and

uniformity

of the

coatings.

Metallised Plastic Film
Tin
evaluated.

oxide

and

gold

films

of varying

conductivity

were

While all films have very good transparency in the

visible region, transmission

below 300 n m

is prevented

by the

absorbance of the plastic substrate (Table 3.1).
Voltammetric responses for the species examined were well
defined but only observed at the most conductive films (Table 3.2).
The high resistance of the other films hindered the oxidation and
reduction processes.

A s a general rule it was found that the higher

the conductivity of the film, the better the response and the lower
the transparency.

A

comparison

of

the

ITO

and

Au

most

conductive films revealed that the reversibility of the responses
was higher at the A u electrodes.

This is presumably caused by a

combination of higher conductivity and more facile kinetics of the
electrode processes.
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Mercury Coated Electrodes
With a view to employing OTE's for a metal speciation
scheme using U V
some

of

the

light and anodic stripping voltammetry

materials

substrates for H g

film

described

above

electrodes.

were

Uncoated

(ASV),

evaluated
and

as

Hg-coated

electrodes were tested with the H g films being either pre-formed
or plated in-situ.

The latter were employed in most experiments

due to their greater stability and reproducibility.

Glassy carbon

electrodes were used for comparative purposes.
Efforts were initially focussed on the use of metallised plastic
films (MPF's) due to their low cost and mechanical properties
suitable for flow applications.

The deposition and stripping of Cu,

Pb and H g were used to evaluate the properties of the electrodes.
Initially, the reduction and oxidation of C u and Pb (0.02-0.50 p p m )
on bare ITO and A u films were investigated.

Responses showed

relatively good reproducibility and well defined oxidation curves,
particularly in acidic conditions.

The problem with this approach

was the production of multiple peaks, a phenomenon

commonly

observed with solid electrodes except at very low concentration
levels. The ITO film was found to be more stable and useful as a
substrate for H g

films

than

the A u

film.

Two

immediate

applications were envisaged for these electrodes, use in Hg(II) ions
determinations, and use in a H g film electrode for determination of
other metals.

Even when coated with a H g film the transparency

of the electrode is remarkably good (Table 3.3).
Cyclic voltammograms

at the I T O

electrode showed

Hg(II) was reduced at -0.20 V and oxidised at 0.00 V.

that

T o plate H g

120

Table 3.3

Transparency of mercury-coated OTE's

Electrode

Maximum % T
ITOW
Au(a)

Uncoated

82

82

Coated(c)

78

67

(a) Intrex G-28FX
(b) Intrex K-LC
(c) Coating: 10 min at -0.70 V in 60 ppm Hg

on the electrode a potential of -1.00 V was applied which produced
a stable, well formed film.

Scanning electron micrographs of the

coated substrate indicated that the Hg was deposited in droplets
similar to those observed

on

glassy carbon.

The

ability to

quantitate Hg(II) in solution was investigated and a calibration
curve over the range 0-10 ppm is shown in Fig. 3.1. At the higher
concentrations, the electrode surface appears to become saturated
resulting in diminished responses.
lower concentrations

Good results are observed at

with detection limits of 10 ppb using linear

sweep anodic stripping voltammetry (LSASV) and less than 1 ppb
using differential pulse anodic stripping voltammetry (DPASV).
Cyclic voltammograms for Pb(II) and Cu(II) in 0.1 M NaN03
at the Hg

film electrode indicated that the stripping response

corresponding to oxidation of Pb(0) and Cu(0) from the electrode
surface exhibited a well formed peak which could be used for
quantitation.

Using a 10 minute deposition time a detection limit

of 100 ppb was estimated for Pb(II).
was slightly higher.

The detection limit for Cu(II)

Although the ITO film has been shown to be
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useful as substrate for H g films a limitation exists in that the H g

0.3- ^ "
=*- i ^^
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Fig. 3.1 Calibration curve for Hg(II) in 0.1 M NaN03 at an ITO film electrod
using LSASV; deposition potential: -1.00 V; deposition time: 10 min; scan ra
100 mV/s.

renders the conductive film unstable and causes it to strip from
the plastic support when Hg is oxidised. The low cost of the
material allows replacement of the electrode before depositing a
new Hg film.
Detection of metal ions at uncoated RVC (100 ppi) electrodes
revealed that sensitive but irreproducible stripping responses
were obtained. Higher sensitivity and reproducibility were
observed when the electrodes were coated with Hg films. The
performance of the Hg-coated RVC electrode was similar to that
observed for Hg films on glassy carbon electrodes. A list of the
stripping response potentials for Cu(II) is given in Table 3.4.
Oxidation of the deposited metals is more facile at the Hg-coated
electrodes as indicated by the cathodic shift in the peak potential.
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Table 3.4 Stripping voltammetric responses for copper at OTEVa)

Electrode EP (V)
Plastic/Au 0.30
Plastic/Sn02

0.06

Plastic/Sn02/Hg

0.05

RVC

0.07

RVC/Hg

0.02

(a) in 0.1 M NaN(>3, pH 5

3.3.2

Irradiation

of the Working

Electrode

The effect of light on electrode materials was investigated
under various detection conditions using both continuous and
pulsed

light sources.

For

these

studies conventional

solid

electrodes were used so that genuine bulk material effects could
be

observed.

photoelectrochemical

In

this

way

potential

distortion

in

behaviour due to the substrates, such as

glass or plastic, could

be

avoided

and

observation

of the

fundamental processes allowed without interference.

3.3.2.1 Continuous Irradiation
In these experiments, the electrode surface was continuously
irradiated in the "above" mode

while a supporting electrolyte

solution flowed over the electrode and the resulting steady state
photocurrent measured.

Initially, supporting electrolyte solutions

were irradiated in batch experiments and tested for the presence
of electroactive photoproducts.

One anion, N03 - , was found to be
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photoactive, while the others, C L , SO4 2 -, CIO4- and A c O " did not
exhibit photoactivity, in agreement with previous reports [48].
Only supporting electrolytes and electrodes potentially useful in
this project were employed in the following experiments.
To allow comparison of electrodes with different surface
area, current densities were used.
carbon, Pt and
supporting

Au

Values obtained for glassy

electrodes poised

electrolytes

are

given

at 1.00

in Table

V

in various

3.5.

Since

the

supporting electrolytes employed are photoinactive and the levels
of residual photocurrents due to solution impurities are normally
not significant [141], it was concluded

that the photocurrents

observed were due to surface photochemical processes. Since at
the positive potentials applied

photoemission

from

the metal

electrodes is not possible [141,142], the observed photocurrents
can only be attributed to photoeffects associated with the oxide
layers known to form on metal electrodes under anodic conditions
[147].
and

Platinum and gold oxides exhibit semiconducting properties

consequently, upon

produced [147].

irradiation, anodic

photocurrents

Photocurrent levels at the A u

are

electrode were

particularly high in NaCl, probably due to the reaction of A u with
CI" ions to form a stable complex.

This reaction is likely to be

enhanced by the applied potential and the light [147].
Photocurrent densities for the glassy carbon electrode were
consistently lower than for the metal electrodes.

Although the

literature is scarce, background photocurrents and the associated
noise have been observed previously during illumination of glassy
carbon

electrodes

in

photoelectrochemical

analysis

[16,148].

However, the phenomenon was either not discussed [Fig.8 in 16] or
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Table 3.5 Photocurrents at various electrodes in selected
electrolytes under continuous irradiation^)

Electrolyte
Glassy carbon

I (nA/cm 2 )
Pt

Au

0.10MNa2SO4 0.99 1.36 3.40
0.05MH2SO4

0.69

1.13

3.16

0.10 M NaCl

0.58

0.68

58.31

(a) Cell: thin-layer (IIA); flow rate: 0.2 mL/min;
200 W Xe-Hg lamp

not explained [148].

potential: 1.00 V;

light source:

It was beyond the scope of this study to

investigate in detail the photochemical mechanisms giving rise to
photocurrents.
responsible

However, it is suggested that one of the processes

for the photoeffects

on

glassy

carbon

electrodes

involves the interaction of light with functional groups present on
the electrode surface.

Carboxyl, phenol, and quinone chemical

functionalities have been detected on glassy carbon surfaces [21].
Most of these functional groups, particularly carbonyl, can absorb
UV

light and

generate excited

states with

different, usually

enhanced, E C properties to those of the ground state (Sec. 1.4.2).
This phenomenon has been used to advantage for P E C detection of
ketones

and

aldehydes

[16].

According

to

the

proposed

mechanism, photogeneration of excited functional groups on the
electrode surface under potentiostatic control can lead to the
oxidation or reduction of the excited species and result in the
production of a faradaic current.

Glassy carbon is also known to

have semiconductor properties [149] and therefore photocurrents
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m a y be generated by the same process operating at metal oxide
electrodes.
Examination of the photocurrent values in Table 3.5 indicates
that an increasing trend appears to exist in the order NaCl, H 2 S O 4
and N a 2 S 0 4 .
valence and

It has been shown [150] that the position of the
conduction

bands

of an irradiated

electrode vary with the nature of the electrolyte.
band

semiconductor
Variation in the

gap can result in the generation of different levels of

photocurrent.
Table 3.6 Effect of applied potential and cell window material on
photocurrents under continuous irradiation^)

Potential (V) Current (nA)
Glass

Quartz

-0.20

4

16

0.60

28

320

1.00

535

2120

-0.40 140 200

(a) Cell: thin-layer (IIA), glassy carbon electrode; carrier solution: 0.1 M
N a 2 S 0 4 at 0.5 mL/min; light source: 200 W Xe-Hg lamp.

Further results from irradiation experiments are presented
for glassy carbon.

This electrode was selected for more detailed

studies because it was the electrode most often used in this work.
The effect of applied potential and cell window material on the
photocurrent can be seen in Table 3.6. A s observed for other
electrodes [141,148], the photocurrent increases with increasing
positive

and

negative

applied

potentials

suggesting

that for
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detection under these conditions extreme potentials should be
avoided.

A comparison of irradiation through glass and quartz cell

windows

showed

that

with

photocurrents are produced.

quartz

significantly

higher

This is attributed to the higher

energy of the U V light which is not transmitted by glass.

Similar

dependence of the photocurrent on applied potential and window
material

were

observed

in

all

the

supporting

electrolytes

examined.
Table 3.7 Effect of oxygen on photocurrents at positive and
negative potentials under continuous irradiation^)

Electrolyte

Current (nA)
-0.50 V

1.00 V

No

800

1300

Yes

180

600

No

170

236

Yes
No

272

888

224

856

OxygenW
N a 2456
S04
0.1 M1020

Yes

0.1 M NaCl
50:50 Methanol:
0.2 M NaCl

(a) Cell: thin-layer (IIA), glassy carbon electrode; flow rate: 0.5 mL/min;
light source: 200 W Xe-Hg lamp
(b) Yes: solution containing oxygen
No: solution deoxygenated with nitrogen gas.

Data illustrating the effect of dissolved oxygen on the
photocurrent
solutions.

are given

in Table

3.7

for various electrolyte

In general, photocurrents are lower in the absence of

oxygen at both positive and negative potentials.
can interact with U V

Dissolved oxygen

light to produce electroactive species [151]
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that can

undergo

working electrode.

electrolysis

and

generate

a current

at the

Exceptions to the general trend are the results

for N a 2 S 0 4 at positive potentials which show that the background
photocurrent

is higher

in the

absence

of oxygen.

Specific

interactions between oxygen, S O 4 2 - and the conduction and valence
bands

of the irradiated

electrode

are probably

operating

to

produce the observed effect.

3.3.2.2 Pulsed Irradiation
Continuous irradiation of the electrode surface with high light
fluxes can introduce heating that can alter the temperature of the
system and produce spurious currents.

The application of flash

methods in which the solution is exposed to a short light pulse of
relative high intensity usually overcomes this problem.

The study

of transient photocurrents is also relevant to the application of
pulsed photoelectrochemical detection, a measuring technique that
permits

discrimination

against

background

photocurrents

(Chap. 8).
To show that the background response was not an electronic
artifact, the electrode was exposed as before or shielded with an
opaque material while the flash lamp was on.
only observed for the exposed electrode.

A photocurrent was

This demonstrated that

the background response was caused by a genuine photochemical
process.

A s illustrated in Fig. 3.2, the magnitude of the transient

photocurrent is directly proportional to the intensity and energy of
the light.

The larger photocurrent pulse produced by the high

intensity X e flash tube results not only from its more intense
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output but also from the higher energy of the UV radiation not
available with the low intensity Xe flash lamp.

6-

2-

V T

1

1

1
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20

40

60
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Fig. 3.2 Photocurrent at a glassy carbon electrode due to flash irradiation with
(A) low intensity X e lamp, (B) high intensity X e lamp; cell: thin-layer (IIA);
potential: 1.00 V; carrier solution: 0.05 M H 2 S O 4 at 0.3 mL/min.

Peak photocurrents obtained at different applied potentials
are shown in Table 3.8. In agreement with steady state
experiments, the background photocurrent becomes larger as the
applied potential increases. The photocurrents under flash
irradiation conditions were found to follow a similar trend to that
observed for continuous illumination experiments. Again, the
photocurrent levels were higher in the presence of the SO42- anion,
with the Au electrode producing the largest values of all
(Table 3.9). In contrast to continuous irradiation conditions, the
photocurrent at the Au electrode in NaCl solution was relatively
low. The kinetics of the photoinduced complexation reaction
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Table 3.8

Effect of

applied potential on photocurrents under
flash irradiation^)

E (V)

i(b) (nA)

0.00 0.07
0.50 0.48
1.00 2.40
(a) Cell: thin-layer (IIA), glassy carbon electrode;
carrier solution: 0.1 M N a 2 S 0 4 at 0.2 mL/min;
light source: high intensity X e flash lamp.
(b) Current at 10 m s after transient peak.

Table 3.9

Photocurrents at various electrodes in selected
electrolytes under flash irradiation^3)
1(b) (u A/cm 2 )

Electrolyte
Glassy carbon

Pt

Au

0.10 M Na 2 S0 4

10.3

6.2

63.3

0.10 M NaCl

5.9

4.6

24.3

(a) Cell: thin-layer (IIA); flow rate: 0.2 mL/min; potential: 1.00 V; light source:
high intensity X e flash lamp
(b) Current density at 10 m s after transient peak
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between A u and C P is probably such that the short duration of the
flash does not allow the reaction to occur.

3.4 CONCLUSIONS
A number of OTE's have been evaluated in terms of their
optical and E C properties.

Carbon cloth, C u foam, and h o m e m a d e

S n 0 2 films did not show suitable voltammetric properties.

High

background currents and slow kinetics preclude the use of these
materials for sensitive detection of trace substances.
In contrast, RVC, metallic meshes and metallised plastic films
exhibit in general a combination of good optical transparency and
reversible electrode kinetics.

While R V C

has the same advantages

as glassy carbon electrodes, minigrids and metallised plastic films
are particularly interesting for on-line applications owing

to the

thinness and flexibility of the material.
Mercury-coated MPF electrodes have been found to retain
most of the transparency of the bare film.
have been shown to be useful for A S V

Tin oxide substrates

measurements.

However,

instability of the Hg-coated film limits the application of these
electrodes to relatively short periods of time.
Direct irradiation of glassy carbon, Pt and Au solid electrodes
by

both

continuous

and

pulsed

methods, has

been

shown

to

generate photocurrents that appear to be the result of surface
photochemical
processes

are

processes.
thought

functional groups.

On
to

glassy

involve

carbon

the

electrodes, these

excitation

of

surface

O n metal electrodes the excitation of electrons
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from

the

semi-conducting

surface

oxide

layers is presumably

responsible for the photocurrents.
The photocurrents are dependent on the electrode material,
E C conditions, characteristics of the radiation and composition of
the solution.

The magnitude of the photocurrent increases with

increasing potential, increasing light intensity, decreasing light
wavelength and increasing dissolved oxygen content.

The effect of

the supporting electrolyte is essentially dependent on the nature
of the anion.
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Chapter 4

DETECTION OF NITROSO AND NITROCOMPOUNDS
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4.1 I N T R O D U C T I O N
Nitrosocompounds and nitrocompounds are two groups of
nitrogen

containing

substances

with

chemical

and

biological

properties that have generated a great deal of interest in the
industrial and environmental fields. Many of these compounds have
been found to be highly toxic [152,153] or potent carcinogens [154].
N-nitrosocompounds are readily formed by the reaction of
secondary or tertiary amines with nitrosating agents, the most
common of which is the nitrite ion. Since their precursors are widely
distributed in the human environment, N-nitrosamines can be easily
formed in many systems.

Trace amounts of these compounds have

been found in food [155], beverages [156], cosmetics [157], and
pesticides

[158]

among

others.

The

great

majority

of

N-nitrosocompounds are acutely toxic, mutagenic and teratogenic
[152,154].

Of particular concern is the presence of nitrosamines in

certain types of food, such as cured meat, where nitrosamines can be
easily formed

due to the availability of amines and nitrite.

Secondary amines are common constituents of foodstuffs and can
react with naturally occurring or added nitrite under food processing
or storage conditions.
Detection and quantitation methods for nitrosamines are varied
but most of them involve a chromatographic separation prior to
detection

[155,159].

spectroscopy,

The

analytical techniques used include

electrochemistry,

mass

spectroscopy

and

chemiluminescence.

The two most widely accepted methods are

mass spectroscopy

[160,161] and chemiluminescence performed

with the thermal energy analyser (TEA) [162,163] following gas
chromatography.

The TEA offers great selectivity for nitrosamines
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based on the selective thermal cleavage of the N - N bond.

Although

very sensitive, mass spectroscopy and T E A suffer from a number of
drawbacks

such

as

complicated

procedures and high cost.

operation,

time

consuming

Furthermore, both techniques can be

applied only to volatile N-nitroso species and T E A can produce both
false positive and negative responses [164].
Poloragraphic techniques have been used for the reductive
detection of nitrosamines [165,166].

These techniques are rapid and

inexpensive but they are not capable of the determination of most
mixtures without prior separation.
removal

of oxygen

renders

Moreover, the necessity for the

the methods

unsuitable

for volatile

compounds.
More in tune with modern analytical requirements are HPLC
methods

coupled

with

detectors such as T E A
proportion

of H P L C

electrochemical

[167] as

well

[168] and absorbance [169].
procedures

photolytic decomposition

have

made

use

of N-nitrosocompounds

A

as other
significant

of the facile
to give nitrite.

Detection of the nitrite species can then be achieved by a variety of
techniques

including

amperometry

[55,170],

fluorescence

[46]

spectrophotometry [59,61] and conductivity [41].
The chemistry involved in the methods described above
suggests that a similar approach can be used for the analysis of
organic compounds containing the nitro group.

With this perspective

it is possible to envisage a large number of potential applications
since organic nitrocompounds
C-nitro, O-nitro or N-nitro
propellants, drugs,

can exist as aliphatic or aromatic
forms

and

are used

as explosives,

industrial intermediates and others.
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The

analysis

investigations.
the

of explosives

has

been

the

subject

of

many

Detection of explosive materials is important during

formulation

environmental

process

as

monitoring

well

and

as

in

toxicology

forensic

chemistry,

[153].

Analytical

techniques for determination of explosives in various fields have
been

reviewed

[171].

Although

there

are a large number

of

analytical approaches for the analysis of organic nitrocompounds,
particularly explosives and propellants, most of them have one or
more drawbacks or disadvantages.
gas chromatography

with

M u c h of the early work utilised

a variety of detectors.

However, gas

chromatography is often unusable due to the thermal instability of
many explosive compounds [171].
As a consequence, most of the emphasis has shifted towards the
use

of H P L C

absorbance

coupled

with

a

number

[172], mass spectroscopy

recently E C

of

detectors

[173], T E A

detection in both the reductive

modes [48,176].

including

[174] and

[175] and

more

oxidative

Absorbance detection methods are not generally

sufficiently selective or sensitive.

Mass

spectrometry tend to be

expensive and difficult to operate routinely.

TEA

is somewhat

selective for organic nitrocompounds but it also responds to other
substances and it is very expensive for a routine H P L C

detector.

Reductive

problems

due

electrochemistry

to the

reduction

Nitrocompounds

are

presents

of oxygen
not

amenable

serious
and
to

operational

mobile

phase

oxidative

impurities.

detection

but

photolysis of the material results in the release of N O 2 " ions which
can be detected at oxidative potentials [48,176].
In all the photolytic schemes described previously, irradiation of
the eluent took place within a photolytic reactor consisting of a
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length of P T F E tubing placed around a U V lamp. The work reported
in this chapter describes the determination of nitrosamines and
explosives in flowing

solutions using

the photoelectrochemical

approach, i.e., photolysis and detection occur within the detector cell.
The method is based on the photolytic cleavage of the analyte
molecule and subsequent detection of the released N O 2 " ions at
oxidative potentials according to:
R-NO2 + hv -> R + NO2-

(4.1)

N 0 2 - + H 2 0 -* NO3- + 2H+ + 2c-

(4.2)

Both wall-jet and thin-layer cells were employed.

The latter were

used in the "adjacent" and "on" irradiation modes.

4.2 EXPERIMENTAL
4.2.1

Reagents

Reagent grade chemicals were used unless otherwise stated. All
aqueous solutions were prepared in triple distilled water.
standard

solutions

Nitrosodimethylamine
nitrosodipropylamine
nitrosodiphenylamine

were

prepared

(NDMA),
(NDPA),
(NDPhA)

from

NaN02.

nitrosodiethylamine

nitrosodibutylamine
were

obtained

Nitrite

(NDEA),

(NDBA)
from

and

Aldrich.

Working solutions of nitrosamines and nitrite were prepared daily.
Standards of p-nitrotoluene, m-nitrotoluene and trinitrotoluene were
supplied by the Australian Defence Department.
N-(l-naphthyl)

ethylenediamine

Sulphanilamide and

dihydrochloride

prepared as described in the literature [177].

reagents

were
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4.2.2

Instrumentation

Voltammetric data were obtained with a 174 PAR Polarographic
analyser.

The working electrodes were a 3 m m

carbon disc and 1.5 m m

diameter Pt and A u discs.

electrode was Intrex G-l supplied by Sierracin.
obtained from Dionex.

diameter glassy

The A u mesh was

The reference electrode was

NaCl) and the auxiliary electrode was

The A u film

a Pt wire.

Ag/AgCl(3M
A

Houston

Omnigraphic 2000 X-Y recorder was used to record the voltammetric
curves.

Irradiation in the batch mode was carried out in a quartz

cell with a low pressure H g lamp.
UV-visible

spectra

were

obtained

Colorimetric measurements and
with

a

Shimadzu

UV-160

spectrophotometer.
The instrumentation for on-line experiments has been described
in Sec. 2.2.2. The potentiostat for D C amperometry was a B A S LC-3A
system.

Pulsed amperometry was performed with a Dionex Pulsed

Amperometric Detector.

The P E C cells were thin-layer (IA, IIB) and

wall-jet (IIIB) designs (Sec. 2.2.3).

4.2.3 Procedures
Glassy carbon, Pt and Au disc electrodes were polished with 0.3
urn alumina before use.

Gold film and A u mesh electrodes were

washed

and

with

Colorimetric

ethanol

determination

water

of N 0 2 -

before

each

experiment.

in photolysed solutions was

achieved according to a procedure described previously [177],
Prior to use carrier solutions were vacuum filtered through a
0.45 u m

pore size membrane filter.

interest were obtained using FIA.

Responses for the species of
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4.3 R E S U L T S A N D
4.3.1

DISCUSSION

Irradiation and

4.3.1.1

Voltammetry

in a Stationary Cell

Nitrite

Photolysis of nitrosamines and explosives results in the
formation of NO2" ions. Sensitive detection of these ions is necessary
to quantitate the original compounds. The oxidation of N02~ at glassy
carbon, Pt and optically transparent A u electrodes was studied using
L S V and DPV.

The latter technique was preferred for detection in

the stationary cell due to its higher sensitivity. The Au OTE's were
included

with

a

view

to

employing

these

electrodes

in

determinations using the "on" irradiation approach.
Table 4.1 Oxidation responses for nitrite as a function of electrode
and supporting electrolyte^3)
Electrode EP (V)
0.1 M N a 2 S 0 4

0.1 M NaCl

Glassy carbon 0.87 0.85
Pt

0.80

0.76

Au film

0.83

0.78

(a) D P V : pulse period 0.5 s, pulse amplitude 50 m V , scan rate 10 mV/s

Supporting electrolytes were selected on the basis of their lack
of photochemical activity (Sec. 3.3.2.1). This excluded N a N 0 3 which
can undergo photoreduction but allowed the use of NaCl, NaC104 and
Na2S04.

However, NaCl and NaC104 were found to produce high

background currents at the Au film electrode, presumably due to the
formation of a Au-CP complex at positive potentials.

Subsequent
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work was carried out in Na2S04but NaCl was still employed in some
experiments where glassy carbon electrodes were used.
oxidation

responses

obtained

under

different

The NO2"

conditions

are

summarised in Table 4.1. Responses were found to be better defined
and reproducible at the glassy carbon electrode and therefore it was
chosen as the primary electrode for this application.

4.3.1.2 Nitrosamines
Nitrosodimethylamine (NDMA) and nitrosodiethylamine (NDEA)
were used as model compounds for initial investigations.

The

absorption spectra of these compounds show an intense band at
220 nm and a much weaker band at 360 nm.

Most nitrosamines

exhibit strong absorption peaks between 220-230 nm

(Table 4.2)

suggesting that U V light is necessary for efficient photolysis.

Table 4.2 Absorption bands of nitrosamines^3)

Nitrosamine Wavelength (nm)

NDMA 227.2
NDEA

230.1

NDPA

232.3

NDBA

232.8

NDPhA

226.4

(a) Solution: 10 p p m nitrosamine in water

Irradiation of unstirred aqueous solutions of N D M A and N D E A caused
the concentration to diminish as indicated by the decrease of the
absorption band at 220 nm.

In Fig. 4.1 linear sweep voltammograms
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of nitrosamine solutions before and after photolysis are shown.
photolytic

release

The

of N O 2 " is revealed by the appearance of an

oxidation peak at 0.90 V.

The presence of N O 2 - was confirmed

by

colorimetric analysis.
Since the NO2" species absorbs in the UV region, solutions
containing only N O 2 " and supporting electrolyte were irradiated for
15-30 min to determine whether further photolysis occurred.

Under

the irradiation conditions used in these experiments no significant
changes in concentration were observed.
The effect of irradiation time on the photolysis of unstirred
nitrosamine
spectrum.

solutions

was

studied

by

monitoring

the

absorption

A s shown in Fig. 4.2, the rate of photolysis of a N D E A

solution remained

high and relatively constant until most of the

nitrosamine was photolysed thus demonstrating

the lability of the

nitroso group.
The combined effect of p H and irradiation time on the rate of
photolysis was investigated using a N D E A

solution.

In neutral and

basic solution the concentration of N O 2 " initially increased with time
and leveled out after 15-20 min of irradiation.

In acidic conditions,

the concentration of N O 2 " in the irradiated solution increased initially
and

then decreased

instability

after ca. 5 min.

This was attributed to the

of N O 2 " in acidic conditions.

The effect of low p H ,

however, was not expected to hinder the detection of N O 2 " in the
flow system because the proximity of the irradiation point to the
working electrode within the P E C cell ensures that the N O 2 " ions are
oxidised immediately after photolysis.
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Fig. 4.1 Linear sweep voltammogram of a N D E A solution in 0.1 M Na2SC>4
(A) before irradiation, (B) after irradiation; irradiation time: 10 min; solution:
50 m L of 10 ppm N D E A .
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Fig. 4.2 Effect of irradiation time on the rate of photolysis of a N D E A solution;
solution: 50 m L of 100 ppm N D E A in water; N D E A absorption band: 339 nm.
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4.3.1.3

Explosives

For initial experiments p-nitrotoluene (p-NT) was used as a
model compound.

Irradiation of p - N T solutions with a H g

lamp

decreased the concentration of analyte as indicated by a reduction in
the size of the absorption peaks. This is shown in Fig. 4.3. Photolytic
cleavage of the p - N T molecule was confirmed by the appearance
after irradiation of a response at 0.90 V due to the oxidation of NO2'.
The effect of irradiation time and solution p H on the photolysis
of p-NT is illustrated in Fig. 4.4. Initially, decomposition proceeds at
a fast rate and

then decreases.

As

observed

previously, the

detectable concentration of N O 2 " is lower in acidic solutions than at
higher pH's.
Although the photochemical behaviour of p-NT and similar
compounds

resembles

that

of

nitrosamines,

a

preliminary

comparison of the results from irradiation experiments suggested
that the photolysis of nitrocompounds proceeded at a lower rate. For
a given set of irradiation and detection conditions, explosives are
expected to yield lower sensitivities.

4.3.2 Detection in Flow Cells
4.3.2.1
4.3.2.1.1

Nitrosamines
Thin-laver

Cells

The thin-layer cell provides a design which allows the use of
different irradiation modes
"adjacent" m o d e

with

is particularly

a variety
useful

evaluation of new P E C detection schemes.

of electrodes.

for initial studies

The
and

O n this basis the thin-

layer/"adjacent" combination was selected and used as a reference
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Fig. 4.3 Absorption spectra of a p-NT solution (A) before irradiation, (B) after
irradiation; irradiation time: 1 h; solution: 50 m L of 10 p p m p-NT.
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Fig. 4.4 Concentration of N O 2 ' released by a p-NT solution as a function of
irradiation time at (A) p H 8, (B) p H 6.5, (C) p H 4; solution: 50 m L of 10 p p m p-NT
in 0.1 M Na2S04.
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The model

for comparison with other cell designs.

compounds

utilised in these experiments were those previously examined in the
stationary cell.

4.3.2.1.1.1 "Adjacent" Mode
In order to establish the detection potential for NO2" under flow
conditions a hydrodynamic voltammogram, shown in Fig. 4.5, was
constructed.

This was accomplished by measuring the current for

injections of a N O 2 " solution at increasing applied potentials.

250-
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,
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1.4
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Fig. 4.5 Hydrodynamic voltammogram for NO2", cell: thin-layer (IA), glassy
carbon electrode; carrier solution: 0.1 M Na2S04 at 0.5 mL/min; sample solution:
0.5 ppm NO2".

Although the limiting current is reached at 1.3 V the S/N ratio starts
to deteriorate above 1.2 V as a result of the oxidation of water.

A

working potential of 1.1 V was chosen but it was found that the
optimum applied potential was dependent on the condition of the
electrode surface and on the glassy carbon employed [178].

For this

reason potentials between 1.0 V and 1.2 V were used in this work.
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Irradiation of the carrier solution caused a rise in background
current.

Apart from a change in temperature (Sec. 3.3.2) one of the

possible reasons for this phenomenon is the photolysis of solution
impurities introduced by salts and reagents.

W h e n the concentration

of

the

supporting

electrolyte

was

reduced

analytical

signal

diminished, presumably due to a decrease in the conductivity of the
solution and therefore, an increase in the iR drop across the cell
(Table 4.3).

This loss of sensitivity was not accompanied

by a

significant reduction in background

current, hence all subsequent

experiments were performed in 0.1 M

Na2S04.

Table 4.3 Oxidation responses for nitrite as a function of electrode
and supporting electrolyte^)

Electrolyte cone.
(mol/L)

Species injected

Nitrite^)

Nitrosamine(b)

Peak height
(nA)

0.1

72.0

0.05

65.0

0.025

45.0

0.1

89.0

0.01

67.0

(a) Cell: thin-layer (IA), glassy carbon electrode; potential: 1.1 V;
carrier solution: N a 2 S 0 4 at 0.5 mL/min.
(b) Nitrite solution: 0.3 p p m N O 2 "
(c) Nitrosamine solution: 10 p p m N D E A

The dependence of the analytical signal on the flow rate was
somewhat unexpected.

A typical plot, illustrated in Fig. 4.6, shows an

initial decrease in current followed by an upward trend as the flow
rate

increases.

It is

accepted

that

the

formation

of

NO2"
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Fig. 4.6 Effect of flow rate on the P E C response for nitrosamines; cell: thin-layer
(IA), glassy carbon electrode; potential: 1.2 V; carrier solution: 0.1 M Na2SC»4;
sample solution: 5 ppm N D E A .
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Fig. 4.7 Calibration curves for N D E A with (A) thin-layer cell (IA), (B) wall-jet
cell (IIIB); potential: 1.2 V; carrier solution: 0.1 M Na2SC>4 at 0.5 mL/min.
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proceeds via the production of intermediate species such as N O + and
NO*

[179-181].

After the expected initial decrease of the current

(Sec. 2.3.2.6), it is possible that as the flow rate increases further, the
time lapse between photolysis and detection decreases to the extent
that formation of N O 2 " is not possible within this time interval and
consequently, the signal observed is due to the oxidation of an
intermediate species.

At this stage the current increases with flow

rate as observed in conventional E C detection (Sec. 2.3.1.2).

At even

higher flow rates, the residence time of the solution in the cell
becomes

significantly

shorter

causing

the

degree

of

analyte

photolysis to diminish and the concentration of signal generating
species to decrease.
A typical calibration curve is shown in Fig. 4.7.
was observed up to over 50 p p m

Good linearity

for all nitrosamines.

compares the response obtained for various nitrosamines.
compounds

tested could

detection limits.
NDEA

be

easily

detected

with

Table 4.4
All the

relatively

low

For instance the limit of detection ((S/N) = 2) for

was estimated to be 50 ppb (5xl0" 7 M ) at a flow rate of 0.5

mL/min.

Similar detection

nitrosamines.

Reproducibility

levels were
expressed

observed

for the other

as the relative standard

deviation for 10 successive injections of a N D E A solution was 1.6 %.
The efficiency of the thin-layer cell, defined as the ratio of the
responses for 5 p p m N D E A and 0.5 p p m N02", was 0.270 (Table 4.5).
This corresponds to a 6.1 % photoconversion of the amount of N D E A
injected.

The

above

definition

of efficiency

permits

a direct

comparison of detector cells since it allows for correction due to
differences in electrode area, electrode material and dead volume.
The concentration of N D E A and N O 2 " were chosen so that the current

1

Table 4.4 Responses for nitrosamines with the thin-layer cellO)

Nitrosamine

Peak height (nA)

NDMA 6 2
NDEA

63

NDPA

45

NDBA

27

NDPhA

52

(a) Cell: thin-layer (IA), glassy carbon electrode; potential: 1.2 V;
carrier solution: 0.1 M Na2SC>4 at 0.5 mL/min; nitrosamine
solution: 10 ppm.

Table 4.5 Efficiency of P E C cells(a)

Cell

Electrode

R(NDEA/N02")(b)

Thin-layer, "adjacent"

Glassy carbon

0.270

Thin-layer, "on"

A u film

0.017

Thin-layer, "on"

A u mesh

0.310

Wall-jet

Glassy carbon

0.270

(a) Carrier solution: 0.1 M Na2SC>4 at 0.5 mL/min
(b) Ratio of responses for 5 p p m N D E A and 0.5 p p m N O 2 "
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responses could be easily measured

and fell within the working

range.

4.3.2.1.1.2 "On" Mode
Gold Film Electrode
Initial experiments were designed to establish the suitability of
the A u film as an O T E for detection in flow cells using the "on"
irradiation

approach.

Due

to

the

generation

of

background

photocurrents (Sec. 3.3.2) which could interfere with the analytical
signal, direct irradiation of the A u
avoided.

film electrode was initially

A n arrangement was set up whereby irradiation through

the A u film took place at a thin-layer P E C

cell (IIB) while E C

detection of the photogenerated product was performed downstream
at a similar thin-layer cell.
carbon or a A u

This cell was fitted with either a glassy

film electrode.

This arrangement allowed the

separate study of the photochemical and electrochemical processes
without their mutual interference.
Injections of NDMA and NDEA with the lamp off did not produce
a response.

W h e n the lamp was on, a peak was observed indicating

that irradiation of the solution through the A u

film did cause

photolysis (Fig. 4.8). The magnitude of the responses was relatively
low owing to the dilution suffered by the photolysed analyte plug
between the irradiation and detection points.
Calibration curves NDEA obtained with glassy carbon and Au
film electrodes are shown in Fig. 4.9.

The lower sensitivity observed

with the A u film electrode may be partly ascribed to kinetic factors.
In addition, the iR drop resulting from the large electrode area and
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20nA

LAMP ON

LAMP OFF

1 min
l

-H

Fig. 4.8 Flow injection response for N D E A with the lamp on and the lamp off;
irradiation cell: thin-layer (IIB); detector cell: thin-layer, glassy carbon electrode;
potential: 1.0 V; carrier solution: 0.1 M Na2SC*4 at 0.5 mL/min; sample solution:
50 p p m N D E A .

<
G

ft-

Cone, (ppm)

Fig. 4.9 Calibration curves for N D E A at the (A) A u film electrode, (B) glassy carbon
electrode; irradiation cell: thin-layer (IIB); potential: 1.0 V; carrier solution: 0.1 M
N a 2 S 0 4 at 0.3 mL/min.
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the relatively thin A u

film probably hindered the generation of a

good analytical signal.
Once the feasibility of the "on" irradiation mode was established,
experiments
flow

involving

cell were

irradiation

carried

out.

and

detection

Although

within

the

the background

same

current

increased significantly upon irradiation of the electrode as a result of
surface photoeffects (Sec. 3.3.2), it was still possible to obtain a
stable

and

reproducible

nitrosamines.

response

ppm.

successive

injections

of

Calibration curves were found to be linear up to 50

p p m and with relatively small slopes.
and N D E A

for

The detection limit for N D M A

at a flow rate of 0.5 mL/min was determined to be 1.5

The efficiency of the cell, as defined in the previous section

was estimated to be 0.017, over an order of magnitude smaller than
that achieved

with

the

"adjacent"

thin-layer

cell

(Table 4.5).

Evaluation of the these performance parameters indicates that the
efficiency of the photolysis process is relatively low when the light
beam passes through the A u film electrode.
essentially

from

the

low

optical

This limitation arises

transparency

of the

polyester

substrate which absorbs most of the photochemically useful U V light.

Gold Mesh Electrode
To complement the studies performed with the thin-layer
cell/Au film electrode, a A u mesh electrode was fitted in the same
cell and employed in the detection of nitrosamines using the "on"
approach.
According to the hydrodynamic voltammogram shown in
Fig. 4.10, a working potential of 1.1 V

was applied.

Because the
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Fig. 4.10 Hydrodynamic voltammogram for NO2" with the Au mesh electrode;
cell: thin-layer (IIB); carrier solution: 0.1 M Na2SC<4 at 0.5 mL/min; sample
solution: 0.5 ppm NO2".

electrode surface was directly exposed to the light, a significant
increase in baseline current occurred upon irradiation along with a
small increase in the noise level. However, the limit of detection for
NDEA at a flow rate of 0.5 mL/min was determined to be 50 ppb,
comparable to that achieved with the "adjacent" thin-layer cell. The
relatively high efficiency (0.310) obtained for this electrode, as
shown in Table 4.5, probably results from a higher proportion of the
photoproduct being detected in comparison with other cell/electrode
configurations. This is achieved despite receiving significantly less
light. The proximity between the irradiation point (hole) and the
detection point (wire) creates a situation in which the signal
generating photoproduct is formed almost on the electrode surface,
inside the diffusion layer, thus resulting in a high collection
efficiency (Sec. 2.1.2.4). This result supports the belief that the "on"
mode of irradiation is inherently more sensitive than other
approaches. A direct comparison between the Au mesh and the Au
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film to determine which electrode was more efficient in terms of
photolysis and detection could not be carried out.

Such a comparison

would not be valid since the wavelengths transmitted by quartz and
the A u film plastic substrate are significantly different.
When compared with the other cells and electrodes the Au mesh
showed

a smaller linear range.

The

large surface area of the

electrode generates high currents which result in increased iR drop.
The responses for successive injections of a N D E A
reproducible within 1.0 %.

solution were

The use of the A u mesh electrode did not

increase the noise or effective dead volume of the cell. The Wli2 was
similar to that produced

with

the

Au

film

which

possesses

a

smoother surface.
The performance of the Au mesh electrode did not deteriorate
with time over a period

of a working

instability noted with glassy carbon.
electrode

surface

clearly

prevents

day, in contrast to the

The different nature of the A u
the

adsorption

of

electrode

reaction products.

4.3.2.1.2 Wall-iet Cell
The wall-jet cell fitted with a glassy carbon ring electrode was
evaluated under the same conditions used for the thin-layer cell.
The slopes of the calibration curves obtained with the wall-jet cell
were

smaller

than

those

illustrated in Fig. 4.7.

achieved

with

the

thin-layer

cell

as

The relatively large dead volume of the wall-

jet cell suggests a possible explanation for the lower sensitivity of
this design.

Table 4.6 compares the responses for the nitrosamines

under study.

The limits of detection were estimated to be 0.5 p p m ,

higher

those

than

accomplished

with

the thin-layer

cell.

The
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Table 4.6 Responses for nitrosamines with the wall-jet celKa)
Nitrosamine

Peak height (nA)

NDMA
NDEA

92

NDPA

86

NDBA

74

NDPhA

1 12

89

(a) Cell: wall-jet (IIIB), glassy carbon electrode; potential: 1.2 V;
carrier solution: 0.1 M N a 2 S 0 4 at 0.8 mL/min; nitrosamine
solution: 50 p p m

130-

~ 110- \
<
w

^ 9 0 -

\
\

\

•* 70 - \
50- ^"^~^--^_
30-| 1 1 1-

0.8

1.3

1.8

Flow rate (mL/min)

Fig. 4.11 Effect of flow rate on the P E C response for nitrosamines with the wall-jet
cell (IIIB), glassy carbon electrode; potential: 1.2 V; carrier solution: 0.1 M N a 2 S 0 4 ;
sample solution: 50 p p m N D E A .
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reproducibility for injection of standard solutions of N D E A

expressed

as relative standard deviation was 2.3 %, poorer than that for the
thin-layer cell.

Despite the lower performance of the wall-jet cell as

indicated by the parameters examined above, the efficiency of the
cell was found to be similar to that of the "adjacent" thin-layer cell
(Table 4.5).
The variation of response with flow rate for the wall-jet cell
appears to be less complex than that for the channel cell.
illustrated in Fig. 4.11
increasing flow rate.
wall-jet

geometry

a continuous

decrease is observed

As
with

The longer residence time provided by the

probably

allows

the

dark

reaction

following

photolysis of the nitrosamine to reach completion and form the final
product (NO2") before the photolysed solution reaches the electrode
surface.

4.3.2,1.3 Pulsed Amperometric Detection
The application of pulse amperometric detection (PAD) was
investigated to evaluate its effect on the N O 2 " oxidation signal.
in conjunction
experiments.

with the thin-layer cell was
The

best analytical performance.
were

applied.

constant at Ei

for these

"adjacent" thin-layer cell was selected because

according to results reported

mV

employed

FIA

The

above, this transducer displayed the
Pulse amplitudes of 400 m V

measuring

or final potential

and 200
remained

= 1.2 V (Fig. 2.1). For each pulse height the pulse

interval (t2) and the pulse duration (t{) were varied.
was always sampled at the end of t\.

The current
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Table 4.7

E2
(V)

Ei
(V)

Pulsed amperometric detection of nitrite^)

Peak height
(nA)

R(PAD/DC)(b)

t2
(ms)

ti
(ms)

-

-

153.6

1.00 (DC)

60

60

195.6

1.27

120

60

228.0

1.48

180

60

238.0

1.55

60

120

171.7

1.12

60

60

182.4

1.19

120

60

204.0

1.33

180

60

216.0

1.41

60

120

165.2

1.08

(a) Cell: thin-layer (IA), glassy carbon electrode; carrier solution: 0.1 M
at 0.5 mL/min; sample solution: 0.5 p p m N O 2 "
(b) Ratio of responses for P A D and D C amperometry

The data obtained are summarised in Table 4.7.

Na2S04

In all cases an

improvement in the magnitude of the response was observed.

The

gain in sensitivity was larger with the larger pulse as is normally the
case in conventional pulse voltammetric detection.

Increase of the

pulse interval (t2) resulted in an increase in peak height.

As

reported elsewhere [178 and Sec. 9.3.4.2], a decrease in N O 2 "
response with time is observed at glassy carbon electrodes, probably
caused by adsorption of electrode reaction products.

It is suggested

that application of less frequent pulses alleviates the above problem
and also allows at least partial desorption of the reaction products
before the electrode is polarised again.

Simultaneously, with lower

pulse frequency thinner diffusion layers are created which result in
steeper concentration

gradients

upon

imposition

of the pulse.
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Increment
sensitivity.

of

the

pulse

duration

(t^) led to a smaller gain in

The decay of the current with time causes the current

level to be lower as the sampling time (ts) increases.
Although an increase in peak current could be accomplished
with P A D , examination of the S/N indicated that the gain in the size
of the signal was offset by the increase in noise. For injections of 0.5
ppm

N O 2 - the S/N

conditions

was

amperometric

for P A D and D C amperometry under optimised

463

and

detection

567
of

respectively.

NO2-

is only

Evidently,

pulse

advantageous

when

determination of very low levels of nitrosamines is not involved.

4.3.2.2 Explosives
The detection of explosives was shown to be possible in either
N a 2 S 0 4 or NaCl solution. However, to facilitate the coupling of P E C
detection with chromatographic methods developed for E C detection,
a 50:50 methanol: 0.1 M

NaCl carrier solution was used [48,176].

A plot of peak current vs. applied potential, shown in Fig. 4.12,
revealed that diffusion controlled conditions for detection of the
released N O 2 - was attained at a potential almost 200 m V
that needed in aqueous 0.1 M

Na2S04

lower than

solution (Fig. 4.5).

The

presence of the organic modifier is probably responsible for this
effect as well as for the decrease

observed

in baseline noise

[9,182,183].
Of the model compounds initially investigated, namely mtoluene, p-toluene and trinitrotoluene (TNT), only T N T produced a
significant signal at low concentration levels.

Photolysis of the

compounds containing fewer nitro groups released less nitrite and
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Fig. 4.12 Hydrodynamic voltammogram for NO2" in 50:50 methanols. 1 M NaCl;
cell: thin-layer (IA), glassy carbon electrode; flow rate: 0.5 mL/min; sample
solution: 10 ppm NO2".
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Fig. 4.13 Effect of flow rate on the PEC response for TNT; cell: thin-layer (IA),
glassy carbon electrode; potential: 1.1 V; carrier solution: 50:50 methanol:0.1 M
NaCl; sample solution: 15 ppm TNT.
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therefore poorer sensitivities were obtained.

A

calibration curve for

T N T showed good linearity within the 0-50 p p m concentration range
tested.

Examination of the response for 10 p p m T N T indicated that

only 2.7 %

of the theoretically available N O 2 " was released.

In

principle, this result suggests that photoconversion is more readily
achieved

for nitrosamines

(6.1 %)

than it is for explosives in

agreement with observation from batch experiments.
limit of detection for T N T , 45 ppb or 2.5xl0"7 M

However, the

is lower than that

found for nitrosamines (5xl0 - 7 M ) . This probably results from the
reduced noise levels provided by the presence of methanol in the
eluent along with the larger absolute amount of N O 2 " released by
T N T due to the presence of three nitro groups in each molecule.

The

reproducibility of injection for standard solutions of T N T was very
good, with a relative standard deviation of 1.2 %.
Evaluation

of the peak

current as a function

of flow rate

revealed that, in contrast to the situation depicted in Fig. 4.6, the
peak current decreased

with increasing flow rates

exponential variation, as shown in Fig. 4.13.
environment provided

following

an

The different chemical

by the methanol containing matrix probably

affects the kinetics of the dark reaction resulting in a different
dependence of the response on the flow rate.

If this is the case, the

reaction appears to be faster in the presence of methanol

making

possible the formation of N O 2 ' before the detection point.

4.4 CONCLUSIONS
The determination of nitrosamines and some explosive
compounds

using P E C

detection has been demonstrated.

In this

scheme, photolysis of the analyte inside the P E C cell results in the
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formation of N O 2 " ions which are detected in the same cell under
oxidative conditions.

Several cell geometries, electrode materials

and irradiation modes have been investigated and compared.

When

the "adjacent" configuration was used in conjunction with glassy
carbon electrodes, the photolytic efficiency of the thin-layer and
wall-jet geometries were found to be similar.

However, the overall

analytical performance of the thin-layer cell has been found to be
superior and better signal sensitivity and stability could be achieved.
The relatively large dead volume of the wall-jet cell prevented the
achievement of low detection limits.
The possibility of accomplishing PEC detection by directing the
light through the working electrode has been demonstrated for two
types of OTE's, A u film and A u mesh.

The "on" mode of detection

with the A u mesh has produced the highest photolytic efficiency of
all the cell/electrodes evaluated.

This advantage stems from the fact

that the electroactive photoproduct is generated in close proximity to
the electrode surface thus allowing detection before diffusion has
time to operate and dilute the photolysed sample plug.

Limitations

in the application of the "on" approach m a y arise from increased
background currents associated with electrode irradiation or from
limited transparency of the electrode material.

The latter problem

prevented the sensitive detection of nitrosamines with the A u film
electrode.

This material, however, could be useful in applications

employing visible light.
Detection of the photogenerated NO2" using PAD was found to
be beneficial in terms of the magnitude of the current response
which

increased

However, P A D

with

respect

produced

lower

to

the

potentiostatic

S/N, thus resulting

response.
in

higher
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detection limits.

O n the other hand, application of pulsed wave-

forms can be advantageous in improving the stability of the glassy
carbon electrode which is usually fouled during oxidative detection
0fNO 2 ".
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Chapter 5

DETECTION OF ALCOHOLS AND SUGARS
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5.1 INTRODUCTION
Determination of alcohols, particularly ethanol, and sugars has
significant importance in a number of biological and industrial
areas such as food, beverages, health and nutrition.
chemical behaviour

often allow

Similarities in

the separation or detection of

alcohols and sugars to be based on the same principles or methods
[184-188].

Determination

manufacturing
regulations

process

that

chromatography
consuming.

of alcoholic

require

especially in spirits.

of ethanol is important during the

exact

beverages

control

of

and due to tax
ethanol

contents,

Standard methods such as distillation or gas

are reliable but sometimes

laborious and time

The advantages of H P L C and FIA have prompted the

development of simple, fast techniques amenable to automation.
These include enzymatic methods that under suitable conditions
can provide good specificity [189,190].
of this approach

is the inactivation

overloading with substrate.

The most serious problem
of the enzyme

due to

The result is a rapid loss of activity

and reduced lifetime of the system.
Although relatively unspecific, non-enzymatic methods are
more rugged and simple to apply.
on

a

number

conditions
including

Separations have been reported

of columns, particularly

[191-193].
fluorescence

Several

detectors

[184,191],

under
have

reverse
been

absorbance

conductivity [185] and electrochemical [187,192].

phase

employed
[193,194],

The E C oxidation

of alcohols is characterised by a large initial current that decays
rapidly due to loss of activity of the electrode caused by the
adsorption of reaction products [187].

O n e approach to overcome

these difficulties in the amperometric detection of alcohols relies
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on the derivatisation of the analyte resulting in the attachment of
an

electrophore

[192].

group

Another

strategy

involves

the

oxidative detection of the alcohol species by the application of
pulse

potential

waveforms

incorporating

a

cleaning

and

resurfacing step to reactivate the electrode [187].
The need for sensitive detection of carbohydrates in studies of
plant,

animal

and

human

challenging problem.

nutrition

and

health

remains

a

Physiological disorders can be deduced from

high or low levels of carbohydrates in biological fluids [195].

Rapid

and selective quantification of sugars is also important in the areas
of food and beverages analysis.

Several chromatographic methods

are in use

determination

[196].

for

The

straightforward

separation

and

application

of

gas

of

carbohydrates

chromatography

is

not

since it requires prederivatisation of the analyte

in order to form a volatile compound.

Modern methods for the

separation of carbohydrates are based on H P L C which often allows
direct injection of sample with little pretreatment.

Separations

have been reported on polar and nonpolar columns as well as ionexchange columns [197].
Detection of low concentrations of sugars has been difficult in
HPLC.

The most commonly

used detection systems, absorbance

and refractive index, have low sensitivity as well as low selectivity
[198].

Direct E C

oxidation methods for carbohydrate detection

have been developed
amperometric
saccharides

modes
using

using both potentiostatic [199] and pulsed
[188,200].

Ru02

[201] and

modified electrodes has been reported.

The

catalytic

oxidation

cobalt phthalocyanine

of

[202]

In a scheme similar to that

used for alcohols [191], detection of carbohydrates was achieved
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with

a

fluorescence

detector

subsequent

to

postcolumn

photochemical reaction between the analyte and a quinone added
to the mobile phase [44].
In this work the photoinduced reaction between quinones and
alcohols or sugars has been used to develop a P E C
method.

detection

The reaction scheme begins with the abstraction of a

hydrogen atom from the analyte by the excited quinone molecule.
The resulting hydroquinone is electrochemically

oxidised at the

working electrode to generate the analytical signal.

The reactions

involved in the detection of alcohols are:
Q + hv -> Q* (5.1)
Q * + 2 R C H O H -* Q H 2 + R C H O

(5.2)

Q H 2 -> Q + 2H+ + 2e-

(5.3)

where Q is the quinone, Q H 2 t h e hydroquinone and R C H O H
analyte.

the

A similar mechanism is followed by carbohydrates.

In this chapter results are presented to demonstrate the utility
of the proposed method for the detection of alcohols and sugars.
However, it is clear from Eqs. (5.1-5.3) that the scheme could be
equally employed

to detect quinones.

This is of interest for

instance in the pulp industry and environmental control [203,204].
In these situations the quinone compounds

become the analyte

which reacts with the mobile phase containing a high concentration
of an alcohol [151].

The hydrogen abstraction reaction described

above

range

has

a

broad

of

applications

aldehydes, ketones and amines [205].

including

ethers,
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5.2 EXPERIMENTAL
5.2.1 Reagents
Analytical reagent grade chemicals and solvents were used
unless otherwise stated.
distilled water.

All solutions were prepared from triple

Quinone compounds were obtained from Aldrich.

5.2.2 Instrumentation
Voltammetric experiments were performed with a 174 P A R
Polarographic Analyser.

The working electrodes were a 3 m m

diameter glassy carbon disc and 1.5 m m diameter Pt and A u discs.
The reference electrode was Ag/AgCl(3M NaCl) and the auxiliary
electrode was a Pt wire.
recorder

was used

A Houston Omnigraphic 2000 X - Y

to record

the potential-current

curves.

Deoxygenation of solutions was achieved by nitrogen gas purging.
Batch irradiation experiments were performed in a 15 m L quartz
cell.

The same cell was used for electrochemical measurements.

The irradiation source was a Hanovia 200 W

Xe-Hg discharge lamp

powered by a Cathodeon C 950 system.
The system for measurements in flowing solutions has been
described in Sec. 2.2.2.

Constant potential amperometry was

performed with a B A S LC-3A controller.

Pulsed waveforms were

applied with a Dionex Pulsed Amperometric Detector.

The P E C

cells were the IA and IIB thin-layer cells and the IIIA and IIIB
wall-jet cells (Sec. 2.2.3).

Separation of alcohol mixtures was

effected on a Spherisorb O D S 2

C-18 chromatographic

column.

Determination of ethanol in beverages was carried out with a
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Varian

1800 gas chromatograph

equipped

with an FID

and a

Porapak T column.

5.2.3 Procedures
All electrodes were polished with 0.3 \x m alumina on a
polishing pad before use.
filtered through a 0.45 |i m
experiment.

Carrier solutions were prepared and
membrane filter at the start of each

Responses in the flow system were obtained using

FIA or after chromatographic separation.

5.3 RESULTS AND DISCUSSION
5.3.1

Irradiation

and

Voltammetry

in a Stationary Cell

Three quinone derivatives, benzoquinone and two
anthraquinones, well known as sensitisers of hydrogen abstraction
reactions [205] were considered.
behaviours

of these

containing

varying

quinones

amounts

The photochemical

were

investigated

of C H 3 C N

and

EC

in solutions

and water.

While the

photochemistry and electrochemistry of quinones is better defined
in non-aqueous systems [205,206], the presence of water permits
the application of existing chromatographic separation methods for
alcohols and sugars [44,184,191,194].
in the solution composition

was

Consequently, a compromise

sought that could reasonably

satisfy the requirements of separation and detection.
The voltammetric responses of anthraquinone-2,6-disodium
sulphonate (AQ) at glassy carbon and Pt electrodes were found to
be strongly affected by solvent composition.
were observed in pure CH3CN.

Well defined curves

With the addition of 50 % water the
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responses almost disappeared, presumably

due to the increased

irreversibility of the A Q H 2 / A Q couple [206].
Cyclic voltammograms of benzoquinone (BQ) in CH3CN showed
reversible responses which were not significantly affected by the
presence of water.

The reduction mechanism of quinones is known

to involve two steps.

A

cathodic potential scan results in the

successive formation of B Q " and B Q 2 " .

In the presence of proton

donors, such as water, both species are protonated either before or
after each electron transfer, depending on the p H of the solution
[206].

Under the conditions used in these experiments the p H was

slightly basic, therefore the following reactions are assumed to
occur.
B Q + e- -> B Q *

(5.4)

BQ.- + H + -> B Q H '

(5.5)

B Q H ' + e- -> B Q H "

(5.6)

B Q H - + H + -> B Q H 2

(5.7)

The addition of proton donors also results in increased instability
of the semiquinone (BQ S ) which undergoes disproportionation into
BQ

and dihydrobenzoquinone

(BQH2).

The instability of the BQ=

species increases with proton donor concentration and causes the
potential of the second one-electron step to shift to more positive
values until it merges with the first.

At this point the oxidation-

reduction responses become a single two-electron step.
Solutions containing 80:20 CH3CN:H20 were found to provide
well defined redox responses for B Q

(Fig. 5.2(A)) and therefore

were employed in subsequent experiments.

Cyclic voltammograms

for B Q on glassy carbon, Pt and A u electrodes were compared and
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found

to

be

more

reversible

at glassy

carbon.

This is

demonstrated by the difference between the anodic and cathodic
peak potentials (AEp)

which were, for instance, 180 m V and 350

m V for glassy carbon and Pt respectively.
electrode

were

also

obscured

by

The responses at the Pt

high

background

currents,

presumably caused by the formation of hydrogen gas.
The third sensitiser evaluated was t-butylanthraquinone
(bAQ) which is known to photoreact with the solvent to a lesser
extent than the previous quinones
behaviour of b A Q

was

found

[207].

Unfortunately the

to be highly irreversible with

responses being very insensitive.

For subsequent experiments,

only B Q was employed.

Table 5.1 Absorption bands of quinones^3)

Quinone Wavelength (nm)
BQ 243.6
AQ

258.0

bAQ

256.4

(a) Solution: 80:20 CH3CN:H20, 0.08 M NaC104

Prior to photolysis experiments, examination of the UV-vis
spectra of the quinones tested revealed strong absorption peaks
between

240-260 nm.

absorption band

Table

5.1

presents the most intense

of each quinone.

It is clear that effective

sensitisation of these compounds requires irradiation with
light.

UV
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The effect of oxygen on the photochemical and E C behaviour of
the BQ-alcohol system was investigated since it has been shown
[205] that the photoreduction mechanism of quinones is sensitive
to oxygen.

Oxygen reacts with the photochemically generated

radicals which, for the ethanol species are produced according to
BQ + hi/ -> BQ*(S) (5.8)
B Q * ( S ) -> BQ*(T)

(5.9)

BQ*(T) + C H 3 C H 2 O H -* B Q H ' + C H 3 C H O H

(5.10)

where (S) and (T) denote the singlet and triplet states respectively,
Q H ' is the semiquinone radical and C H 3 C H O H the <x-hydroxyalkyl
radical.

Under anaerobic conditions, the two radical intermediates

rapidly disproportionate and produce the oxidised form of the
analyte and the reduced form of the quinone
CH3 C H O H + B Q -» QH* + CH3 C H O

(5.11)

2BQH» -* B Q + Q H 2

(5.12)

In an aerobic environment, the two radical intermediates will react
with oxygen to regenerate the quinone and produce H 2 O 2 and the
aldehyde.
Absorption spectra of BQ-ethanol solutions irradiated in the
presence and absence of oxygen are shown in Fig. 5.1.

In the

deoxygenated solution, the major bands are due to B Q H 2 while the
peak due to the B Q

has almost disappeared indicating that an

efficient photoreduction of B Q

has occurred.

In contrast, the

spectra obtained under aerobic conditions reveals that although
some

photoconversion

of B Q

has

taken

place, the

absorption band is now due to the unreacted B Q .

primary
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X (nm)

Fig. 5.1 Absorption spectra of irradiated solutions containing B Q and 1%
ethanol in 80:20 CH3CN:H20, 0.08 M NaCKX* in the (A) absence of oxygen, (B)
presence of oxygen; peaks (1) and (3): B Q H 2 , peak (2): B Q

Cyclic voltammograms

of the above

solutions, shown in

Fig. 5.2, confirmed the suggested mechanisms.

In the presence of

oxygen only the B Q waves could be observed.

In the deoxygenated

solution an oxidation peak at 0.65 V
0.05

V

appeared

responses.

and a reduction peak at

after irradiation in addition

to the original

The n e w peaks corresponded to those observed for a

deoxygenated

B Q H 2 solution. W h e n this solution was aereated the

responses could

not be observed.

Presumably, the unstable

semiquinone species formed during the oxidation of the B Q H 2 is
oxidised by the oxygen present in solution, causing loss of the
voltammetric oxidation and reduction responses.
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Fig. 5.2 Cyclic voltammograms of a deoxygenated solution of 1 % ethanol and
100 ppm BQ in 80:20 CH3CN:H20, 0.08 M Na CIO4 (A) before irradiation, (B) after
irradiation; electrode: glassy carbon; scan rate: 100 mV/s.
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Although

these

results

suggested

that

oxygen

should

be

removed from solution for the photoelectrochemical method to be
feasible, it was envisaged that the conditions prevailing in flow P E C
detection would permit its application.

Because in the flow system

the point of irradiation is very close to the electrode surface, the
time

elapsed

between

photolysis

and

detection

is very

short.

Consequently, it is reasonable to expect that most of the B Q H 2 will
be detected before undergoing reaction with the dissolved oxygen,
a process known to proceed at diffusion-limited rates [205].

5.3.2 Detection in Flow Ceils
5.3.2.1

Alcohols

5.3.2.1.1

Thin-laver

Cell

Preliminary experiments employing a glassy carbon electrode,
a thin-layer cell and an 80:20 C H 3 C N : H 2 0
performed in the FIA system.

All samples were prepared in the

solution used

for the carrier stream.

injections

of

irradiated

response.

The

ethanol

addition of B Q

carrier solution were

In the absence of B Q ,

solutions

did

not

produce

a

to the solution resulted in the

generation of a response when the irradiated solution was injected
indicating the feasibility of the proposed method.

5.3.2.1.1.1 "Adjacent" Mode
Using the "adjacent" thin-layer cell experiments with the lamp
on and

lamp

between B Q

off demonstrated

that the photochemical

and ethanol occurred

reaction

under flow conditions.

The

optimum operating potential was found to be 0.7 V, value at which
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the limiting current was attained, as shown by the hydrodynamic
voltammogram in Fig. 5.3. The noise remained relatively low and
constant over the potential range investigated.
organic

solvent

(CH3CN)

The presence of an

[9,182,183] and the relatively low

potential needed for detection probably led to such low levels of
baseline noise.

40- ^
<

S

/

/
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1

1

1

1

1
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0.8

1

0.9

E(V)

Fig. 5.3 Hydrodynamic voltammogram for ethanol; cell: thin-layer (IA),
electrode: glassy carbon; carrier solution: 80:20, CH3CN:H20, 0.08 M NaClCU, 10
ppm B Q at 0.5 mL/min; sample solution: 300 ppm ethanol.

The influence of the B Q concentration on the background and
analytical signals is demonstrated
concentrations

of B Q

produced

in Table 5.2.

The higher

larger responses

because the

H-abstraction process (the rate limiting step) is first order in the
concentration of B Q triplets. However, higher concentrations of B Q
also produce a larger background signal.

A mechanism for the

production of the background signal in the presence of water has
been suggested [208].
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BQ*(T) + H20 -> (BQ.H20) (5.13)
(BQ.H 2 0) + B Q -> B Q O H - + B Q H -

(5.14)

2BQH* -* B Q + B Q H 2
where

(5.15)

( B Q « H 2 0 ) is the photosolvation adduct of B Q .

The

mechanism is based on the photosolvation of excited Ti(n, IT*)
molecules to form adducts with water, which subsequently react
with a ground state B Q to produce radical intermediates.
radical intermediates rapidly react to produce
products.

These

the detectable

Evidence exists to suggest that the formation of

photoadducts with C H 3 C N is also possible [209].
Table 5.2 Effect of benzoquinone concentration on the alcohols
response^)

B Q cone.
(ppm)

Peak height
(nA)

ib<b>
(nA)

5 37.3 29.3
10

57.7

49.3

20

91.5

76.3

30

135.6

120.0

(a) Cell: thin-layer (IA), glassy carbon electrode; potential: 0.6 V; carrier
solution: 80:20 C H 3 C N : H 2 0 , 0.08 M NaC104, B Q at 0.7 mL/min; sample
solution: 100 ppm ethanol
(b) Background current

While high concentrations of quinone can be detrimental to the
detection limits of the method, low quinone concentrations suffer
from an oxygen scavenging problem.

Since the solution contains

oxygen, some of the radicals and dihydroquinone generated in the
photochemical reaction will be scavenged by reacting with this
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[210].

oxygen

As

a result the analytical signal will decrease.

Therefore, in the final procedure the optimum concentration of B Q
resulted from a compromise of the conditions discussed above.
BQ

A

concentration of 10 p p m produced significant responses while

the background

current and

noise remained

at tolerable levels

compatible with relatively low detection limits.
An attempt to apply this detection scheme in pure aqueous
media produced small responses.
states is k n o w n

to depend

The reactivity of quinone triplet

on the composition

of the solvent.

Presumably, as the solvent polarity increases due to the increase
in

the

proportion

of

water,

photoreaction decreases [205].
the

energy

of

the

reactive

the

efficiency

of

the

quinone

Increased solvent polarity causes
triplet

state

to

be

raised

and

consequently the production of excited states required to initiate
the photochemical reaction becomes more difficult.
In an effort to minimise background photocurrents due to
potential

solution

impurities, the

electrolyte was reduced d o w n
signal

intensity

resistance.
by

a

occured

concentration

to 0.02 M .

probably

due

A
to

of

supporting

slight decrease in
increased

solution

This loss of sensitivity, however, was not accompanied

significant

Consequently,

the

reduction
original

in

the

concentration

background
(0.08

M

current.

N a C 1 0 4 ) of

supporting electrolyte was employed for subsequent work.
The effect of the flow rate on the response was studied by
varying the flow rate in the range 0.2-2.0 mL/min.

A s expected

for a fast, simple photolysis reaction (Sec. 2.3.2.6), the peak current
decreases with increasing flow rate as shown in Fig. 5.4.

177

300 <
G

200-

100-

0.0

I

i

I

0.5

1.0

1.5

— i —

2.0

Flow rate (mL/min)

Fig. 5.4 Effect of flow rate on the P E C response for alcohols; cell: thin-layer
(IA), glassy carbon electrode; potential: 0.7 V; carrier solution: 80:20,
C H 3 C N : H 2 0 , 0.08 M NaClCH, 10 p p m B Q ; sample solution: 240 p p m ethanol.

Table 5.3 Responses for alcohols with the thin-layer celKa)

Alcohol

Methanol

Peak height (nA)

6.2

Ethanol

14.6

Propanol

16.8

i-Propanol

41.8

Butanol

16.0

i-Butanol

22.4

(a) Celhthin-layer (IA), glassy carbon electrode; potential: 0.7 V;
carrier solution: 80:20 O ^ C N ^ O , 0.08 M NaClCH, 10 p p m B Q
at 0.5 mL/min; alcohol solution: 8 p p m
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The

response for various

aliphatic

alcohols obtained

optimised conditions are given in Table 5.3.

under

Substituted alcohols

exhibit larger current signals, an effect that is more

noticeable

w h e n responses are normalised for the number of moles injected.
Since a carbon-hydrogen
reaction, its strength
Significant

increases

bond

is broken during the abstraction

will influence
in

reaction

the rate of the reaction.

rate

with

i-propanol

as

the

substrate in comparison to methanol have been reported [211],
Calibration curves for all the alcohols investigated only deviate
from linearity at concentrations above 300 ppm.

A typical plot is

shown

((S/N)

in Fig. 5.5.

unsubstituted

alcohols

0.5 mL/min flow rate.

The

limits of detection

were

estimated

to

be

= 2) for

ca. 2 p p m at a

The reproducibility of the detection method

120<
G

*J

80-

J=

40-

0+ 1 1 1 1

0

300

600

900

1200

Cone, (ppm)

Fig. 5.5 Calibration curves for ethanol with (A) thin-layer cell (IA), (B) wall-jet
cell (IIIB); glassy carbon electrodes; potential: 0.7 V; carrier solution: 80:20,
C H 3 C N : H 2 0 , 0.08 M NaC104, 10 ppm B Q at 0.5 mL/min.
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was measured by comparing the peak heights of ten successive
injections of an ethanol solution.

The relative standard deviation

was 1.9 %.

5.3.2.1.1.2 "On" Mode
Detection using the "on" configuration was only possible with
the A u mesh electrode since the A u film electrode absorbed the
photochemically useful wavelengths below 300 nm.

A plot of peak

current vs. applied potential for the A u mesh electrode is shown in
Fig. 5.6.

Although the slope of the curve suggests a relatively slow

electron transfer, it is likely that the shape of the voltammogram is
partly affected by the iR drop of the cell.

This potential drop

arises from the high currents due to the large surface area of the
electrode and particularly from
current associated

with

the relatively high

the background

between B Q and the solvent.

background

photochemical

reaction

A s a compromise between sensitivity

and noise the potential applied in subsequent experiments

was

0.8 V.
The linearity of the response extended up to 1000 ppm of
alcohol.

However, the sensitivity was below that achieved with the

"adjacent" cell/glassy carbon electrode system.

The slope of the

calibration curve for ethanol was three times lower with the A u
mesh electrode.
to be 7 ppm.
contributed

The limit of detection for ethanol was calculated
Slow electrode kinetics and large iR drop probably

to the poorer performance

of this electrode.

The

dependence of the current response on flow rate, shown in Fig. 5.7,
was similar to that observed for the "adjacent" thin-layer cell.
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Fig. 5.6 Hydrodynamic voltammogram for ethanol with the Au mesh electrode;
cell: thin-layer (IIB); carrier solution: 80:20, CH3CN:H20, 0.08M NaC104, 10 ppm
B Q at 0.5 mL/min; sample solution: 1200 ppm ethanol.
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Fig. 5.7 Effect of flow rate on the P E C response for alcohols with the Au mesh
electrode; cell: thin-layer (IIB); potential: 0.8 V; carrier solution: 80:20
CH3CN:H20, 0.08M NaC104, 10 ppm BQ; sample solution: 1200 ppm.
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5.3.2.1.2

Wall-jet

Cell

Glassy Carbon Electrode
Experimental conditions for the detection of alcohols with the
wall-jet cell were similar to those used with the "adjacent" thinlayer configuration.

The responses produced by the wall-jet cell

were markedly lower compared to those from the thin-layer cell.
The larger dead volume and other design factors of the wall-jet
cell, such as the ring diameter, prevented the effective detection of
small concentrations.

A

measurement of the peak width at half

height (Wi /2 ) for an injection of 300 p p m ethanol produced values
of 60 u L and 100 u X for the adjacent thin-layer cell and the walljet system

respectively.

However, the wall-jet cell compared

favourably in terms of linearity of response which
800 p p m (Fig. 5.5).

reached to

The relatively low currents involved and the

efficient electrode arrangement account for this advantage.

Table 5.4 Responses for alcohols with the wall-jet celKa)

Alcohol Peak height (nA)

Methanol 6 0
Ethanol

102

Propanol

99

(a) Cell: wall-jet (IIIB), glassy carbon electrode; potential: 0.7 V;
carrier solution: 80:20 C H 3 C N : H 2 0 , 0.08 M NaC104, 10 ppm B Q
at 1 mL/min; alcohol solution: 1200 ppm

Table 5.4 presents the responses obtained at the glassy carbon
ring electrode for the simplest alcohols.

These data and those from
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the thin-layer cell show the same trend in the relative size of the
responses.

However, w h e n the electrode surface area is taken into

account, the responses of the wall-jet cell are significantly smaller.
The limit of detection for these alcohols was determined to be
ca. 10 p p m , a value four times higher than that achieved with the
channel

cells.

The

relative

standard

deviation

for repetitive

injections of an ethanol standard solution was 2.9 %.

This value

reflects a certain baseline instability not observed with the thinlayer design.
shown

The effect of the flow rate on the peak current is

in Fig. 5.8.

As

observed

with the previous cells, an

exponential decrease in signal intensity with increasing flow rate
occurs.

Platinum Electrode
Despite having a smaller dead volume than the glassy carbon
wall-jet

electrode,

sensitivity, probably

the
due

Pt
to

electrode
the

electron transfer at Pt (Sec. 5.3.1).

displayed

higher

much

irreversibility

lower
of the

This is illustrated by the slope

of the response vs. applied potential curve shown in Fig. 5.9.
limiting current occurs at a potential 300 m V
that observed at the glassy carbon electrode.
operating
0.9 V.

potential for experiments

with

The

more positive than
For this reason, the

the Pt electrode

was
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Fig. 5.8 Effect of flow rate on the P E C response for alcohols with the wall-jet
cell (IIIB), glassy carbon electrode; potential: 0.7 V; carrier solution: 80:20
C H 3 C N : H 2 0 , 0.08M NaClC^, 10 p p m B Q ; sample solution: 1200 p p m ethanol.

30<
G

20J4

Cu

10-

— I

0.5

1

1

0.6

0.7

1-

0.8

— i

0.9

1

1.0

p—

1.1

E(V)

Fig. 5.9 Hydrodynamic voltammogram for ethanol with the wall-jet cell (IIIA),
Pt electrode; potential: 0.9 V; carrier solution: 80:20 C I ^ C N ^ O , 0.08M NaC104,
10 p p m B Q at 0.5 mL/min; sample solution: 1200 p p m ethanol.
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Calibration curves with the Pt electrode showed slopes 50
lower than those achieved with the glassy carbon electrode.

%

The

limit of detection for ethanol at 0.5 mL/min was estimated to be
250 ppm.

The linear dependence of the response on concentration

extended for over three orders of magnitude.

5.3.2.1.3 Pulsed Amperometric Detection
The effect of the application of PAD on the sensitivity and
stability of the P E C signal was investigated using FIA.

The thin-

layer cell employing the "adjacent" m o d e of irradiation was used
for this work since this cell was shown to provide the best results
under

DC

summarised

amperometric
in Table

conditions.

5.5.

The

Pulses of 200

data
mV

obtained
and

400

are
mV

amplitude were applied and in each case the pulse duration (t^)
and the pulse interval (t2) were varied (Fig. 2.1). In all cases the
pulsed

amperometric

amperometric responses.

responses

were

larger

than

the

DC

The highest peaks were obtained with

the larger pulse as expected in pulsed detection techniques.

An

increase in pulse interval (t2) resulted also in a gain in peak height.
Presumably, the lower

pulse

frequency

provides

time

for the

diffusion layer to be replenished between pulses, thus allowing the
generation of a steeper concentration gradient.

Since the current

sampling time (ts) is proportional to tx, when the pulse duration
was increased the result was a smaller signal.

Current levels are

expected to diminish as the sampling time (ts) increases.
The difference in noise levels between PAD and DC
amperometry was not significant. A s noted in Sec. 5.3.2.1.1.1, it is
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Table 5.5

E2
(V)

Pulse amperometric detection of alcohols(a)

Ei
(V)

t2
(ms)

ti
Peak height
(ms)
(nA)

R(PAD/DC)(b)

-

-

38.4

1.00 (DC)

60

60

61.2

1.60

120

60

67.8

1.77

180

60

73.2

1.90

60

120

48.0

1.25

60

60

51.6

1.34

120

60

61.2

1.59

180

60

62.4

1.63

(a) Cell: thin-layer (IA), glassy carbon electrode; carrier solution: 80:20
CH3CN: H2O, 0.08 M NaC104, 10 ppm B Q at 0.5 mL/min; sample solution:
20 ppm ethanol
(b) Ratio of responses for P A D and D C amperometry

possible that the presence of CH3CN in the carrier stream and the
relatively low applied potential contributed to this situation.
Under the best conditions found in this study the limits of
detection improved ca. 50 % with respect to those achieved with DC
amperometry (Sec. 5.3.2.1.1.1).

5.3.2.1.4 Detection After Chromatographic Separation
Alcohol mixtures can be separated using reverse phase
chromatography on a C-18 column [44,184,191,197]. Initial
experiments revealed that the proportion of CH3CN in the mobile
phase strongly influenced the resolution of a mixture of low
molecular weight alcohols. The optimum eluent was found to be
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Fig. 5.10 Chromatogram of a mixture of (A) ethanol, (B) propanol, (C) butanol;
eluent: 50:50 C H 3 C N : H 2 0 , 0.05 M NaClCM, 10 p p m B Q at 0.5 mL/min; column:
C-18; analyte concentration: 150 ppm; detector cell: thin-layer (IA), glassy
carbon electrode; potential: 0.7 V.

50:50 CH3CN:H20. A typical chromatogram obtained with the lamp
on is presented in Fig. 5.10. No responses were observed with the
lamp off. Since this eluent contained a higher proportion of water
than the mixture required for optimum PEC detection, some
decrease in sensitivity occurred. The detection limits for the
alcohols investigated were found to be ca. 4 ppm.

5.3.2.1.5 Analysis of Real Samples
Samples of vodka and beer were analysed for ethanol to test
the analytical capability of the PEC method. To establish the effect
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of the sample matrix on the E C

and photochemical reactions, a

study was performed in a stationary cell.
A cyclic voltammogram of a solution of beer in CH3CN-H2O
revealed the absence of electroactive constituents.

However, as

shown in Fig. 5.11, when beer was added to a solution containing
B Q an oxidation wave appeared at the same potential of the B Q H 2
oxidation response while the B Q

peaks decreased.

This result

suggested that one or more species present in the beer sample
reacted with the B Q

to produce B Q H 2 .

Irradiation of the above

solution further decreased the B Q responses and at the same time
increased the response ascribed to the B Q H 2 , as expected from the
photochemical reaction between ethanol and B Q .

Although the

reaction between beer and B Q could lead to an E C signal in the
absence of light, the amount of beer injected under FIA conditions
was

considered

interference.
system.

A

to

be

too

small

to

cause

any

significant

This was later confirmed in experiments in the flow
study for vodka, similar to that described for beer,

showed no matrix effects upon addition of B Q .
Prior to quantitative determinations in flowing solutions, the
beer samples were filtered to remove carbon dioxide.
under vacuum

through

a membrane

filter yielded

Filtration

low results

which were considered to be caused by evaporation of ethanol.
This problem was corrected when conventional filtration through
filter paper

was

employed.

Sample

pretreatment

was

not

necessary for vodka.
Since data from the stationary cell suggested that some BQ was
consumed in the dark by the beer matrix, standards and samples
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Fig. 5.11 Cyclic voltammograms of solutions containing 1 % (v/v) beer and
100 ppm BQ in 0.05 M NaC104, 50:50 CH3CN:H20, (A) before irradiation, (B) after
irradiation; electrode: glassy carbon; scan rate: 100 mV/s; irradiation time:
10 min.
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were analysed by FIA using concentrations of B Q up to 150 ppm.
The absence of change in either the determined concentration of
ethanol or in the calibration curves supported the view that the
concentration of B Q used previously was not limiting the efficiency
of the photolytic reaction.

Table 5.6: Determination of ethanol in real samples

Sample GO) PECD*)
(%)

(%)

Beer(c) 1.9 2.1
Beer(d)
Vodka

4.1

4.2

37.9

39.2

(a) Gas chromatography
(b) Photoelectrochemical detection. Cell: thin-layer (IA), glassy carbon
electrode; potential: 0.7 V; carrier solution: 80:20 C H 3 C N : H 2 0 , 0.08 M
NaC104, 10 ppm B Q at 0.5 mL/min.
(c) Filtered with membrane filter
(d) Filtered with filter paper.

Table 5.6 presents the results obtained from the analysis of
samples

of

beer

chromatography.

and
The

vodka

by

PEC

detection

latter technique, accepted

in

and

gas

standard

methods for analysis of alcohols, was used to provide a basis for
comparison.

The accuracy of the P E C method relative to the gas

chromatography

procedure

was

estimated

to be

+_ 5 %.

The

reproducibility, measured as the relative standard deviation for 10
successive injections of a beer sample, was 3.8 %.
compare well with alternative methods of detection.

These results
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5.3.2.2

Sugars

A brief study of the EC behaviour of some simple sugars was
conducted in a stationary cell.

Voltammograms

of glucose,

fructose and sucrose in 80:20 C H 3 C N : H 2 0 showed no oxidation or
reduction peaks between -1.5 V
solutions containing B Q

and 1.5 V.

Irradiation of sugar

led to voltammetric responses similar to

those observed for alcohols. Accordingly, injection of sugars in the
flow system with both the lamp on and lamp off produced similar
responses as those displayed

by

alcohols, indicating that the

mechanisms of photolysis and detection were the same for both
types of compounds.
higher

detection

polyfunctional

However, the saccharides were found to have

limits.

molecules

This
such

reactivity towards hydrogen

results
as

from

the

fact that

saccharides, exhibit

abstraction processes.

A

lower

probable

explanation for this difference in photochemical reactivity is the
higher degree of solvation of polyfunctional molecules compared to
the less substituted substrates [212].

It is believed that the large

solvent envelope of the polyfunctional substrate sterically hinders
the abstraction of the hydrogen by the excited quinone.
The effects of applied potential and flow rate on the current
response were found to produce the same variations as those
followed by alcohols.

This is to be expected since the reaction

mechanisms for alcohols and sugars are identical.
Calibration
range

curves drawn

exhibited

investigated.

very

good

in the 0-500 ppm
linearity

for

the

concentration
compounds

The limit of detection at a flow rate of 0.5 mL/min

was 10 ppm for fructose with slightly lower and higher values for
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glucose and sucrose respectively.
ppm

Successive injections of a 100

glucose standard solution gave a relative standard deviation

of 2.5 %.

5.4 CONCLUSIONS
A
and

method has been developed for P E C
sugars

based

photosensitised

on

quinone

the

reaction

of

detection of alcohols
the

analyte

with

in an acetonitrile-water solution.

a
The

photoproduct of this reaction is readily detected in the P E C cell at
relatively low oxidative potentials.

These conditions result in low

noise as well as sensitive and stable analytical signals.
Two thin-layer cells and two wall-jet electrodes were
evaluated.

The thin-layer cell employing the "adjacent" irradiation

m o d e and a glassy carbon electrode was found to give the best
results in terms of sensitivity.
relatively high background

Slow

electron transfer kinetics,

currents and design factors prevented

the achievement of sensitive detection with a A u mesh O T E used in
conjunction with a thin-layer cell employing the "on" irradiation
mode.
exhibited

O f the two
higher

wall-jet electrodes, the glassy carbon ring

sensitivity

due

to m o r e

favourable

electrode

kinetics.
Improvements in detection limits have been accomplished by
utilising P A D

with the "adjacent" thin-layer cell and

carbon electrode.

a glassy

The larger S/N's were essentially achieved as a

result of increased analytical signals since noise levels remained
similar to those observed with D C

amperometry.
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Determination using P E C detection have also been carried out
after chromatographic

separation of mixtures of alcohols.

The

eluent composition, optimised for separation and not for detection,
resulted in a slight increase in limits of detection as compared with
FIA values.
Samples of commercial vodka and beer have been analysed for
ethanol and the concentrations determined by P E C detection have
been found to be in agreement with those determined by standard
gas chromatography

methods.

The P E C detection scheme has been shown to be useful for the
detection of sugars.
were obtained.

Similar results to those observed with alcohols

However, sugars yielded higher limits of detection

as a result of the lower reactivity of these compounds with the
sensitiser.
The analytical performance of the wall-jet cell was found to be
poorer than the "adjacent" thin-layer cell/glassy carbon electrode
system.
wall-jet

The relatively large dead
design

sensitivity.

employed

this

work

associated with the
resulted

in

loss

of

O f the two wall-jet ring electrodes tested, the glassy

carbon electrode was
kinetics.

in

volume

the most suitable due to more reversible
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Chapter 6

DETECTION AND SPECIATION OF THALLIUM
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6.1 INTRODUCTION
Thallium is a relatively rare element that occurs in nature at
levels between 0.3 to 0.5 p p m [213].

Determination of traces of Tl,

however, requires attention in view of its toxicity and pollution
potential [214].
devices,

Industrial uses of Tl include alloys, electronic

catalysts

and pesticides.

The m a x i m u m

concentration of Tl in air is 0.1 m g / m 3

[215] and its toxicity to

m a m m a l s has been compared to that of mercury.
least as toxic as copper [214].

T o fish it is at

Thallium can be found in two

different oxidation states, T1(I) and Tl(III).

Although T1(I) is more

stable in aqueous solutions, Tl(III) forms complexes
stability.

allowable

of greater

It has been shown that in sea water at p H 8.1 and in

freshwater at p H 6.5 Tl(III) predominates [216].
It is n o w recognised that each physico-chemical form of an
element exhibits different bioavailability
[217].

Speciation

schemes

have

and toxicity properties

become

a requirement in the

determination of metal contents in various matrices, particularly in
natural waters.

Speciation of a metal in solution is an important

determination because the redox state can dramatically affect the
toxicity, adsorption and transport properties.

Arsenic, chromium

and thallium are typical examples of the above situation.

In the

case of Tl it has been shown that the lower valency state is the
more toxic [217].

The trivalent state is generally less reactive.

A large number of techniques have been employed for Tl
analysis, as a review

recently

revealed

[215].

pretreatment procedures

final determination

using spectrophotometry

[218], atomic absorption

After

has been

suitable

performed

[219], emission
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spectroscopy [220] and voltammetry

[221-223].

Electrochemical

methods have been found particularly useful for the determination
of Tl ions due to the reliability and
achieved.

selectivity that can be

Voltammetry has been recommended as one of the most

sensitive and convenient methods currently available [215].
With few exceptions [223], all voltammetric methods for the
detection of Tl have relied on the reduction and accumulation of
T1(0) on

a Hg

electrode.

These

procedures

do

not permit

discrimination between T1(I) and Tl(III) without some

chemical

treatment of the sample [216] because application of a negative
potential usually leads to the reduction of both species.

The major

impediment that has precluded the oxidative detection of T1(I) has
been the large overpotentials required for the reaction to proceed
at a significant rate.

The situation is further complicated by the

rapid hydrolysis of Tl(III) which forms deposits on the electrode
surface unless highly acidic conditions are employed.

However,

some reports have suggested that, under certain conditions, the
oxidation of thallous ions at Pt electrodes can produce analytically
useful responses [223,224].

It is possible that the oxide layer

present on the Pt electrode surface participates in the electrode
reaction catalysing the T1(I) oxidation reaction, as observed for
other species [225].

In a recent report improved electron transfer

rates for the T1(III)/T1(I) couple were achieved by employing a
modified electrode containing iridium oxide [223].
Based on the fact that Tl(III) reacts with some carboxylic acids
when

exposed

to light, methods have been developed

determination of either thallium

for the

[226] or the acids [227-229].

Irradiation of trivalent thallium in highly acidic media containing
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formic, oxalic or glycoxilic acids leads to the formation of T1(I)
which can then be determined by any suitable method.

This

scheme has been used for the estimation of T1(I) and Tl(III) in
mixtures containing both ions [226].
In this chapter a novel procedure is described which allows
detection and speciation of thallium in flowing solutions.

The

method involves the oxidation of T1(I) at a Pt electrode in solutions
containing H 2 S O 4 and formic acid.

The speciation of thallium is

based on the photochemical reaction between Tl(III) and formic
acid.

The scheme can be described according to the following

reactions:
Ti^ + ECOOU+hy

-> T1+ + C 0 2 + 2H+

(6.1)

T1+ -> T13+ + 2e~

(6.2)

With the lamp off, only T1(I) can be detected since Tl(III) is not
electroactive at the applied potential.

When

the solution is

irradiated, Tl(III) is reduced to T1(I) and total Tl is determined.

6.2 EXPERIMENTAL
6.2.1 Reagents
All chemicals used were A R grade.
used to prepare all solutions.

Triple distilled water was

Thallium standard solutions were

prepared by dissolving the nitrate salts in 0.25 M H 2 S O 4 .

Working

solutions were prepared daily and protected from the light.
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6.2.2

Instrumentation

Voltammetric experiments were performed in a conventional
electrochemical

cell using

a

174 P A R

Polarographic

Analyser.

Voltammagrams were recorded with a Houston Omnigraphic 2000
X-Y

recorder.

The working electrodes were a 3 m m

glassy carbon disc and 1.5 m m

diameter

diameter Pt and A u discs.

The

reference electrode was Ag/AgCl(3M NaCl) and a Pt wire served as
the auxiliary electrode.

Batch irradiation was performed in a

quartz cell while the solution was stirred.
The flow system has been described in Sec. 2.2.2. The PEC
cells were the thin-layer design IA
(Sec. 2.2.3).

and the wall-jet cell IIIA

Potentiostatic detection was performed with a B A S

LC-3A potentiostat.

Pulsed waveforms were applied with a Dionex

Pulsed Amperometric Detector.
equipped with a Hanovia 200 W

A

Cathodeon C 950 light source
Xe-Hg discharge lamp was used

for all irradiation experiments.

6.2.3 Procedures
Working electrodes were polished with 0.3 u.m alumina on a
polishing pad
passed

before each

through

a

0.45

Electrochemical and P E C
obtained using FIA.

experiment.
um

membrane

Carrier solutions
filter

before

were
use.

responses for the analyte species were
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6.3

RESULTS A N D

6.3.1

Irradiation

DISCUSSION

and

Voltammetry

in

a

Stationary

Cell

Preliminary experiments to study the voltammetric responses
of T1(I) and Tl(lII) were performed using glassy carbon, A u and Pt
electrodes.

Strong

acidic

hydrolysis of Tl(III).

A

media

were

used

to

prevent

the

brief study on the chemical and

EC

behaviour of trivalent ions showed that concentrations of H 2 S O 4
above

0.25

M

were

reproducible responses.

required

to achieve

stable solutions

and

Voltammograms for thallous and thallic

ions revealed that at glassy carbon electrodes only the Tl(III)
reduction

process

electrodes

were

produced

used

it was

a

response.
possible

When

to obtain

Au
an

and

Pt

oxidation

response for T1(I) at ca. 1.0 V, in addition to the Tl(III) reduction
peak.
Since the photoreduction of Tl(III) requires the presence of
oxalic acid or

formic acid, these acids were added to 0.25 M

solutions to determine their effect on the E C responses.

H2SO4

Oxalic acid

exhibited an oxidation peak at 1.0 V that interfered with the T1(I)
oxidation wave.

The addition of formic acid did not produce any

background responses and therefore was chosen for further work.
Voltammograms for T1(I) in H2SO4" formic acid media at Pt and
A u electrodes were similar but the latter showed a response due to
the formation of the oxide layer that overlapped with the T1(I)
oxidation peak (Fig. 6.1). In addition, the oxidation of T1(I) at the
A u electrode occurred at a potential over 300 m V

more positive

than that observed at the Pt electrode (Fig. 6.1). Consequently, for
subsequent experiments Pt electrodes were preferred.

199

1.8

1.0
E(V)

0.2

Fig. 6.1 Differential pulse voltammograms at a A u electrode for (A) Tl (I), (B)
blank, and a Pt electrode for (C) Tl (I), (D) blank; solution: 100 ppm Tl (I) in
0.25 M H 2 S 0 4 , 0.05 M formic acid; pulse period: 0.5 s; pulse amplitude: 50 m V ;
scan rate: 10 mV/s.
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Absorption spectra of Tl(III) solutions exhibited a strong band
at 225 n m indicating that U V
photoreduction process.
H2SO4

light was required for an effective

Irradiation of Tl(III) solutions containing

and formic acid caused a decrease in the concentration of

Tl(III) as indicated by a reduction in the size of the absorption
The photoreduction of Tl(III) was confirmed by the increase

band.

observed in the T1(I) oxidation current of the irradiated solution.

6.3.2 Detection in Flow Cells
6.3.2.1

Thin-laver

The

Cell

variation of the T1(I) oxidation response

with

applied

potential in a H2S04-formic acid stream was investigated using Pt
and A u electrodes.

Hydrodynamic voltammograms

suggested that

the oxidation of T1(I) was more easily achieved at the Pt electrode
than it was at the A u electrode.

A s shown in Fig. 6.2, at the Pt

electrode

diffusion

the

current

becomes

controlled

at

1.3

V

whereas at A u the potential required to reach a limiting current is
1.5 V.

This agreed with the behaviour observed at the Pt electrode

in batch experiments.

A

subsequent

on

work

based

potential of 1.1
S/N

V

was

considerations.

chosen for

Although

the

magnitude of the signal was larger at higher applied potentials, the
increased

noise

and

background

current

gave

rise to baseline

instability.
Preliminary

experiments

using FIA

showed

lamp was off, only T1(I) produced a response.

that w h e n

the

W h e n the solution

was irradiated a signal for Tl(III) was also observed indicating that
photoreduction of the Tl(IIl) ions was taking place.

At the same
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E(V)

Fig. 6.2 Hydrodynamic voltammograms for T1(I) at (A) Pt electrode, (B) A u
electrode; cell: thin-layer (IA); carrier solution: 0.25 M H 2 S O 4 , 0.05 M formic
acid at 0.5 mL/min, sample solution: 10 ppm T1(I).
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Fig. 6.3 Effect of flow rate on the P E C response for Tl(III); cell: thin-layer (IA),
Pt electrode; potential: 1.1 V; carrier solution: 0.25 M H 2 S O 4 , 0.05 M formic
acid; sample solution: 2 ppm Tl(III).
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time the T1(I) peak increased slightly with the lamp on, possibly as
a

result

of

composition
varying

thermal

effects.

The

influence

on the Tl(Ill) response (lamp

the concentration

of formic

of

the

on) was

acid between

solution

studied

0.05

M

by
and

S o m e increase in the Tl(III) peak current was observed

0.15 M .

but it was slightly irreproducible.

This is probably due to the

instability of Tl(III) in highly reductive media.

Natural sunlight is

k n o w n to induce the reduction of Tl(III) [226,229].

A

formic acid concentration was adopted as a compromise

0.05

M

between

sensitivity and stability.
A

study

of the effect of flow

rate on

the Tl(III) signal

produced plots, shown in Fig. 6.3, that exhibited a m a x i m u m at
around 1 mL/min.
product, the P E C
(Sec. 2.3.2.6).

For a photochemical reaction forming a stable
signal is expected to decrease with flow rate

The efficiency of the Tl(III) photoreduction reaction

is probably high and only starts to diminish significantly above a
relatively high flow rate.

Therefore, at the lower flow rates, the

current response resulting from the oxidation of the photoproduct
(T1(I)) increases with increasing flow rate as expected from the
improved

mass transfer.

The photolytic efficiency of the cell was evaluated by
comparing the responses for separate injections of 2 p p m T1(I) and
2 p p m Tl(III) with the lamp "off" and "on" respectively.

The ratio

of these two responses allows a comparison of the two cell designs
used in this application in such a way

that effects due to dead

volume and electrode surface area are removed.
ratio

gives

an

indication

of

the

fraction

of

In addition, this
Tl(lII) that is

203

photoconverted and detected as T1(I) at a given flow rate.
efficiency

achieved

with

The

the thin-layer cell (0.62), shown

in

Table 6.1, suggests that the photoreduction of thallic ions proceeds
at relatively fast rates under the conditions employed.

Table 6.1 Efficiency of PEC cells <a)

Cell R(T1(III)/Tl(l))(b)

Thin-layer (IA) 0.62
0.51

Wall-jet (IIIA)

(a) Platinum electrodes; potential: 1.1 V; carrier solution: 0.25 M
H 2 S O 4 , 0.05 M formic acid at 0.5 mL/min
(b) Ratio of responses for 2 p p m Tl(III) (lamp on) and 2 p p m
T1(I) (lamp off)

Calibration curves using the optimised conditions were drawn
for T1(I) (lamp off) and Tl(III) (lamp on) and found to be linear
to 10 p p m

(Fig. 6.4).

up

The limit of detection calculated for a

(S/N) = 2 at a flow rate of 0.5 mL/min was found to be 10 ppb for
both T1(I) and Tl(III).

These values compare very well with other

determination methods [215].

Reproducibility of the response for

10 successive injections of 2 p p m

Tl(III) expressed as relative

standard deviation was 1.5 %.
A

synthetic sample containing 1 p p m of T1(I) and 1 p p m of

Tl(III) was analysed using the photoelectrochemical approach.
measured concentration for both species was within 10 %
actual values.

The

of the

Further optimisation of the detection procedure is

expected to result in better agreements.
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Fig. 6.4 Calibration curves for (A) T1(I), (B) Tl(III); cell: thin-layer (IA), Pt
electrode; potential: 1.1 V; carrier solution: 0.25 M H 2 S O 4 , 0.05 M formic acid at
0.5 mL/min.

6.3.2.2

Wall-jet

Using

Cell

the wall-jet cell fitted with the Pt ring electrode

experiments similar to those conducted with the thin-layer cell
were carried out. The plot in Fig. 6.5 illustrates the dependence of
the Tl(III) peak current on flow rate.

Unlike the variation

observed in other applications and with the thin-layer cell, the
response increased

steadily with flow rate.

Again, the high

efficiency of the photolysis process presumably results in the flow
rate affecting only the E C component of the detector response
(Sec. 2.3.2.6).

Because of the longer residence time afforded by the

wall-jet cell

(Sec. 2.3.2.7.2), flow

rates

higher

than

those

investigated would be needed to see a decrease in the analytical
signal as that observed with the channel cell.
Measurements of the cell efficiency (Table 6.1) indicated that
the photochemical conversion of Tl(III) was lower with the wall-

205

jet cell than with the channel cell.
observed

in applications

This situation is similar to that

described

in previous

chapters and

discussed in Sec. 2.3.2.7.2.

140-

S

120-

*

ioo80 -

60 -]
0.0

,
0.5

1
1.0

,
1.5

T

2.0

Flow rate (mL/min)

Fig. 6.5 Effect of flow rate on the PEC response for Tl(IIl) with the wall-j
(IIIA), Pt electrode; potential: 1.1 V; carrier solution: 0.25 M H2SO4, 0.05 M
formic acid at 0.5 mL/min; sample solution: 2 ppm Tl(III).

Calibration curves for T1(I) and Tl(III) exhibited lower slopes
than those obtained with the thin-layer cell.
the

electrodes

surface

areas

were

considering peak current densities.

taken

For this comparison
into

account

by

T h e poorer sensitivity of the

wall-jet cell is attributed to the large dead volume of the design
employed.

This is illustrated by the peak widths measured during

the injection of 2 p p m T1(I).

The values obtained were 75 [iL and

90 u,L for the thin-layer cell and the wall-jet cell, respectively. In
contrast, the calibration curves obtained with the wall-jet cell
exhibited better linearity, almost twice the range of the thin-layer
cell.

This advantage probably results from the smaller iR drop of

the wall-jet design.
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The detection limits for T1(I) and Tl(III) were found to be
20 ppb and 30 ppb respectively at a flow rate of 0.5 mL/min.
These values, higher when compared with those obtained with the
channel cell, are the result of smaller signals as well as slightly
larger noise levels.

This may be due to the stronger flow rate

dependence of the wall-jet cell.

The relative standard deviation

for repetitive injections of a Tl(III) solution at 0.5 mL/min was
3%.

6.3.2.3 Pulsed Amperometric Detection
A study was conducted to establish the effect of pulsed
potential waveforms on the EC response for T1(I).

The base

potential (£2) was either 0.6 V or 0.8 V while the detection
potential (E\) remained constant at 1.1 V (Fig. 2.1). Pulse intervals
(t2) and pulse durations (t\) of 60 ms and 120 ms were used. The
current sampling time and interval remained fixed at the end of tx.
Measurements using D C

amperometry provided reference values

for comparison.
Improvements in sensitivity (response/concentration) were
accomplished when PAD was applied (Table 6.2). The increase in
peak current was larger for the higher pulse but this also
introduced greater noise in the baseline.
produced

smaller

The smaller pulse

but still significant enhancements

without

addition of baseline instability. Variation of the pulse interval (t2)
did not result in a clear advantage in terms of sensitivity.

When

the pulse duration, (t\) was increased, the gain in sensitivity
diminished.

As the time lapse between the application of the
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potential pulse and the current sampling

(ts) increases, the

response becomes smaller due to the decay of the current with
time. On the other hand, the application of longer tx times can be
beneficial in producing signals with a lower proportion of charging
currents.

Since the charging current decays at a faster rate than

the faradaic current, longer t\ times may lead to larger SIN.
Table 6.2 Pulsed amperometric detection of Tl(I)(a)

Peak height
(nA)

R(PAD/DC)(b)

E2
(V)

Ei

t2

ti

(V)

(ms)

(ms)

1.1

1.1

-

-

0.6

1.1

60

60

368

4.0

120

60

364

3.9

120

120

232

2.5

60

60

224

2.4

120

60

27 6

3.0

120

120

240

2.6

1.1

0.8

93

1.0 (DC)

(a) Cell: wall-jet (IIIA), Pt electrode; carrier solution: 0.25 M H 2 S 0 4 , 0.05 M
formic acid at 0.5 mL/min; sample solution: 2 p p m T1(I)
(h) Ratio of peak heights for P A D and D C amperometry

However, no

evidence

for this effect was

noted

in these

experiments. This may be attributed to the small time constant of
the wall-jet cell used which allowed the charging current to decay
rapidly.

As a consequence, and except for the more extreme

conditions associated with the larger pulse (500 mV), the noise
levels did not vary significantly with increasing tu In general, the
SViV's for PAD were similar or slightly smaller than those achieved
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for potentiostatic detection.

N o clear trend was observed, probably

due to variations in the oxide layer present on

the electrode

surface.
Although long term stability tests were not carried out, it is
not unreasonable to expect that application of P A D should improve
the

electrode

performance

by

reducing

the

exposure

of

the

electrode surface to the detection product (Thallic oxide).

6.4 CONCLUSIONS
A detection and speciation scheme for Tl ions in flow systems
has been developed.

Thallous ions are determined using oxidative

detection at a Pt electrode in a H2S04-formic acid solution.
irradiation of this solution, Tl(III) reacts with formic

Upon
acid to

produce T1(I) that is subsequently detected as in the previous case.
Discrimination
accomplished
photolysis.

between
by

T1(I)

carrying

The method

out

and

Tl(III)

detection

can

with

be
and

easily
without

is simpler and faster to perform than

conventional A S V .

Because detection occurs at positive potentials,

oxygen

interfere

does

not

and

therefore, its removal

is not

required.
Although

detection

under

potentiostatic

conditions

relatively high sensitivity, further improvement
by

employing

pulsed

amperometric

detection.

provides

can be achieved
This

measuring

technique m a y lead to lower detection limits if a judicious choice of
detection parameters is made.

These parameters are essentially

dependent

and

electrode.

on

the cell design

condition

of

the

working
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The thin-layer cell was found to perform better than the walljet cell in terms

of signal sensitivity

and

stability.

These

differences are believed to be caused by the larger dead volume
and flow rate dependence of the wall-jet design.
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Chapter 7

OXYGEN REMOVAL

211
7.1 INTRODUCTION
Electrochemical detection in the reduction mode has
traditionally

been

due

difficult

to

experimental

problems

associated with the presence of dissolved oxygen [230,2311.

In

particular, the removal of oxygen from solution is an essential
requirement for the successful determination of trace metals by
anodic stripping voltammetry

(ASV).

Oxygen

aqueous solutions in levels as high as 10 -3 M

can dissolve in

at room temperature.

The major problem caused by dissolved oxygen in A S V arises from
the reduction of oxygen during the application of potentials more
negative than -0.1 V

vs. Ag/AgCl.

In acidic medium, oxygen

undergoes reduction in two stages,
02 + 2H+ + 2e- -> H202 (7.1)
H 2 0 2 + 2H+ + 2e- -*
These reduction

H20

(7.2)

steps generate large background

obscure the analytical responses.

currents that

A similar effect results from the

sloping baselines normally associated with the above processes.
Complications in stripping analysis are also introduced
through
products.

the chemical

reactivity

of oxygen

or its reduction

Contact between the electrode surface and oxygen or

H 2 O 2 can lead to the chemical stripping of the deposited metal. For
instance, for a divalent metal ( M 2 + )
2 M(Hg) + 202 + 4H+ -> 2M2+ + 2H202 (7.3)
2 M(Hg) + 2H202 + 4H+ -+ 2M2+ + 4H20 (7.4)
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Reduction of oxygen in neutral or basic media results in the
formation of O H - ions.

In poorly buffered solutions the rise in p H

in the vicinity of the electrode can precipitate metal ions and thus
diminish the currents.
For these reasons, oxygen must be eliminated from solution
prior to the deposition

step.

The

classical method

used

for

removing oxygen has been to deaerate the solution with nitrogen
gas.

However, the introduction of fast, convenient on-line methods

for metal detection based on stripping analysis [4] has posed new
demands

and

constraints

on

the methods

for oxygen

removal.

Limited time and small samples are two of those constraints.

To

meet

of

the requirements

of on-line

measurements

a number

deoxygenation methods have been reported and reviewed in the
literature

[230,231]

Because of its traditional use and effectiveness, attempts have
been made to employ gas purging in flow systems [232-234].
procedure, however, is time-consuming
achieve complete exclusion
tubing

which

is permeable

stainless steel lines.
passivated

to

of oxygen
to

cumbersome.

from

the system,

oxygen, must

be

To
PTFE

replaced

by

In turn, such lines must be pretreated and

prevent

contamination

dissolution of the material [235-236].
the sample volume

and

The

resulting

from

the

slow

Further limitations arise if

is small or if any

sample

components

are

volatile.
Chemical methods of oxygen removal have made use of
strong reducing agents such as ascorbic acid
sulphite [238].

[237] and

sodium

The major disadvantages of this approach are the
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limited useful p H range of the reducing agent and the possibility of
chemical interference due to the reactivity of these substances.
Electrolytic methods designed to overcome the limitations of
on-line deaeration procedures have been suggested [239-241].

In

one approach, a coulometric cell fitted with a high surface area
electrode was placed upstream of the detector cell [240].
applying

a negative potential, the oxygen

reduced

and

consequently

ASV

can

By

is electrochemically

be

performed

at

the

downstream electrode in an oxygen-free environment.
A similar scheme which makes use of the E C irreversibility of
the oxygen/H20 system utilises a dual electrode thin-layer cell for
detection of reversible redox couples in H P L C [239].

Drawbacks of

these methods include: possible interference due to the H 2 O 2
formed during oxygen reduction, removal of sample components
reducible at the applied potential and requirement of reversible
redox systems.
Devices for continuous removal of oxygen based on the use of
tubular
[242-244].

semipermeable
By

membranes

establishing

have

a pressure

been

gradient

described
across

membrane, oxygen is forced to diffuse out of the solution.
outer concentration

of oxygen

can be kept at low

the
The

levels by

application of vacuum [244], nitrogen purging [242] or an oxygen
scavenging solution [243].

Invariably, these methods introduce

band broadening which affects both sensitivity and resolution of
peaks.
A Zn scrubber column has been employed to remove oxygen
from chromatographic eluents [241].

The oxygen is chemically
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reduced by the Z n metal and converted into H 2 O and H 2 O 2 .

This

system would have inherent problems in trace metal analysis.
A strategy aimed at performing on-line stripping analysis in
the presence of oxygen has been described [245].
the stripping voltammogram

For this purpose,

of the carrier solution is subtracted

from the sample stripping curve.

In this way the effect of oxygen

on the baseline current level and slope is corrected.
successful application of the method
oxygen

concentration

be

the

However,

requires that the dissolved

same

in

the

sample

and

the

solution

by

supporting electrolyte, a situation not always encountered.
In a novel approach applied in conjunction with ASV,
dissolved

oxygen

has

photochemical means

been

[246-248].

removed
The

from

method

is based

on the

reaction of oxygen with organic acids, such as citric and formic
acids, induced by U V light.

The organic acid, electroinactive at the

working potentials, is used as the supporting electrolyte and it is
always present in the solution at relatively high concentrations.
The

mechanism

of

the

reaction

is

believed

to

involve

photooxidation by electron transfer from organic anion radicals to
oxygen and convertion of oxygen to an electrochemically inactive
form [247].

The overall reaction is

R-COOH + O2+A*' "> CO2 + H+ (7.5)
The photochemical removal of oxygen has been found to be more
efficient than nitrogen purging [247].

The rate of oxygen removal

usually increases with acid concentration.

Carboxylic acids suitable

for this application include formic, citric, oxalic, tartaric and acetic
acids [246,247].
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In this chapter an on-line procedure for the removal of
oxygen for ASV determinations in flowing solutions is described.
The oxygen removal is carried out in-situ, within the detector cell,
and is based on the photochemical reaction of oxygen with the
supporting electrolyte induced by U V light. This simple approach
is advantageous in that it reduces the possibility of oxygen
diffusing back into the solution before the generation of the
analytical signal.

7.2 EXPERIMENTAL
7.2.1

Reagents

All chemicals used were AR grade. Solutions were prepared
in triple distilled water. Solutions of formic, citric and oxalic acids
were filtered through a 0.45 \xm membrane filter after preparation
and allowed to equilibrate with the atmosphere before use.
Standard solutions of metals were prepared from nitrate salts. The
solution used for plating mercury films was prepared by dissolving
metallic mercury in HNO3.

7.2.2 Instrumentation
A 174 PAR Polarographic Analyser was used for
voltammetric

experiments in stationary

and

flow

cells.

In

stationary cell a 3 m m diameter glassy carbon working electrode, a
Ag/AgCl(3M NaCl) reference electrode and a Pt wire auxiliary
electrode were employed.
Houston

Voltammograms were recorded with a

Omnigraphic 2000 X-Y

recorder.

Batch irradiation
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experiments were performed in a quartz cell using a low pressure
H g lamp as light source.
The flow system has been described in Sec. 2.2.2.
Amperometric measurements were performed with a B A S
potentiostat.

The P E C cells were the "adjacent" thin-layer (IA) and

the wall-jet (IIIB) designs (Sec. 2.2.3).
Ag/AgCl(3M

LC-3A

NaCl) in all cases.

Reference electrodes were

The light source for flow

experiments was a Cathodeon C 950 system fitted with a 150 W
or a 200 W

Xe-Hg discharge lamp.

Hg

Absorption spectra were

obtained with a Shimadzu U V - 1 6 0 spectrophotometer.

7.2.3 Procedures
All electrodes were polished with 0.3 p. m alumina on a
polishing pad before use.
filtered before

use

Solutions for flow experiments were not

to avoid

the removal

of oxygen

during

filtration.
Mercury film electrodes for on-line measurements were
deposited

in-situ from an 100 p p m Hg(II) solution at -1.0 V for

5 min at a flow rate of 0.5 mL/min.

Stripping voltammetric

experiments involved deposition of metals from flowing streams of
constant composition.

After deposition, the flow was stopped and

following a 10 second rest period the anodic potential scan was
started.

The electrode was held at the final potential for 60

seconds to remove any traces of the analyte metals from the H g
film.
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7.3
7.3.1

RESULTS A N D
Irradiation

DISCUSSION

and

in a Stationary Cell

Voltammetry

Based on studies reported previously [246.247], oxalic acid,
citric acid and formic acid were selected for this work.

Besides

being good oxygen scavengers, these acids are widely used in
analytical chemistry.
showed

strong

bands

Absorption spectra of the acids (Fig. 7.1)
below

300

nm,

indicating

that these

compounds would be photoactive only under U V radiation.

35o
X(nm)

Fig. 7.1 Absorption spectra of 0.01 M solutions of (A) citric acid, (B) formic
acid.
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Table 7.1

Effect of irradiation time on the background current
in oxalic acid(a)

Aib(b)
(min)

(%)

15

0

60

15

120

58

(a) Solution: 50 m L of 1 M oxalic acid; electrode: glassy carbon; light
source: H g lamp.
(b) Percentage decrease of the initial background current relative
to the background current produced after nitrogen purging.

Table 7.2 Effect of type of carboxylic acid and solution stirring
on the background current^)

Acid

Citric

Formic

Oxalic

Aib(b)

Cone.
(mol/L)

(%)

Unstirred (2 h)

Stirred (10 min)

1.0

95

>97

0.5

95

>97

1.0

95

>97

0.5

95

>97

1.0

51

0

0.5

40

0

(a) Solution: 50 m L ; electrode: glassy carbon; light source: H g lamp
(b) Percentage decrease of the initial background current relative to the
background current produced after nitrogen purging.
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Oxalic

acid

was

selected

for

preliminary

irradiation

experiments. T o detect the presence of oxygen in the acid solution,
linear

sweep

voltammograms

potential scans.

were

recorded

during

cathodic

In the presence of dissolved oxygen a reduction

response was observed at ca.-0.7 V.

This response disappeared

when the solution was purged with nitrogen.

Evaluation of the

efficiency of the removal of oxygen by irradiation was carried out
by comparing the background current of an irradiated solution
against the baseline obtained

in solutions deoxygenated

nitrogen for 5 minutes.

shown

As

in Table 7.1, w h e n

with
the

irradiation time is increased, the background current, i.e., the
concentration of oxygen, decreases.

T h e need

for a 2 hour

irradiation time to achieve significant levels of oxygen removal
was partly due to the relatively large volumes of solution used, the
low intensity of the H g lamp and the fact that the solution was not
stirred.

Also, further data indicated that oxalic acid was a

relatively inefficient oxygen scavenger w h e n compared with the
other two acids.

This can be seen from Table 7.2 which presents

results for citric and formic acids.
A typical voltammogram for a citric acid solution before and
after irradiation is shown in Fig. 7.2.

Data from Table 7.2 indicate

that the effect of concentration is only noticeable for the less
efficient oxalic acid.

The rate of oxygen removal

significantly for all acids when the solution is stirred.
causes the destruction of oxygen

concentration

improves
Stirring

gradients

and

permits fresh solution to be always exposed to the light, thus
improving the efficiency of the photochemical reaction.
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o
I

>

m
*

o

Fig. 7.2 Linear sweep voltammogram for a 1 M citric acid solution (A) before
irradiation, (B) after irradiation, (C) solution deoxygenated for 5 min with
nitrogen gas; irradiation time: 1 h,.electrode: glassy carbon; scan rate: 50 mV/s;
light source: H g lamp
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7.3.2

Detection in Flow

7.3.2.1

Thin-laver

Cells

Cell

By a method similar to that used in batch experiments, the
background current was monitored with both the lamp "on" and
lamp "off" while a potential sufficiently negative to reduce oxygen
was applied.

Initial experiments in the flow system were carried

out in such a way that photolysis of the solution took place at the
P E C cell while the current generated by the irradiated solution was
monitored downstream

at a conventional E C

flow cell.

This

arrangement was used to avoid irradiation in the vicinity of the
electrode which could distort the E C signal.

W h e n the lamp was

turned "on" a decrease in the background current was observed
suggesting that oxygen was being scavenged by the photochemical
reaction.

The diminution in background current was found to be a

function of the intensity and energy of the light and the applied
potential.

Table 7.3 shows that the more intense Xe-Hg lamp

produced a greater reduction of the background current.

This

lamp also emits more U V radiation than the Xe lamp.
Since two different thin-layer cells differing in the position of
the window were available for this work, a comparison was carried
out to establish which cell was more efficient.

In this and

subsequent experiments a H g film electrode was employed since
the detection of metals using A S V was the application of interest.
In agreement with previous results (Sec. 2.3.2.3) the cell with the
"adjacent-same side" configuration produced a larger decrease in
background current, as demonstrated in Table 7.4.
utilised for subsequent work.

This cell was
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Table 7.3 Effect of light source on the background current in
flowing solutions(a)

Aib0» (nA)

Acid

Citric (1.0 M )
Formic (1.0 M )

150 W Xe

200 W Xe-Hg

62

280

9

168

(a) Irradiation cell: thin-layer (IIA); detector cell: B A S thin-layer, glassy carbon
electrode; potential: -0.8 V; flow rate: 0.5 mL/min.
(b) Difference in background current with the lamp off and lamp on.

Table 7.4 Effect of cell window position on the background
current^3)

Cell

Aib(b) (u.A)

Adjacent-same side (IA) 2.98
Adjacent-opposite side (IB) 1.70

(a) Electrode: H g film; potential: -0.8 V; solution:
1 M citric acid at 0.5 mL/min; light source: 200 W Xe-Hg lamp.
(b) Difference in background current with the lamp off and lamp on.
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After the optimal experimental

setup and

conditions

were

selected, the effect of the nature and concentration of acid on the
removal of oxygen was investigated.
Table 7.5.

The greatest reductions of background

achieved with citric acid.
efficient.

Results are summarised in
current were

Oxalic acid was found to be the least

In addition, at potentials more negative that -0.7 V ,

oxalic acid produced high background currents and very unstable
baselines which prevented its practical use.

The high background

currents are thought to be due to the electrochemical reduction of
the oxalic acid itself.

This is supported by the sharp increase in

current observed at -0.8 V in cyclic voltammograms of oxalic acid.
The effectiveness of oxygen removal increased with a rise in acid
concentration.

This is in accordance with the proposed mechanism

of the photochemical

reaction

which

requires

the presence

of

undissociated acid molecules to proceed [247].
Also shown in Table 7.5 is the influence of flow rate on the
elimination of oxygen.

The scavenging efficiency of a given acid

decreases as the flow rate increases.

This results from the lower

residence time and, therefore, irradiation

time available at the

higher flow rates.
Background currents measured for a 1 M citric acid solution
deoxygenated using both nitrogen gas and U V
that the latter was significantly more

light demonstrated

efficient (Table 7.5). Since

P T F E tubing was employed in all experiments, Vt is YvVaYy \\\2A
after the solution left the purged reservoir, oxygen diffused back
into the stream, thus increasing the background current.
the

photochemical

method

scavenges

the

oxygen

Because

within

the
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Table 7.5 Effect of type and concentration of carboxylic acid and
flow rate on the background current with the thin-layer cell (a)

Acid

Alb(b)(u.A)/cm2)
Cone. (mol/L)
0.5 mL/min

1.0 mL/min

Citric 1.0 92.6 73.1

Formic

Nitrogen

0.5

43.4

16.4

1.0

20.7

7.9

0.5

2.5

0.8

-

29.6<c)

(a) Cell: thin-layer (IA); Hg film electrode; potential: -0.8 V; light source:
200 W Xe-Hg lamp.
(b) Difference in background current density with the lamp off and lamp on
(c) Decrease in background current density for a 1 M citric acid solution
deoxygenated with nitrogen gas.

detector cell in the vicinity of the working electrode, the possibility
of oxygen diffusing back into the system is suppressed,

and a

larger decrease in background current is produced.
To obtain a direct comparison with results from stationary
cell, linear sweep reduction curves were recorded in the flow cell
for a citric acid solution with and without oxygen removal.
flow was stopped during the scan.

The

While the background current

at -0.8 V diminished by 4.0 (iA with photochemical removal, the
decrease was 3.4 p. A with nitrogen purging.

This result supported

the conclusion that deoxygenation with U V

light does occur in

flowing solutions and furthermore, its efficiency is superior to that
of the conventional purging method.
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ASV

Experiments

In ASV problems associated with dissolved oxygen arise in
the form of high background currents, sloping baselines, reduced
sensitivity

and

irreproducibility.

Stripping

voltammetric

measurements in flowing solutions were conducted to test the
ability of the photochemical deoxygenation method to overcome
the above problems.
Table 7.6 Effect of oxygen removal by irradiation on peak
current in A S V with the thin-layer celKa)

Cone, (ppm)

Ai p (%)
Cd

Pb

0.2

2.7

4.5

1.0

2.6

4.2

2.0

2.3

3.8

(a) Cell: thin-layer (IA); H g film electrode; carrier solution: 1 M citric acid
at 0.2 mL/min; light source: 200 W Xe-Hg lamp; L S A S V : deposition
potential -1.0 V, deposition time 60 s, scan rate 50 mV/s.

The procedure used in this work involved the detection of
Cu(II), Pb(II) and Cd(II) under continuous flow analysis conditions,
i.e., the sample solution was continuously pumped

through the

system. During the stripping step the flow was stopped. Citric acid
was chosen as supporting electrolyte because of its higher removal
efficiency.

Detection of the metal ions was carried out with both

the lamp off and lamp on.

During the "lamp on" experiments,

irradiation was continuous throughout the deposition, rest and
stripping steps.
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Fig. 7.3 Linear sweep stripping voltammogram for Cd(II) and Pb(II) in 1 M
citric acid (A) with irradiation, (B) without irradiation, solution: 2 p p m Cd(II),
2 p p m Pb(II) at 0.2 mL/min; cell: thin-layer (IA), H g film electrode deposition
potential: -1.0 V; deposition time: 1 min; scan rate: 50 mV/s; light source
200 W Xe-Hg lamp.

Data from Table 7.6 show that when the lamp is operative an
increase in peak height occurs. A typical voltammogram is shown
in Fig. 7.3. The gain in sensitivity appears to be greater at lower
concentrations. It is at low metal concentration levels that the
effect of oxygen is expected to be more significant. The

Table 7.7 Effect of flow rate on peak current during oxygen
removal by irradiation in A S V with the thin-layer celKa>

Flow rate (mL/min)

Ai D (%)
Cd

Pb

0.2

2.5

4.2

0.8

2.4

2.8

(a) Conditions as in Table 7.6.

Table 7.8 Effect of oxygen removal by irradiation on the
background current in A S V with the thin-layer celKa)

Flow rate
(mL/min)

Ai b

(uA)

Alb
(p,A/cm2)

0.2

1.6

25.0

0.5

0.7

10.3

0.8

0.6

9.9

(a) Conditions as in Table 7.6
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enhancement in sensitivity was found to be dependent on the flow
rate, as shown
permitted by

in Table

7.7.

The

increased

the lower flow rates results in a more

elimination of oxygen.

time

effective

The removal of oxygen also results in lower

background currents, as seen in Table 7.8.
is found

residence

Again, a stronger effect

at the lower flow rates which

make

possible longer

irradiation times.

7.3.2.2 Wall-jet Ceil
Experiments similar to those conducted with the thin-layer
cell were carried out using the wall-jet design.

The effect of

supporting

electrolyte

rate

background

current followed

composition

with the thin-layer cell.

and

the same

flow

general trend

Again, the decrease

in

on

the

observed

background

current for a citric acid solution was greater than that achieved
with nitrogen purging (Table 7.9).

W h e n the current densities in

Table 7.9 are compared with those for the channel cell (Table 7.5),
it is apparent

that larger reductions

achieved with the wall-jet cell.

A

in residual currents

similar comparison

are

between

background current densities for the wall-jet (Table 7.10) and the
thin-layer (Table

7.8) cells in A S V

experiments, reveals that

diminution is significantly greater for the wall-jet cell.
The above results suggest that the wall-jet design is more
efficient than the thin-layer cell.

This conclusion would appear to

be in contradiction with previous results (Chaps. 4,5 and 6) which
indicated

that

the

"adjacent"

photolytic

efficiencies.

channel

cell

However, previous

provided

greater

measurements

were
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Table 7.9 Effect of type and concentration of carboxylic acid and
flow rate on the background current by irradiation with the
wall-jet celKa)
A I b w (u,A)/cm2)
0.5I mL/min
1.0 mL/min

Acid

Cone. (mol/L)

Citric

1.0

78.2

69.9

0.5

69.0

39.5

1.0

56.8

34.9

0.5

27.9

20.7

Oxalic

1.0

16.6

8.3

Nitrogen

-

29.2(c)

Formic

-

(a) Cell: wall-jet (IIIB), H g film electrode; potential: -0.8 V; light source:
200 W Xe-Hg lamp.
(b) Difference in background current density with lamp off and lamp on
(c) Decrease in background current density for a 1 M citric acid solution
deoxygenated with nitrogen gas.

Table 7.10 Effect of oxygen removal by irradiation on the
background current in A S V with the wall-jet cell <a)

Ai b

Al b

(uA)

(p.A/cm2)

0.2

4.1

38.1

0.5

3.0

27.8

0.8

2.2

20.2

Flow rate
(mL/min)

(a) Conditions as in Table 7.6
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obtained using flow injection conditions whereas oxygen removal
experiments were carried out under a continuous flow regime; i.e.,
steady state conditions.

In accordance with results discussed in

Sec. 2.3.2.7.2, it is possible to conclude that the wall-jet cell used in
this work has a higher photolytic efficiency in the sense that it
receives inside the measuring/photolysis compartment more light
than the thin-layer cell.

However, under flow injection conditions

this advantage is not apparent because of the transient nature and
dilution of the analyte plug, the latter problem resulting from the
relatively large compartment volume and large diameter of the
ring electrode employed by the wall-jet cell.

<

Cone, (ppm)

Fig. 7.4 Calibration curves for Pb(II) using L S A S V in (A) non-irradiated
solution, (B) irradiated solution; carrier solution: 1 M citric acid at 1 mL/min;
cell: wall-jet (IIIB), H g film electrode; deposition potential: -1.0 V; deposition
time: 4 min; scan rate: 50 mV/s; light source: 200 W Xe-Hg lamp.

As demonstrated in Fig. 7.4 calibration curves for Pb(II) using
LSASV

prepared with the wall-jet cell exhibited increased slopes

when the solutions were photochemically deoxygenated.

Similar
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increases were obtained for D P A S V

but, as observed by others

[240], the effect of dissolved oxygen was stronger for L S A S V , i.e., a
larger decrease in slope occurred

when

oxygen

was

removed.

These effects were also observed for other metals.

7.4 CONCLUSIONS
A useful procedure for on-line removal of dissolved oxygen
based on the photolysis of the carrier solution containing a suitable
carboxylic acid has been described.

The method has been shown

to remove oxygen more efficiently than the conventional nitrogen
purging technique.

Because dissolved oxygen is removed within

the detector cell, in

the vicinity

of the working

electrode,

conventional instrumentation and P T F E lines can be used.
Of the carboxylic acids investigated, citric, formic and oxalic,
citric acid has been observed to be the most efficient in terms of
scavenging capacity.

Oxalic acid showed the lowest efficiency as

well as limited useful cathodic potential range.

The removal of

oxygen, measured by monitoring the background current with and
without photolysis, has been found to increase with increasing
light energy, increasing acid concentration and decreasing flow
rate.
Determination of metal ions by ASV in flowing solutions using
citric acid as supporting electrolyte has been demonstrated.

With

irradiation of the carrier stream, increases in peak heights and
decreases in background currents have been achieved.

The effects

were more significant at low metal concentrations and low flow
rates.
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In contrast to previous results, the wall-jet cell exhibited
greater photolytic efficiency w h e n compared
cell.

with the thin-layer

This is attributed to the fact that the oxygen

removal

experiments were carried out under steady state conditions as
opposed to the flow injection transient regime utilised for other
applications.

In accordance with measurements of light intensity

absorbed by the cells, it is concluded that the wall-jet design
utilised in this work

exhibits higher photolytic efficiency for

steady state determinations.
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Chapter 8

PULSED PHOTOELECTROCHEMICAL DETECTION
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8.1 INTRODUCTION
Experimental techniques in photoelectrochemistry can be
conveniently divided according to the w a y in which irradiation is
carried out.

T h e simplest approach is to shine an intense source

continuously

on the solution so that the overall

transformation

occurs at a constant rate.
to experiments

several drawbacks

photochemical

There

carried

are, however,

out with

continuous

Firstly, high light fluxes can be difficult to introduce

irradiation.

without heating

with the result that the associated

temperature

variations can invalidate the analytical measurements.

A

second

irradiation

arises w h e n the

light impinges directly on the working electrode.

A s discussed in

problem

Chap. 3

associated

with

continuous

such an approach results in the generation of background

photocurrents

due to photochemical

processes

occurring

on the

electrode surface.
Originally, interest in the temporal resolution of photolytic
mechanisms

led to the development

irradiation methods.
accomplished

a light chopper
to measure

[147,148,249].

the resulting

limitation of this method is that it cannot
background

and

modulated

Modulation of the lamp output is normally

with

amplifier is used

of flash

photocurrent generated

A.C.

A

lock-in

signal.

The

discriminate against the

at the electrode surface since

this signal will also be modulated at the same frequency as the
analytical signal.

In this respect, flash methods are better suited.

In these experiments the solution is exposed to a short (10 p s )
burst

of

Absorption

light
by

of

high

intensity

the photoactive

(several

solute

hundred

creates

a

high

joules).
initial
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concentration of photoproduct which can then be electrolysed at
the working electrode [250-252].
When the electrode surface is to be irradiated flash photolysis
offers a number of benefits.

The first advantage of this approach

stems from the fact that the electrode is exposed to the light for
only short periods of time.
changes

in temperature.

This avoids heating and
In addition, degradation

consequent

or

chemical

modification of the electrode surface, processes likely to occur with
light beams, are minimised.

high energy U V

Moreover, because

the electroactive photoproduct is generated only during the flash,
the electrode surface is less exposed to problems associated with
adsorption of detection products.

A s a result of these benefits the

lifetime and reproducibility of the electrode is likely to improve
considerably.
The second major advantage of pulsed irradiation of the
working electrode is an improvement in the signal to background
current ratio (S/B) as illustrated in Fig. 8.1.
to

that

involved

techniques.

in

pulsed

The situation is similar

voltammetric

or

amperometric

The application of a light pulse or illumination step,

analogous to a potential step in pulsed amperometry, produces a
transient current or current spike.

If an analyte species is present,

the change in current comes from two sources.

The first is the

current resulting from the light induced processes that occur at the
electrode surface.

This current called the "background current", is

analogous to the charging current arising in pulsed
when the potential is stepped.
electrolysis

of

the

amperometry

If the applied potential is such that

photoproduct

occurs, a

second

current is

observed which generates the signal of interest and is proportional
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v

time

time

Fig. 8.1 Pulse photoelectrochemical detection; (A) light intensity,
(B) background photocurrent, (C) analytical signal, tp: pulse interval, ts: sampling
time; the current is measured for a few (20) m s after ts.

237

to the concentration of analyte.

This current corresponds to the

Faradaic current of conventional pulsed amperometric

techniques.

Although the background current in P E C detection is also Faradaic
in nature (Sec. 3.3.2), this current decays faster than the current
due to the photoproduct formed in solution because it is generated
by a surface-confined moiety.
profiles, w h e n

the

A s a result of these current decay

background

analytical current is still flowing.

current

decays

to

zero, the

If the current is measured,

sampled, at a suitable time (ts) after the light pulse, the current is
almost purely analyte-generated.
this approach is an increase in SIB

T h e immediate consequence of
which translates into enhanced

sensitivity and lower limits of detection.
Further
pulsed

comparison

amperometry

between

pulsed

photoamperometry

suggests that sampling

and

the current at very

short times should be avoided since the current transient will have
substantial contributions from

background

processes.

It is also

apparent that systems showing fast decaying background currents
will be desirable.

While in pulsed amperometry

this is usually

achieved by decreasing the electrode capacitance and the solution
resistance (RC), in pulse photoamperometry a light source emitting
very short flashes is required.
If the applied overpotential is sufficiently large to ensure that
the rate of electrolysis

of the photoproduct

is such

that its

concentration at the electrode surface is zero, the current will be
diffusion controlled and directly proportional to the concentration
of photoproduct and, therefore, proportional to the concentration of
analyte.

In static solutions the current-time curves would decay
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following

the Cottrell law.

diffusion

conditions

However, under

encountered

in

flowing

the convectivesolutions

this

behaviour would not be observed.
The pulsed photoamperometric scheme developed in this work
is based on the fact that under steady state conditions current
transients following separate photolytic pulses can be recorded for
different concentrations, and samples can be taken at a fixed delay
time (ts) to produce a sampled-current calibration curve.

Of more

practical interest is the possibility of sampling the current for
separate current transients in FIA to produce a sampled-current
peak.

This approach has been

utilised for the detection of

nitrosamines and alcohols.

The "above" irradiation m o d e was used

in all these experiments.

The "on" m o d e could not be applied

because the light transmitted by the available OTE's was not
sufficient for sensitive detection.

8.2 EXPERIMENTAL
8.2.1

Reagents

Actinometer solutions were prepared as described in Sec. 2.2.1
Solutions for nitrosamines detection were prepared according to
Sec. 4.2.1.

Solutions for alcohols experiments were prepared as

described in Sec. 5.2.1.

8.2.2 Instrumentation
The flow system used has been described in Sec. 2.2,2. The
potentiostat was a 174 P A R Polarographic Analyser.

The detector

cell was the IIA thin-layer cell which allows irradiation in the
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"above" mode.

The current was recorded using an A D I

system controlled by a Macintosh S E computer.

MacLab

The software was

the A D I chart V2.4 program.
During steady state measurements the complete transient
current response was recorded.

For flow injection measurements

the current was sampled with the 174 P A R potentiostat for 20 m s
at varying times (ts) after the emission of the light pulse and
recorded with the computer.

The potentiostat was modified so that

the sampling time (ts) could be varied between 5 m s and 300 ms.
The clock of the 174 P A R
lamp and the sampling

system was used to trigger the flash

system.

The

light source was

a high

intensity E R G FXQ-289-2 X e flash tube controlled by a homemade
power supply.
was used.

In some experiments a low intensity X e flash lamp

A fan was used as cooling system.

8.2.3 Procedures
All electrodes were polished with 0.3 pm alumina before use.
Carrier

solutions

were

prepared

daily

and

filtered

through

a

0.45 p m membrane filter before use.
Measurements under steady state conditions were obtained
by pulse irradiating a flowing solution of constant

composition

containing the analyte, supporting electrolyte and reagents.

Flow

injection measurements involved the injection of sample solutions
into a carrier stream containing only supporting electrolyte and
reagents.

Unless

otherwise

specified, operating

potentials

and

carrier solutions were the same as those described in Chaps. 4 and
5 for nitrosamines and alcohols respectively.
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8.3 R E S U L T S A N D
8.3.1

Evaluation

DISCUSSION

of Signal

Measuring

System

Some brief experiments were initially carried out to evaluate
the electronic capabilities and limitations of the data acquisition
and recording instrumentation.

Owing to the fast sampling rate

allowed by the computer, mains noise (50 Hz) became apparent,
particularly when low currents were measured.

It was found that

the most effective grounding system consisted in a short piece of
metallic tubing placed upstream of the detector cell.
Table 8.1 Pulsed photoelectrochemical responses obtained with
various electronic filters*^)

Filter Peak height (nA)
None 1260
50 H z

556

0.3 s

73

1.0 s
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(a) Cell: thin-layer (IIA), glassy carbon electrode; potential: 1.0 V;
solution: 0.05 M H 2 S O 4 at 0.5 mL/min.

Although the above modification decreased the noise level
significantly, further reduction was

sought by using electronic

filters. All filters distorted the signal reduced the size of the peak
(Table 8.1) and decreased the rate of current decay.

Since the

latter was of great importance in these studies it was decided not
to use filters. This was not essential for the initial studies on the
magnitude

and

However, to

time

avoid

dependence
electronic

of

the

interferences

transient

currents.

during

analytical
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measurements using FIA, the current was sampled over a 20 m s
period thus effectively cancelling the 50 H z noise.

8.3.2 Evaluation of Signal Generating System
Potassium ferrioxalate (actinometer) was used as a test
compound

for preliminary

work

designed

to study

the

signal

generation process as well as the behaviour and operation of the
pulsed P E C

system under normal flow detection conditions.

experimental
actinometer
pumped.

procedure

involved

the use

of C F A ,

solution of constant concentration

was

The

that is, an
continuously

Detection was performed at a constant applied potential.

The signal monitored

was

the electrochemical

oxidation of the

Fe(C204)2 2 " complex which is produced upon flash irradiation of
the Fe(C204)3 3 " solution (Eq. (2.5.)).

The "on" thin-layer cell was

employed, thus the surface of the working electrode was directly
exposed to the light.

Since the size of the cell window was larger

than the size of the working electrode, photolysis occurred in the
solution right above the electrode surface as well as in adjacent
upstream and downstream points.

The downstream area had no

practical importance since the photolysed species formed in that
once was

swept away

from the working

electrode and did not

generate a current.
As observed in previous work (Sec. 3.3.2), irradiation of the
electrode surface in 0.05 M
species produced

H 2 S O 4 in the absence of photoactive

a background

signal.

photoactive species a broad peak

was

both the background and analytical signal.

In the presence of the
observed

which

included

The size and profile of

this response varied with ferrioxalate concentration and flow rate,
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Table 8.2 Pulsed photoelectrochemical responses for
ferrioxalate as a function of concentration and flow rate(a)

Peak height (pA)
Ferrioxalate cone.

0.3 mL/min

0.6 mL/min

1.0 mL/min

Blank 0.3 0.3 0.3
1 mM

10.1

9.9

9.7

6 mM

17.3

16.8

16.7

(a) Cell: thin-layer (IIA), glassy carbon electrode; potential: 1.0 V; blank
solution: 0.05 M H 2 S O 4 .

as illustrated in Fig. 8.2. Quantitative data are given in Table 8.2.
As

expected,

concentration.

the

intensity

of

the

signal

increases

with

At the same time, the signal decays at a faster rate

as the flow rate increased.

The shorter residence time allowed by

the higher flow rates reduces the possibility of the photolysed
species diffusing to the electrode surface.

While the current

returns to baseline levels after 1600 m s at 0.3 mL/min, only 1000
ms are required at a flow rate of 1.0 mL/min.
are evidence

that photolysed

material

The large peak tails

reaches

surface well after the light pulse has ceased.

the

electrode

This material is

produced in the upstream area of the working electrode and is
transported towards the electrode surface by the flowing solution.
Examination of the background photocurrent and the
analytical signal indicated that they decayed with different rates
(Fig. 8.3).

This demonstrated that it was possible to use this

difference to improve the signal-to-background ratio (SIB) of the
measurements.

Since the background current decayed faster than
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Fig. 8.2 Photoelectrochemical transient responses due to flash irradiation of
(A) blank (0.05 M H 2 S 0 4 ) , (B) 1 m M ferrioxalate at 0.3 mL/min, (C) 1 m M
ferrioxalate at 1.0 mL/min; cell: thin-layer (IIA), glassy carbon electrode;
potential: 1.0 V, light source: low intensity X e lamp.
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the analytical current, the proportion of background current in the
measured signal (total current) decreased as the current sampling
time (ts) increased. Consequently, a larger SIB can be achieved
and lower detection limits become possible. This approach was
applied in the detection of nitrosamines and alcohols.

8.0- •

\ B
\
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0.0-1 1 1 1 1 1 1
0
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t (ms)

Fig. 8.3 Current-time curves for flash irradiation of a glassy carbon electrode
in (A) 0.05 M H 2 S O 4 , (B) 3 m M ferrioxalate in 0.05 M H 2 S O 4 (C) ratio of current
from (B) and (A); cell: thin-layer (IIA), potential: 1.0 V, flow rate: 0.3 mL/min;
light source: low intensity X e lamp.

8.3.3 Detection of Nitrosamines
8.3.3.1 Steady State Conditions
Using CFA conditions, transient current responses were
recorded to investigate the influence of analyte concentration, flow
rate and current sampling time. The carrier stream contained
supporting electrolyte with and without analyte for sample and
blank measurements respectively. The electrode was set at a
potential which was in the limiting current region for NO2'
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oxidation.

T h e presence of the analyte resulted in an increase in

the current response as well as in a decrease in the decay rate of
the current.

Comparison of the response for the blank at two

different flow rates, indicates that the rate of current decay is not
dependent on the flow rate (Fig. 8.4).

This suggests that the

background signal is due to a photochemical process occurring on
the electrode surface and not in solution. It should be noted,
however, that the composition of the solution affects this surface
photochemical reaction (Sec. 3.3.2).

4.0-

<

3.0-

• •M

2.0-

1.0-

0.0-

0

50

100

150

200

250

300

t(ms)

Fig. 8.4 Current-time curves for flash irradiation of a 0.1 M Na2S04 solution at
a flow rate of (A) 0.2 mL/min, (B) 0.8 mL/min; cell: thin-layer (IIA), glassy
carbon electrode; potential: 1.1 V.

The influence of analyte concentration on the signal at relatively
low

flow rates is illustrated

in Fig. 8.5a.

An

increase in

concentration results in a rise in current as the amount of
photoreleased

N O 2 " increases.

Parallel to the increase in response

magnitude, there is an increase in the time required for the signal
current to return to baseline levels.

Under convective-diffusion
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Fig. 8.5a Current-time curves for flash irradiation of 0.1 M Na2S04 solutions
containing (A) 10 ppm N D E A , (B) 50 ppm N D E A , (C) 100 ppm N D E A ; flow rate:
0.2 mL/min.
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Fig. 8.5b Current-time curves for flash irradiation of the solutions in Fig. 8.5a,
flow rate: 0.8 mL/min.
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controlled conditions the time elapsed before the current returns
to zero is dependent on the concentration of the reacting species in
the vicinity of the electrode surface.
Similar effects are observed at higher flow rates as shown in
Fig. 8.5b. However, a difference arises in that the current decay is
faster than in the previous case.

The shorter residence time of the

photoproduct in the cell encountered
results in a smaller signal.

at the higher flow rates

The amount of N O 2 " that has time to

diffuse to the electrode surface decreases as the photolised solution
is removed from the cell at a faster rate, thus causing a faster
decay in the response current .

aa

100
t(ms)

Fig. 8.6 S/B as a function of current sampling time for a 10 p p m N D E A solution
at a flow rate of (A) 0.2 mL/min, (B) 0.8 mL/min.

The plot in Fig. 8.6 shows that the SIB increases with time
initially to eventually reach a m a x i m u m .

T h e time at which the

optimum SIB is achieved depends on the flow rate of the solution.
The higher the flow rate, the earlier the m a x i m u m

occurs.

The
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magnitude of the SIB

is also dependent on the flow rate.

The

lower flow rates allow a greater proportion of photoproduct to
diffuse and be detected at the working electrode, thus producing a
larger signal.

Because the background current is not produced by

a solution species, lower flow rates always result in higher SIB .
The above parameters are expected to vary with the cell geometry.
Detection of various nitrosamines produced results similar to
those shown for N D E A .

The current transients exhibited the same

profile irrespective of the specific nitrosamine.

Presumably, the

current-time curves are controlled solely by mass transfer of the
flash-generated

species because

the homogeneous

photochemical

reaction occurs in a time period m u c h shorter than the time scale
of the E C process.

8.3.3.2 Flow Injection Conditions
Experiments using FIA involved the injection of N D E A
stream

containing

supporting

electrolyte.

In

the

into a

absence

of

analyte each light pulse produced a pulse of background current.
Consequently, the current level of the baseline was a function of
the sampling

time (ts) chosen (Fig. 8.7).

Measurement

current with longer time delays revealed two advantages.

of the
First, it

resulted in a smaller background current (B).

Second, it decreased

the noise (N),

in the baseline or

background

defined

signal.

as the fluctuations

The magnitude of these fluctuations caused

mainly by variations in the intensity of the light pulses, decreased
with sampling time.

However, there was a limitation on the time

delay that could be used since the SIB

started to deteriorate after

a certain ts as shown in the previous section.

Flow injection peaks
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for N D E A

measured with two different sampling times at two

different flow rates are presented in Fig. 8.8.
background

Examination of the

current and baseline noise demonstrated

parameters improved

that both

as ts increased from 40 m s to 300 ms. It

follows that, in order to achieve a low detection limit, defined as
{SIN ) = 2, it is necessary to make the current measurements at a
ts for which the SIB is maximum.

For the case under study, the

m a x i m u m SIB was obtained at ca. 400 ms.

A
B
C

ABC
time

Fig. 8.7 Current-time curves for flash irradiation of the carrier solution
showing the current transient and the resulting background signal w h e n the
current is sampled at sampling times (ts) A, B and C.

While at the lower flow rate the magnitude of the response
measured at 300 m s is larger than that measured at 40 m s , the
situation is reversed at the higher flow rate.

This behaviour may

be explained with the assistance of Fig. 8.9.

These curves have

been drawn using data obtained from

experiments

CFA

unlike FIA involve constant analyte concentration.

which

This approach

was chosen because of the difficulty in FIA of producing a light
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Fig. 8.8 Flow injection PEC responses for N D E A using flash irradiation at a flow
rate of 0.5 mL/min, (A) ts:40 ms, (B) ts: 300 ms and a flow rate of 1 mL/min,
(C) ts: 40 ms, (D) ts: 300 ms; carrier solution: 0.1 M Na2S04; sample solution:
40 ppm N D E A
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Fig. 8.9 (S-B) as a function of current sampling time for a 50 p p m N D E A
solution at a flow rate of (A) 0.2 mL/min, (B) 0.8 mL/min.
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pulse which would coincide with the transient m a x i m u m
analyte band.

The

only

difference between

of the

the current-time

curves for C F A and FIA is that the current pulses are expected to
decay faster in FIA

due to the negative concentration gradient

existing between the m a x i m u m

and the tail of the analyte band.

A s shown in Fig. 8.9, at low flow rates the difference between the
signal and the background current (S-B) reaches a m a x i m u m
then remains relatively constant.
flow rate the (S-B)
supporting

and

O n the other hand at the higher

difference decays relatively fast with time,

the observation

that at the higher flow

rate peaks

measured at 300 m s are smaller than those measured at 40 ms.
Calibration curves obtained with sampling times (ts) between
50 m s and 200 m s were all found to be linear over two orders of
magnitude.

The limits of detection for the nitrosamines studied

was determined to be ca. 2 p p m for a (SIN) = 2 at ts = 200 ms.
Baseline noise due
prevented

to fluctuations in the light pulse intensity

the achievement

of lower detection limits.

A

more

intense lamp would also improve detectability.
The above results suggest that in selecting the conditions for
P E C detection, sensitivity and noise factors should be considered
and

compromises

selection of an

made

between

appropriate

peak

sampling

height

time

and

SIB.

The

will be particularly

important when relatively high flow rates, above

1 mL/min, are

employed, since the variation of the signal intensity with time is
more

pronounced.
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8.3.4

Detection

8.3.4.1

of

Steady

Alcohols

State

Conditions

The detection of alcohols was investigated in similar
experiments to those carried out for nitrosamines.
potential ensured

that detection occurred

conditions.

current transients obtained

The

The applied

under limiting current
under

steady state

conditions exhibited a lower rate of decay than the nitrosamine
responses.

The current vs. time curves for the blank (Fig. 8.10)

reveal

that, unlike

current

is flow

irradiation

of

the

case

of nitrosamines, the

rate dependent.

quinone

solutions

As
devoid

discussed
of

background
in Chap. 5

alcohol

causes

a

photochemical reaction between the excited quinone molecules and
the solvent.

The oxidation of the product of this reaction gives rise

to a convective-diffusion controlled background current.

Since the

photoproduct is formed in the bulk solution, the magnitude of the
response will be influenced by the rate of mass transport of the
photoproduct to the electrode surface.

This is corroborated by the

fact that the magnitude of the current transient is different at
different flow rates as expected in flow E C detection.

At the same

time, at higher flow rates the cell is more rapidly depleted of
photoproduct

and

therefore the current decays at a rate faster

than that observed at lower flow rates.
The preceding discussion can also be used to explain the fact that
in the detection of alcohols, the background current decays at a
lower rate than that observed for nitrosamines.
case, the

species

generating

the

background

In the former
current, a

BQ

photoproduct, is formed in solution and is still diffusing to the
electrode surface well after the light excitation has ceased.

For a
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Fig. 8.10 Current-time curves for flash irradiation of a solution containing
80:20 C H 3 C N : H 2 0 , 0.08 M NaC10 4 , 10 ppm B Q at a flow rate of (A) 0.2 mL/min,
(B) 0.8 mL/min; cell: thin-layer (IIA), glassy carbon electrode; potential: 0.7 V.

surface photochemical/electrochemical

process, like that occurring

in the glassy c a r b o n / N a 2 S 0 4 system, the time scale involved is
significantly shorter.
It is important to recognise that this surface photochemical
reaction also occurs in the quinone-alcohols system.

H o w e v e r , the

fact that the surface process is faster than that induced in solution,
makes the detection of the former impossible.

Also, it is likely that

the surface reaction is attenuated as a result of a decrease in the
light intensity arising from absorption by the quinone present in
the solution above the working electrode.
The effect of concentration and flow rate on the response for
ethanol is illustrated in Fig. 8.11.

For a given flow rate the current

increases with concentration as observed for nitrosamines.
the

current

decays

more

rapidly

as the flow

rate

Again,

increases.
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Fig. 8.11a Current-time curves for flash irradiation of a 80:20 C H 3 C N : H 2 0 ,
0.08M NaC104, 10 p p m B Q solution containing (A) 300 p p m ethanol, (B) 600 p p m
ethanol, (C) 1100 p p m ethanol; flow rate: 0.2 mL/min.

<

Fig. 8.11b Current-time curves for flash irradiation of the solutions in
Fig. 8.11a, flow rate: 0.8 mL/min.
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Accordingly, as illustrated in Fig. 8.12, the SIB

and the (S-B)

curves also show a more rapid decrease at higher flow rates.
Results for other alcohols showed the same trend as those for
ethanol.

Variations due to differences in photolytic lability were

not observed under the experimental conditions employed.

8.3.4.2 Flow Injection Conditions
Flow injection experiments for alcohols were similar to those
performed for nitrosamines.

Similar trends were observed for the

variations of background current and noise with sampling time (ts).
However, in the case of alcohols it was found that peak heights
were greater at 40 m s than at 300 m s for both lower and higher
flow rates.

This is considered to result from the (S-B)

maximum

occurring at relatively short times after the emission of the light
pulse.

A noticeable feature of the (S-B) curve for ethanol at higher

flow rates is the marked increase in the rate of decay after an
initial relatively constant value (Fig. 8.12b).
The differences between alcohols and nitrosamines noted
above

are

caused

by

the

electrochemical behaviour and

differences

in

mechanisms

photochemical
involved

and

in the two

systems as described in the previous section.
The peak height-concentration curves showed
up to 1500 p p m .

good linearity

The limits of detection for the alcohols tested

were estimated to be ca. 50 p p m for a (SIN) = 2 at ts = 40 ms. This
relatively high detection limit is a direct consequence of the high
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Fig. 8.12a S/B as a function of current sampling time for a 1000 p p m ethanol
solution at a flow rate of (A) 0.2 mL/min, (B) 0.8 mL/min.

0.20-

Fig. 8.12b (S-B) as a function of current sampling time for a 1000 p p m ethanol
solution at a flow rate of (A) 0.2 mL/min, (B) 0.8 mL/min.

257

background

currents

generated

by

the

photochemical

reaction

between B Q and the solvent.

8.4 CONCLUSIONS
This work has shown that the concept of pulsed
photoelectrochemical detection in flow systems is feasible.

The

basis of the technique is the use of flash photolysis to generate an
initial high concentration of photoproduct in the vicinity of the
electrode surface.

Subsequent

electrolysis of the

photoproduct

results in a transient current signal which decays to zero until the
next flash is emitted.
the

combination

of

techniques provides
background

Unlike in the continuous irradiation mode,
transient

signals

the possibility

current ratio

(SIB).

and

current

of controlling

sampling

the signal-to-

In addition, irradiation of the

electrode for only very short periods of time can result in reduced
heating problems and increased electrode stability.
However, practical application of pulsed photoamperometry in
chemical analysis requires the use of a light source that produces
short, intense

and

obvious requirement

reproducible
for good

light pulses.
sensitivity.

Intensity

Pulses with

is an
shorter

duration will result in transient background currents that decay to
lower values for a given sampling time (ts), thus improving the
SIB.

Furthermore, if the light intensity

decays

steeply, the

photoinduced current pulse will also be shorter, and consequently
a shorter ts could be used with benefits for both the peak height
and the SIB.

Finally, reproducible light pulses are required to

avoid fluctuations and instability of the baseline which

in turn
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determine

the

limits

of

detection.

With

the

instrumentation

employed in this work it was not possible to accomplish for either
nitrosamines or alcohols detection limits superior to those obtained
by

continuous

irradiation.

This

was

essentially

prevented

by

limitations of the light source and optical system.
Under the experimental conditions employed in this work it
was

not possible to use the current transients to discriminate

between

a similar series of compounds.

decayed

at the same rate for all compounds

Nevertheless, it is reasonable
discrimination
possible.

based

The current rose and

to envisage

of a given type.

situations in

on differences in current decay

which

would

be

This would require that the photolytic step proceed at a

rate comparable to the rate of the E C reaction.

This could be the

case of relatively dissimilar nitrosamines or alcohols differing in
molecular

weight

or

type

or

position

of

substituent

groups.

Alternatively, discrimination could result from an increased rate of
mass

transport.

This

could

be

achieved

by

generating

the

photoproduct on the electrode surface, within the diffusion layer.
This

approach

("on") requires

the

use

irradiation through the electrode surface.

of OTE's

which

allow

Chapter 9

DETECTION USING CHEMICALLY MODIFIED
ELECTRODES
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9.1

INTRODUCTION

Development of new electrodes has been an ongoing process in
both

electrochemistry

and

photoelectrochemistry,

a

situation

motivated by the limited number of electrode materials available.
One approach employed to overcome such a limitation has been
the use of unconventional electrode materials [253].
wider

approach

aimed

at expanding

the number

Another,

of working

electrodes is the chemical modification of the electrode surface
[254-258].

The preparation of a chemically modified electrode

( C M E ) involves

the physical

or chemical

attachment

electrode surface of molecules or functional groups.

to the

The resulting

electrode is then expected to display the chemical and/or
properties of the immobilised substance.

EC

The main motivation for

application of CME's is usually an improvement in the sensitivity,
selectivity or stability of the electrode when used as an analytical
probe [257,258].
There are four principal techniques for the immobilisation of
modifiers onto electrode surfaces: incorporation, chemisorption,
covalent bonding and electropolymerisation.
Incorporation refers to the preparation of composite
electrodes in which the modifying species is physically mixed,
incorporated into the electrode material.

The advantages of these

electrodes are relatively simple preparation and flexibility in the
incorporation

of

different

modifiers

[259,260].

The

major

disadvantage of carbon paste electrodes is the leaching of the
modifier.
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In chemisorption the modifier is strongly adsorbed onto the
electrode surface.

Films are usually applied by evaporating on the

electrode surface solutions containing the modifier [261-263].
attractive features of this preparation method
flexibility.

The

are simplicity and

However, difficulties often exist in preparing a uniform

and reproducible film.

In addition, the stability of chemisorbed

electrodes is usually limited due to slow removal of the film from
the electrode surface.
Covalent bonding implies the use of chemical functionalities of
electrode surfaces as anchoring groups to attach molecules by well
defined chemical bonds [264,265].

Covalent attachment normally

yields stable films at the price of usually long and complicated
preparation

procedures.

Electropolymerisation procedures involve the deposition of a
polymer film from a solution containing the monomer, induced by
the application to the electrode of a suitable potential or current
[266-268].

The

film

is held

on

the electrode

surface

combination of chemisorption and low solubility effects.
approach,

stable

and

reproducible

conducting

reasons,

this

preparation

attention

[254-256,268].

technique

has

gained

a

With this

films

prepared in a technically simple and controlled manner.

by

can

be

For these
increasing

Three types of electroactive polymer films can be
distinguished: redox polymers, electronically conducting

polymers

and ion-exchange

polymers

polymers.

Electronically

conducting

[268] are characterised by the presence of extensive

conjugated

TT -systems

delocalised

which

allow

efficient conduction

through
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electrons.

Ion exchange polymers [269] are m a d e electroactive by

exchange of their charge-compensating counterions for ionic redox
species present in solution.

Redox polymers [262,266,267] conduct

electricity via electrons hopping

between

oxidised

and

reduced

sites bound to the polymer backbone.
While the three types of polymers described above have
found application in electroanalysis, a great deal of attention has
been given to redox polymers as a result of their potential use in
electrocatalysis [254,255,258].

The interest is motivated

by the

possibility of using the redox polymer as a support for sites that
mediate

the

exchange

solution [270,271].

of

electrons

between

electrode

and

W h e n compared with the reaction at the bare

electrode, the catalysed reaction proceeds at lower overpotentials
and produces larger currents.

A s a result, the sensitivity of the

reaction is significantly enhanced.
The mechanism of electron transport in redox polymers is
thought

to occur

by

electron

neighbouring redox sites.
centre

is

altered,

counterions
transport

through

[270-272].

permeation
considered.

of

the

to
the

self-exchange

reactions

between

Since the electrical charge of the redox
maintain
film

necessarily

In using
analyte

electroneutrality

redox

through

the

a

accompanies
polymer
film

flow

of

electron

electrodes the

should

also

be

This process is strongly influenced by the size and

charge of the analyte species as well as by the thickness and
porosity of the polymer coating [270,272].

Thus, it is clear that the

overall rate of reaction of a redox polymer modified electrode will
be influenced by the transport rates of electrons, counterions and
analyte.
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The

extensive

background

chemistry

and

electrochemistry

available on R u complexes, coupled with their catalytic properties
based

on

their fast electron transfer rates, has prompted

the

synthesis and application of polymeric materials containing

Ru

centres.

One

strategy

employed

to

prepare

Ru-containing

polymers is based on coordination of R u complexes to preformed
polymers [262,263,273], notably poly(vinylpyridine), at a suitable
stage during the synthetic process.
The

second

approach utilised in the preparation of redox

polymer films is based on the E C polymerisation of R u and other
metal complexes with vinyl-substituted ligands [266,267,274,275].
This synthetic route leads to fully metallated polymers with highly
dense concentrations of redox centres.
prepared by E C

means, the film thickness can be systematically

and reproducibly varied.
consequently

Because the polymer is

they

exhibit

The films are highly crosslinked and
low

solubility

permeability, especially for dissolved

and

relatively

low

cationic species.

The rich chemistry of Ru complexes stems not only from the
electroactivity

of

such

photochemical properties.

compounds

but

also

from

their

Furthermore, it is possible to strongly

alter the redox properties of R u compounds by irradiating them
with light of a suitable wavelength.

Absorption of light usually

results in an electronically excited state which is both a stronger
reducing agent and a stronger oxidising agent.

A

typical

and

extensively studied example of the compounds described above is
Ru(bpy)3 2 + [276] where bpy is bipyridyl.
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Photoelectrochemical work that has made use of R u complexes
include

energy

convertion

studies

[265,277,278],

research [279] and analytical applications [62,148].

fundamental

S o m e of these

investigations [148,278,279] have been valuable in that they have
demonstrated the photoelectrocatalytic properties of R u complexes
and their potential use in chemical analysis.
Preformed polymers containing Ru centres have been
reported

to

undergo

photochemical

[273].

reactions

Upon

irradiation, a photoinduced substitution process occurs in which
the coordinated
depending

on

ligand
the

is exchanged

supporting

for some

electrolyte.

other ligand,

This

process is

accompanied by a shift in the redox potential of the Ru(III/II)
couple.

A n electropolymerised film of a Re-vinylpyridine complex,

similar to those used to prepare Ru-containing coatings has been
used for the photocatalytic reduction of C O 2 [280].

A n electrode

modified with a material containing Fe centres has been shown to
photocatalise the oxidation of solution species such as I" [281].
In this chapter the preparation and application of various
types of CME's for E C detection in flowing solutions are described.
Because of their useful properties, the Ru-containing polymers
were used for more extensive studies.
determine
properties.

whether

these

polymers

Attempts were made to
exhibited

photocatalytic
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9.2 EXPERIMENTAL
9.2.1 Reagents
All chemicals used were of analytical grade unless otherwise
stated.

Potassium

(II), ruthenium (III)

hexacyanoruthenate

chloride and ruthenium tris(2,2'-bipyridyl) chloride were obtained
from K & K Laboratories.

Triple distilled water was used in the

preparation of all solutions. The stock solution for deposition of H g
films was obtained from metallic H g dissolved in H N O 3 .

Solutions

of

sulphate

Fe(II) were

prepared

from

ferrous

ammonium

dissolved in dilute H 2 S O 4 .

9.2.2 Instrumentation
Voltammetry was performed in a conventional three electrode
cell. A 3 m m glassy carbon disc and a 2 m m Pt disc were used as
working

electrodes.

solutions were

Potentials in aqueous

measured

against a Ag/AgCl

reference electrode, respectively.

and non-aqueous
and a

Ag/Ag+

The auxiliary electrode was a Pt

wire except for electrochemical deposition of R u films where a
cylindrical Pt gauze electrode was used.
working

In these experiments the

electrode was placed in the centre of the auxiliary

electrode.

Voltammograms

were

recorded

with

a

Houston

Omnigraphic 2000 X - Y recorder.
For experiments in flowing solutions the system described in
Sec. 2.2.2 was utilised. The potentiostat was a B A S LC-3A system
and the detector cell was a thin-layer Dionex transducer or a thinlayer P E C cell, type IIA.
obtained

with

Scanning electron micrographs were

a Hitachi S-450 scanning

electron microscope.
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Irradiation was accomplished with a Cathodeon C 950 light source
equipped with a Hanovia 200 W

Xe-Hg lamp.

9.2.3 Procedures
All electrodes were polished with 0.3 pm alumina and rinsed
with distilled water before use.
through a 0.45 p m
experiment.

membrane

Carrier solutions were filtered
filter at the beginning of each

Modification of the electrodes was carried out using

the procedures described below.
Pt/I. Chemical modification of the Pt electrodes was accomplished
as described previously [261].

A

clean Pt disc electrode was

dipped for 5-10 min into a fresh deoxygenated solution of 2
NaT

mM

The electrode was rinsed with distilled water before use.

RuCl3/K4Ru(CN)6. The mixed-valent ruthenium cyanide films
were deposited by cycling the potential of a polished glassy carbon
electrode between

0.00

and

1.40

V

at 50 mV/s

in a fresh

deoxygenated solution of 3 m M RuCl3, 3 m M K 4 R u ( C N ) 6 and 0.1 M
NaCl at p H 2 for periods of 15-30 min [282].
[Ru(bpy)2(PVP)5CI]Cl. The preparation of this polymer, where
bpy is bipyridyl and P V P
elsewhere [283].

polyvinylpyridine, has been reported

The modifier was coated by depositing on the

electrode surface 5-20 p L of a solution of the polymer in methanol.
The electrode was then covered and allowed to dry in the dark
overnight.

Mercury films on the modified electrode were prepared

by applying a potential of -0.90 V

for 6 minutes in a stirred,

deoxygenated solution of 100 p p m Hg(II).
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Poly-([Ru(bpy)2(vpy)2] 2+ ).

The monomer was synthesised as

described in the literature [267].

The procedure involved the

reaction of Ru(bpy)2Cl2 with vinylpyridine (vpy) in ethanol-H20
solution.

The product was purified by recrystallisation and the

composition confirmed

by UV-visible and N M R

spectroscopy.

Polymer films were deposited in deoxygenated C H 3 C N
containing 2 m M

Ru complex and 0.1 M

perchlorate (TEAP) as supporting electrolyte.

solutions

tetraethylammonium
Polymerisation was

achieved by cycling the potential between -2.10 V and -0.50 V at
100 mV/s for periods of 5-30 minutes.

After formation the

polymer film was rinsed with C H 3 C N and distilled water.

9.3 RESULTS AND DISCUSSION
9.3.1

Platinum/Iodine
Modification of Pt electrodes with iodine (Pt/I) has been used

to improve reproducibility or to catalyse reactions [261,284].
modifying

The

species is considered to be neutral monoatomic I

adsorbed on the Pt surface.

Prior to modification some Pt

electrodes were pretreated in 0.05

M

H2SO4

by cycling the

potential between -0.20 V and 1.30 V for 10 cycles. In order to be
able to detect low concentrations of NO2-, differential pulse
voltammetry was used to assess the performance of the

modified

electrode.
Unless the surface was carefully pretreated, the oxidation
response for N O 2 " at bare Pt electrodes was not very reproducible.
The responses were up to ten times larger and also better defined
at the modified electrode than at bare Pt.

Apparently, at the
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modified electrode the rate of electron transfer is greater due to
electrostatic

effects

iodine [285].
Table 9.1.

caused

by

the specific

adsorption

T h e effect of electrode pretreatment can be seen in

The modified electrode pretreated in H 2 S O 4

larger peak

of

currents

than

the untreated

modified

produced
electrode.

Clearly, conditioning of the Pt surface is necessary for the efficient
adsorption of iodine.
Table 9.1 Responses for nitrite at modified and bare platinum
electrodes^)

Electrode Peak height (pA) Increase factor
Pt 3.2
Pt/I (No pretr.)

15.6

4.9

Pt/I (Pretr.)

36.0

11.3

(a) Solution: 20 ppm NO2" in 0.1 M Na2S04; DPV: pulse period 0.5 s,
pulse amplitude 50 m V , scan rate 10 mV/s

Despite these advantages, stability tests showed that when
N O 2 ' oxidations were performed repeatedly, a loss of the catalytic
activity occurred.

The relatively fast rate of this process suggested

that the Pt/I electrode was not suitable for detection in flow
systems and consequently was not further investigated.

9.3.2 HwCliLKlRufCN)6
Modified electrodes containing mixed-valent ruthenium
cyanide have been used for detection of several species due to
their catalytic properties [282,286],
is considered

A film of the modifier, which

to be a polynuclear

mixed

ruthenium(III,IV)
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oxide/cyanoruthenate(H,III)

[286]

is

electrodeposited

solution containing RUCI3 and K 4 R u ( C N ) 6 .

from

a

A typical voltammogram

obtained during preparation of the film is shown in Fig. 9.1.

Peak

currents are observed to increase for successive scans indicating
the growth of the coating.

The thickness of the film can be

adjusted by controlling the number of potential cycles.
After deposition of the film, the electrode was placed in a
solution containing only supporting electrolyte at p H

2 and the

potential cycled within the range used during the preparation step.
The responses observed in the cyclic voltammogram confirmed the
presence of the modifier on the electrode surface.

O n cycling the

potential continuously the peak currents decreased during the first
few cycles and then stabilised.
To assess the properties of the Ru-containing film, the
oxidation of N O 2 " and Fe(ll) at bare and modified glassy carbon
electrodes was

investigated.

When

the oxidation response for

either N O 2 ' or Fe(II) was monitored with the coated electrode, no
catalytic effects were observed.

In addition, the film background

responses decreased with successive scans to eventually disappear
completely.
understood.

The

reasons

for this

behaviour

are not

clearly

Previous work has shown that Fe(III) ions can render

the electrode unusable [282].

While this could explain the effect of

Fe(II) it does not apply to N O 2 " .

It is possible that the reducing

character of the N O 2 " and Fe(II) species causes instability of the R u
film.

It is also possible that such instability is enhanced by the

absence of K + ions which have been shown to play a role in the
stability of the mixed-valent R u film [286].
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o
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o

O
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<f

Fig. 9.1 Cyclic voltammogram for a solution containing 3 m M RuCl3 and 3 m M
K4Ru(CN)6 in 0.1 M NaCl, pH 2; electrode: glassy carbon; scan rate: 50 mV/s.
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Attempts to prepare stable films by allowing the synthesis
solution to slightly age [287] were only partially successful and
therefore no further work with this electrode was carried out.

9.3.3 iRufhpv^PVPUCnCl
Application of some preformed Ru-containing polymers for
analytical

purposes

has

demonstrated

that

mediation

by

the

Ru(III/II) couple leads to an enhancement in the sensitivity of
some redox processes such as the oxidation of Fe(II) [263].

In this

example electrocatalysis occurs according to:
Ru(III) + Fe (II) -> Ru(II) + Fe(III) (9.1)
Ru(II) -> Ru(III) + e-

(9.2)

The oxidation of NO2" and Fe(II) was used to investigate the
catalytic properties of the [Ru(bpy)2(PVP)5Cl]Cl polymer.

9.3.3.1 Voltammetry in a Stationary Cell
The behaviour of the Ru-containing polymer was first
investigated in a conventional E C cell. Well defined oxidation and
reduction responses due to the Ru(III/II) couple were observed in
1M

N a N 0 3 for a polymer coated electrode.

The peaks were

symmetrical and the currents for both processes varied linearly
with scan rate up to 300 mV/s.
reversible redox
increasing

process

This behaviour is typical of a

for a surface-bound

the scan rate (v), the

proportional to v±

current

species.

responses

Upon
became

and tailing of the peaks occurred, characteristic
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Table 9.2 Responses for [Ru(bpy) 2 (PVP) 5 C1]C1 modified
electrodes in various supporting electrolytes^)

Response (V)
1 M NaN0 3

1MKC1

1 M H2S04

Epa

0.78

0.81

0.72

Epa - Epc

0.14

0.11

0.08

Ipa/lpc

1.04

0.97

1.07

(a) Scan rate: 100 mV/s.

Table 9.3 Responses for various species at [Ru(bpy)2(PVP)5Cl]Cl
modified and bare glassy carbon electrodes(a)
Analyte

EP
(V)

Ep-Ep1/2
(V)

Sensitivity
(mA/mol)

Bare Electrode
N02-

0.95

0.10

19

Fe(II)

0.62

0.07

30

HDTC

0.34

0.05

3

Ni(HDTC)2

0.64

0.07

12

Coated Electrode
N0 2 -

0.80

0.05

56

Fe(II)

0.79

0.09

46

HDTC

0.75

0.04

20

Ni(HDTC)2

0.79

0.07

20

(a) Supporting electrolyte: 1 M NaNC>3

273

of the appearance

of diffusion-like propagation

of the charge

across the polymer layer [263].
Since the matrix composition can influence the EC performance
of modified electrodes [273] the effect of supporting electrolyte on
the responses of the Ru-containing film was investigated.

Results,

summarised in Table 9.2, indicate that a more reversible response
(smaller AE?

- £pa-£pc) and a more facile charge transfer (lower

Epa) are obtained under acidic conditions.

Because of protonation

of the polymer backbone, it is possible that the polymer is more
easily penetrated by an acidic electrolyte which m a y

lead to a

lower redox potential.

The high ivJipc values are indicative of fast

charge

also

transfers

associated

with

but

suggests

that the

electron

transfer

the Ru(II) species is slightly faster than that

associated with the reduction of the more highly charged Ru(III)
species.
The oxidation of N O 2 " and Fe(II) was investigated using bare
and polymer coated

glassy carbon electrodes (Table 9.3).

As

demonstrated in Fig. 9.2, the oxidation of N O 2 " at a conventional
glassy

carbon

electrode gave a broad response at 0.95 V.

corresponding response at a polymer-modified
at 0.85

V

oxidation.

The

electrode occurred

indicating a decrease in the overpotential of N O 2 "
The sensitivity for the N O 2 " response increased by a

factor of 3 with the modified electrode.
Similarly, the oxidation response
electrode was

catalysed

and

enhanced

for Fe(II) at the coated
in terms

of peak size.

However, the peak potential shifted anodically from 0.62 V
0.79 V.

to

This potential matches the value for the oxidation of
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r

1.1

i

1

1

1

0.9

1

0.6

1

1

Q.U

E(V)
Fig. 9.2 Cyclic voltammogram showing the responses for a 30 ppm N O 2 "
solution in 0.1 M NaNC>3 at (A) bare glassy carbon electrode, (C) polymer coated
electrode, (B) polymer background in the absence of NO2"; scan rate: 100 mV/s.
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Ru(II).

It is at this potential that the electrocatalytic effect occurs

according to the mechanism outlined in Eqs. (9.1) and (9.2).
species, such as the bis(2-hydroxyethyl) dithiocarbamate

Other

(HDTC)

ligand and its metal complexes, with oxidation potentials more
cathodic than the oxidation potential of the polymer, were shown
to behave in a similar fashion [288].

Data for H D T C

and the

N i - H D T C complex are presented in Table 9.3. The H D T C ligand has
been used in a postcolumn reaction scheme described in Chap. 10.

9.3.3.2 Detection in a Flow Cell
Amperometric monitoring of species in a flowing stream was
expected to greatly enhance the sensitivity.

In the flow system

the applied potential for detection ensures that all the R u in the
polymer is present as Ru(III).

Therefore, the high background

signal associated with the oxidation of the Ru(II) is removed,
resulting

in

an

improved

signal

to background

current ratio.

Oxidation of the analyte still proceeds in accordance with Eq. (9.1).
W o r k in the flow system was focussed on the detection of N O 2 " .
The applied potential was varied from 0.50 V to 1.40 V and N O 2 "
ions injected.

Increasing the potential resulted in increased peak

heights but also in higher noise levels.

Suitable SIN's

were found

for potentials in the vicinity of 1.00 V.
In addition to the electrolytes investigated previously, N a 2 S 0 4
was included in these experiments due to its lack of photoactivity.
This could permit the combined

application of C M E ' s and

PEC

detection in the determination of nitrocompounds.

The response

for N O 2 " was found to be similar in both N a N 0 3

and N a 2 S 0 4

solution.

A s expected from the voltammetric data, catalytic effects
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were

observed

at the

modified

electrode

which

resulted

in

increases in the flow-injection responses of up to 4-5 times over
those observed at bare glassy carbon electrodes.

O n the other

hand, noise levels remained essentially unchanged.

The gain in

sensitivity varied with the electrode, presumably due to variations
in the thickness of the polymer coating.
The effect of flow rate on the magnitude of the response can
be seen in Table 9.4.

At low flow rates a broad response was

obtained, which corresponded to high electrolytic conversion of the
analyte.

Above 4 mL/min loss of sensitivity occurred.

Calibration curves with higher slopes were obtained with the
modified electrode.

Reproducibility of the flow-injection peaks

expressed as relative standard derivation was below 2 % (Fig. 9.3).
The detection limit estimated from a (S/N) = 2 corresponded to
3 ppb.
In an attempt to further enhance the sensitivity, pulsed
amperometric

detection

was

applied.

The

conditions

were

optimised with respect to applied potential, pulse amplitude and
pulse duration.

The optimum conditions involved the application

of a base potential of 0.70 V for 60 m s and an anodic pulse of
300 m V for 420 ms.

This m o d e of detection enhanced the signal

for both modified and conventional glassy carbon electrodes by a
factor of 3.
The advantages of the modified electrode were also observed
in the amperometric detection of other species such as HDTC-metal
complexes.

A n additional benefit in this case was the significant
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Table 9.4

Effect of flow rate on

the nitrite response

at a

[Ru(bpy)2(PVP)5Cl]Cl modified electrode^)
Flow rate
(mL/min)

Peak height
(nA)

0.5

164

1.0

194

1.5

200

2.0

216

(a) Cell: thin-layer, electrode: glassy carbon coated with 5 u L polymer
solution; potential: 1.00 V; carrier solution: 1 M N a 2 S 0 4 ; sample
solution: 1 p p m N O 2 "

20 nA

B

V_J

u

k Ju

2M1N.

Fig. 9.3 Flow injection responses for 1 p p m N O 2 " at (A) polymer coated
electrode, (B) bare glassy carbon electrode; carrier solution: 0.1 M N a 2 S 0 4 at
0.5 mL/min; potential: 1.1 V.
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removal of fouling phenomena associated with the adsorption of
oxidation products [288].
A major limitation of the modified electrode was the
irreproducibility of the response resulting from variations in the
thickness of the polymer coating.

The modification process was

difficult to reproduce and examination of disc coated electrodes
under a microscope revealed that the coating thickness decreased
from the edge to the centre.

This thickness variation probably

arises from the more rapid evaporation of the solvent from the
edge of the solution droplet, as observed by other workers [262].
A

second problem encountered in the use of the modified

electrodes, particularly in the flow system, was the slow removal
of the polymer

coating from

the substrate.

This caused

the

responses to decrease with time although in m a n y experiments the
responses remained relatively constant for a working day.
Experiments involving

direct irradiation of modified

carbon electrodes were performed in N a 2 S 0 4
Illumination

with

visible light caused

an

glassy

flowing solutions.

increase in baseline

current but no change was observed for the N O 2 " oxidation signal.
Irradiation

with

UV

light

photocurrents

but

no

Photocurrents

are

probably

produced

enhancement

transfer to the electrode

by

the

even
in

the

combined

the

generated

higher

background

NO2"
result
Ru

response.
of

electron

excited

states

[265,277,278] and photoinduced exchange of the coordinated
ligand for the S O 4 2 ' ion [273].

CL

The latter process m a y also be

partly responsible for the increased film instability that appeared
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to arise upon irradiation.

This manifested itself as a decrease in

the response for injections of N O 2 " solutions.

9.3.3.3 IRufhDvWPVPUCllCl/Hf
The potential use of the catalytic properties of the polymer
modified

electrode

investigated.

in

the

detection

of

metal

species

was

Initially the responses for the Hg(II/0) couple in the

1-10 p p m Hg(ll) concentration range was examined.
voltammograms

at bare

glassy

carbon

electrode

While cyclic
showed

an

oxidation peak at 0.40 V, no response was observed at the coated
electrode.

Instead, the Ru(II) oxidation peak increased slightly to

only a fraction of the Hg(0) oxidation response at the glassy carbon
electrode.

This result indicated that the oxidation potential of

Hg(0) at the modified electrode was shifted 400 m V anodically and
that either the reduction of Hg(II) or the oxidation of Hg(0) was
being inhibited by the polymer.

At higher Hg(II) concentrations

(100 p p m ) a second peak appeared at the potential (0.40 V ) where
the Hg(II) oxidation response at bare glassy carbon was observed.
Presumably, this response was due to the oxidation of Hg(0)
deposited on uncoated sites of the substrate.
T o establish whether the rate of reduction or the rate of
oxidation of the couple Hg(II/0) was responsible for the small
Hg(0) oxidation response, a brief study of H g films on conventional
and modified glassy carbon electrodes was carried out.

All H g

films were deposited under the conditions described in Sec. 9.2.3,
allowed to dry and inspected with a scanning electron microscope.
The

SEM's

(Fig. 9.4) revealed

a significant difference in the

appearance of the H g film on both types of electrodes.

O n the
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Fig. 9.4 S E M of a H g film on (A) bare glassy carbon electrode, (B) polymer
coated electrode; deposition conditions: 100 ppm H g solution, -0.90 V, 6 min.
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modified electrode, the H g droplets were smaller, more numerous
and with a more uniform size distribution than those present on
bare glassy carbon.
more uniform.

The coverage of the modified surface was also

These features were consistently reproduced in

several experiments.

These

results

suggested

that while

the

polymer was effectively catalysing the reduction of Hg(II), on the
other hand it was inhibiting the oxidation of the surface deposited
Hg(0).

This conclusion was supported by the fact that Hg-plated

modified

electrodes displayed

a Hg(0) oxidation response even

after being kept at potentials as high as

1.00 V

for several

minutes.
In view of the improved stability of the Hg film, attempts
were m a d e to employ Hg-coated modified electrodes for detection
of metal ions.

Results showed

that the oxidation

of metals

deposited onto the polymer-Hg film electrode suffered from the
same kinetic limitations as the oxidation of Hg(0).

In all cases the

peak heights at the modified electrode were smaller than those
obtained at conventional H g film electrodes.

9.3.4 Poly.(fRu(hpyWvpvm2 + )
The instability of the preformed Ru-containing film prompted
studies

to

overcome

the

problem.

One

approach

involved

stabilisation of the film by coating it with protective layers of
other polymers
attempted
polymer.

[289].

the use

The

second

approach, described

of a different, inherently

more

here,

stable

Ru

282

A

large

containing

number

of

vinylpyridine

[266,,267,27'4].

electropolymerisable
ligands

have

Ru

been

complexes
synthesised

O n e of the most extensively studied complexes,

[Ru(bpy)2(vpy)2] 2 + , was selected to investigate the application of
its potential catalytic properties in E C detection.
The rate of polymerisation of the R u complexes is directly
related

to

the

number

of

coordinated

vinyl

ligands.

Polymerisability of the monomers is enhanced as the number of
vinyl groups per monomeric unit increases.
resulting

polymers

crosslinkages.

produce

better

Accordingly, the

coverages

and

higher

Permeation rates within the polymers decrease

with increasing size and positive charge of the permeant [270,272].

9.3.4.1 Voltammetry in a Stationary Cell
The polymer was grown by EC reduction of the Ru complex
dissolved in C H 3 C N .

A

typical voltammogram obtained during

polymerisation is shown in Fig. 9.5.

The two waves centred at

-1.67 V and -1.86 V (couples (2) and (3), Table 9.5) correspond to
the first and second one-electron ligand localised reductions which
result in the formation of radical anions as electrons are added to
the it * orbitals of pyridine ligands.
Ru(III/II) couple appear at 0.92 V

The responses due to the

(couple (1), Table 9.5).

The

polymerisation mechanism is thought to be indirect in that the
initial site of reduction is not at the polymerisable ligand (vpy).
Initial reduction at the bpy ligand is followed by transfer of an
electron to a vpy ligand by intramolecular electron transfer or
comproportionation [267].

283

Cs!
i

>

m

oo
•

o

Fig. 9.5 Cyclic voltammogram of a solution containing 2 m M
[Ru(bpy)2(vpy)2l2+ and 0.1 M T E A P in C H 3 C N ; electrode: glassy carbon;
scan rale: 100 mV/s.
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After

the

first

potential

cycle, peak

currents

increase

continuously on successive scans due to the growth and increasing
thickness of the polymer film.

The quantity of polymer deposited

on the electrode is controlled by the m o n o m e r concentration, the
number

of potential cycles

and

the negative

potential limit.

Polymerisation also proceeds by scanning the potential through
the first reduction wave only, but this occurs at the expense of a
m u c h lower rate of polymerisation [266,267].

Reduction of the

monomer

also

under

potentiostatic

conditions

leads

to

polymerisation but the rate of growth is faster and resulting films
are less uniform.
The voltammetric responses produced both during and after
polymer growth were better defined at glassy carbon than at Pt
electrodes. This is illustrated by the A Upvalues in Table 9.5 which
are consistently

smaller

at glassy

carbon.

Furthermore, at

polymer-coated Pt electrodes the presence of the platinum oxide
waves

can

still be

observed

[266] and

interference with analytical signals can

therefore, potential

occur.

Consequently,

detailed work was based only on glassy carbon substrates.
As

observed

with

other

surface

confined

species, the

R u (III/II) currents vary linearly with potential scan rate up to
200-300 mV/s.

At higher scan rates, non-linear behaviour typical

of redox processes controlled by the diffusion rate is observed.
Charge transport at the modified electrode is not only dependent
on the rate of electron transfer but also on the rate of diffusion of
charge

compensating

film [266,272].

counterions

through

the

polymer
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After

synthesis,

the

supporting

electrolytes

were

When

compared

with

Ru(III/II)
examined

responses
by

cyclic

the behaviour in C H 3 C N

in

various

voltammetry.
solutions, the

responses in aqueous media shifted anodically and became less
A s indicated by the A Upvalues, this effect was most

well defined.

significant in 0.1 M

NaCl while it was not observed in 0.1

M

Na2S04.
Cyclic

voltammograms

of

the

polymer

in

all

solutions

investigated showed spikes or prewaves in the vicinity of the R u
and bpy responses.

A

cathodic prewave appears near the bpy

reductions while an anodic spike occurs near the Ru(II) oxidation.
These

prewaves

have

been

observed

their origin is not well understood.

previously

[266,274] but

It has been suggested that the

pair of prewaves represent the anodic and cathodic responses of
the same redox couple present in isolated sites of the polymer
matrix.

The

spike potential shifts towards the main waves at

faster scan rates and its intensity depends on the electrode history.
To investigate the potential catalytic properties of the
Ru-containing polymer, a comparison of the oxidation response for
Fe(II), and

particularly

for N O 2 " , at modified and bare glassy

carbon electrodes (Fig. 9.2) was carried out.

Voltammograms at

bare glassy carbon electrodes are characterised by small and broad
peaks indicative of slow electron transfer rates.

Examination of

the Fe(II) and N O 2 " responses at the coated electrode indicated
that the polymer had catalytic properties, as illustrated in Fig. 9.6.
Data in Table 9.6

reveal that response peaks at the modified

electrode appear at potentials between

100 m V

to 400 m V

less

287

O
o

(_n
o

>

i_n

Fig. 9.6 Cyclic voltammograms at a modified electrode in (A) 0.1 M Na2S04,
(B) after addition of 10 ppm N02"; scan rate: 100 mV/s.
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Table 9.6 Responses at poly-([Ru(bpy)2(vpy)2]2+) modified and
bare glassy carbon electrodes(a)

Analyte

Electrolyte

Coated

Bare
EP
(V)

Ep-Ep 1 / 2

EP

Ep-Ep 1 / 2

(mV)

(V)

(mV)

N0 2 "

0.1 M N a 2 S 0 4

1.20

120

0.83

65

N0 2 "

0.1 M NaN0 3

1.00

120

0.89

65

Fe(II)

0.1 M H 2 S 0 4

1.02

140

0.80

104

(a) Scan rate: 100 mV/s

Table 9.7 E n h a n c e m e n t of N O 2 ' and Fe(II) responses at poly([Ru(bpy)2(vpy)2] 2 + ) modified electrodes^)
N02-(b>
Electrode

iP
(UA)

Fe(II)(<;)

Increase
factor

iP
(uA)

Increase
factor

Bare glassy carbon

12.2

-

3.5

-

Coated (l)(d)

15.7

1.3

8.1

2.3

Coated (2)

14.7

1.2

7.2

2.1

Coated (3)

17.4

1.4

7.7

2.2

(a)
(b)
(c)
(d)

Scan rate: 100 mV/s.
Nitrite solution: 20 ppm in 0.1 M Na2S04
Iron(II) solution: 40 ppm in 1 M H 2 S O 4
(1), (2), (3): polymer grown for 20, 10 and 5 min. respectively.
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positive that those observed at bare electrodes.
overpotential

is accompanied

by

a

decrease

This reduction in
in

peak

width

demonstrating that a more facile and reversible response occurs
when

the polymer

is present on

the electrode surface.

An

interesting feature of the analyte response is that it occurs at the
potential of the anodic prewave and not at the potential of the
main Ru(II) oxidation response.
responsible

for

the

It is suggested that the redox sites

prewaves

undergo

electron

transfer

mediation via Ru(IlI/II) sites in the bulk of the polymer.
mechanism

is similar

to

the

process

operating

in

by
This

spatially

segregated bilayer electrodes [275].
The catalytic effects of the polymer coating also resulted in an
increase in the magnitude of the peak currents.

The improvement

in sensitivity achieved at various coated glassy carbon electrodes
is illustrated in Table 9.7.

9.3.4.2 Detection in a Flow Cell
Detailed investigation of the modified electrode in the flow
system was limited to the detection of N O 2 " in N a 2 S 0 4 . A study of
the response as a function of applied potential indicated that a
potential

of

1.10

V

sensitivity and noise.

produced

the best compromise

between

Data in Table 9.8 demonstrate the catalytic

effect of the polymer film on the N O 2 " oxidation process. The same
data show the influence of the thickness of the coating on the
magnitude of the peak current.

Thicker and more crosslinked

polymer films produce smaller currents as a result of the decrease
in the permeation rate of counterions and analyte [266,272].
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Table 9.8

Responses for nitrite at modified electrodes in flowing
solutions'^)

Electrode

Peak height
(nA)

Increase factor

Bare glassy carbon

271

Coated (l)(b)

369

1.36

Coated (2)

402

1.48

Coated (3)

417

1.54

(a) Cell: thin-layer; potential: 1.10 V; carrier solution: 0.1 M N a 2 S 0 4 at 0.5
mL/min; sample solution: 0.5 ppm N O 2 "
(b) (1), (2), (3): polymer grown for 20, 10 and 5 min respectively.

The dependence of the N O 2 " response on the flow rate at the
modified electrode followed the same pattern as that observed at
conventional glassy carbon electrodes.

The higher the flow rate,

the larger the response.
A

comparison

of calibration curves at modified and bare

glassy carbon electrodes, plotted in Fig. 9.7, shows that the slope of
the former is 4 times larger.
electrodes.

Noise levels are similar for both

The limit of detection for N O 2 - at the polymer coated

electrode was determined to be 2 ppb for a (S/N) = 2.
One of the problems encountered when glassy carbon
electrodes are employed for detection of NO2-, is the decrease of
the response with time, probably due to adsorption processes.

The

magnitude of this phenomenon is often dependent on the condition
of the electrode surface [178 and Sec. 4.3.2.1.1].

Highly polished
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and pretreated electrodes usually provide greater stability.
alternate route to achieving stability is the use of CME's.

An

A s shown

<

cx

4

6

Cone, (ppm)

Fig. 9.7 Calibration curve for N O 2 " at a (A) bare glassy carbon electrode,
(B) modified electrode; cell: thin-layer; potential: 1.10 V; carrier solution:
0.1 M N a 2 S 0 4 at 0.5 mL/min.

in Table 9.9, the Ru-containing polymer was found to prevent
passivation of the electrode surface, thus producing a significantly
more stable response.

Moreover, the same electrode could be used

for several days or even

weeks

without substantial losses in

sensitivity, a situation probably resulting from the good adherence
of the film, characteristic of electrodeposited polymers.
stability increased with increasing film thickness.

The

The greater

crosslinking and mechanical strength of thicker coatings explain
this behaviour.

Improved reproducibility in the preparation of the

coatings is also observed
Ru-containing

polymer.

when

compared

Both

with the preformed

properties,

stability

and

reproducibility stem from the electrochemical preparation method
which provides better adherence of the film and greater control of
the synthesis conditions.

292

Table 9.9

Stability of bare and modified glassy carbon
electrodes in flowing solutions'^)

Time
(h)

Bare
(nA)

Coated
(nA)

1

134

396

2

116

404

3

100

387

0 220 392

(a) Cell: thin-layer; potential: 1.10 V; carrier solution: 0.1 M N a 2 S 0 4 at
0.5 mL/min; sample solution: 0.5 p p m N O 2 "

As

observed

irradiation

of

a

with the preformed
glassy

carbon

Ru-containing polymer,

electrode

coated

with

an

electrodeposited polymeric film of the Ru complex did not induce
photocatalytic effects for the NO2" oxidation process.

The

background photocurrents generated reached, as expected, higher
levels with U V radiation than with visible light. The background
photoinduced

signal is presumably

due to faradaic currents

resulting from electron transfer processes between the electrode
Ru

chemisorbed

Ru-containing

electropolymerised

centres

[265,277,278].

and excited

film

polymer,

In contrast to the
the

stability

did not deteriorate upon

irradiation for periods of up to 1-2 hours.

of

the

continuous
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9.4 CONCLUSIONS
Chemically modified electrodes with electrocatalytic
properties have been prepared and used for the E C detection of
several

species

chemisorption
sensitivity.

including
has

been

N O 2 " and Fe(II).
shown

to

be

Modification by

useful

in

enhancing

However, use of these electrodes is restricted to short

term applications due to instability of the coatings resulting from
the weak bond between substrate and modifier.
Two Ru-containing polymers were characterised and
evaluated in detail in static and flowing solutions.
polymers
the

O n e of the

([Ru(bpy)2(PVP)5 C1]C1) was preformed and applied to

electrode

surface

by

chemisorption.

displayed electrocatalytic behaviour which
analytical signals.

These

electrodes

resulted in increased

The polymer film was also found to alleviate

passivation problems due to adsorption of reaction products.
drawback

of this

electrode

is its relatively

limited

The

lifetime

particularly in flow systems, typical of chemisorbed films.
A more convenient modification technique is electrodeposition
of polymer

films.

This

technique

has been

used

preparation of films based on the [Ru(bpy)2(vpy)2] 2+

for the
monomer.

Electrodes modified with these coatings also showed the ability to
avoid surface fouling and to catalyse and enhance the E C response
of species in solution to a similar extent as the chemisorbed
polymers.

However,

the electropolymerised

film

exhibited

increased mechanical stability which allowed use of the electrode
for longer periods of time.

The electrodeposition

process is

294

simpler, more

reproducible

chemisorption procedure.

and

easier

to control

than

the
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Chapter 10

INDIRECT AMPEROMETRIC DETECTION OF
METALS

296

10.1

INTRODUCTION

The application of high performance liquid chromatography to
the separation

of metal

ions and

their subsequent detection

remains a challenging area of research.

Both normal phase [290]

and reverse phase chromatography [291,292] have been used to
achieve separation while in more recent times increasing interest
in the application of ion chromatography has developed [293,294].
Numerous

improvements

in

instrumentation

technology

have expanded

the use of ion chromatography to

include an important number of metals.

and

column

Samples containing low

concentrations of various metal ions can be rapidly separated and
determined in a single chromatographic run.
Initially, the vast majority of metal analysis by H P L C utilised
spectrophotometric
absorbance

detection

detector

often

particularly for trace analysis.

methods
lacks

[293].

sensitivity

However, the
and

selectivity,

Electrochemical (EC) detectors have

now become popular and widely accepted as valuable alternatives
for detection in H P L C [291,292].
amperometric

methods

has

In particular, the use of oxidative

been

favoured

over

the reductive

mode due to the oxygen reduction problems associated with the
latter.
The range of applications of both U V and E C detectors can be
expanded by using suitable chemical derivatisation techniques.

In

the case of E C detection, a further advantage results from the fact
that

derivatisation

interference.
dependent

on

often

avoids

the

problems

The progress of inorganic H P L C
the

application

of postcolumn

of

oxygen

has been very
reaction

(PCR)
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systems which still remain an important detection approach for
inorganic species in general [295].
Most of the PCR chemistry developed for the detection of
metal species relies on the formation of metal chelates [295].
Chelating agents have a number

of properties that m a k e

suitable for postcolumn derivatisation.

Among

them

these chelating

agents, dithiocarbomates (DTC's) have proved particularly useful.
They readily form stable complexes with a wide range of metals.
However, the low solubility of the metal complexes in aqueous
media

and

the instability

of the ligand

in acidic conditions

mitigates against its effective use in some cases.
Applications of DTC's as precolumn derivatising agents in H P L C
with E C

detection have been described

[296,298].

The

major

drawback of this technique arises from the fact that the free ligand
is oxidised at relatively low positive potentials according to the
reaction
D T C - -* D T C - + e2 D T C ->

(10.1)

T D S (thiuram disulfide)

(10.2)

Therefore, monitoring of the metal complex response which occurs
at more

positive potentials, must

background

current.

In

be carried out with

addition, some

metal

a high

complexes

are

oxidised at such positive potentials that oxidation of the T D S also
occurs
T D S -> ( T D S ) 2 + + 2e-

(10.3)
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The

above

limitation

has

been

circumvented

introduction of a detection system involving P C R

by

the

coupled with

indirect amperometric detection (IAD) [299]. The method is based
on the decrease in the current produced by the oxidation of a
ligand which is added postcolumn.

As the postcolumn reagent is

added a constant background current is generated by the
oxidation process (Eq. 10.1).
the separator column

DTC

W h e n the metal ions ( M ) elute from

they are complexed

by the D T C

ligand

according to
M + DTC -> M(DTC) (10.4)
Since the complexes are not electroactive at the applied potential,
the current due to the free ligand oxidation decreases and a
negative peak is obtained in the chromatogram.

The I A D method

strongly relies on the ability of the derivatising agent to displace
any ligands used

in the eluent to effect the chromatographic

separation.
Chromatographic

eluents

containing

oxalate, tartrate

and

pyridine dicarboxilic acid ( P D C A ) have been used in conjunction
with I A D [299,300].

The last eluent, in particular, can achieve

excellent chromatographic

separations [300].

However, because

P D C A itself forms relatively stable metal complexes which are not
readily substituted postcolumn, an auxiliary metal ion had to be
added
(PDTC).

to the postcolumn

reagent, pyrrolidine

dithiocarbamate

Zinc(II) has proved particularly suited for this purpose.

Due to the fact that the Z n - D T C complex is relatively labile it
readily undergoes metal exchange reactions.

As the Zn(II) ions
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react with the P D C A

ligand, the equilibrium is shifted and the

formation of the metal-DTC complex is enhanced.
M(PDCA) + Zn(DTC) -* Zn(PDCA) + M(DTC) (10.5)
Although the PCR/1AD system provides a convenient detection
method it suffers from the limitation posed by the low solubility of
the Z n - P D T C complex in the derivatising solution.

Consequently, it

was envisaged that the use of a dithiocarbamate ligand able to
form water soluble metal complexes would overcome the above
problem.

The ligand chosen

dithiocarbamate

(HDTC).

was sodium

The solubility

bis(2-hydroxyethyl)
of the metal-HDTC

complexes makes it ideally suited for chromatographic
where aqueous mobile phases are employed.

systems

Although various

applications have been described [301,302] no reports have been
published on the use of the H D T C in H P L C with E C detection. This
chapter describes the determination of metals using the Z n - H D T C
complex as postcolumn reagent for I A D subsequent to separation
by ion chromatography with the P D C A eluent.

10.2 EXPERIMENTAL
10.2.1 Reagents
All reagents and solutions were prepared with triple distilled
water.

All chemicals were of analytical reagent grade unless

otherwise stated.
was

purchased

Pyridine 2,6-dicarboxilic acid chloride ( P D C A )
from

Aldrich

Chemical

Co.

Sodium

bis(2-

hydroxyethyl) dithiocarbamate ( H D T C ) was prepared by reacting
carbon disulfide with diethanolamine in basic conditions.
0.1 M

H D T C solution was prepared daily.

A fresh

Stock metal solutions
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were prepared by dissolving nitrate salts of Zn(II), Cu(II), Co(II),
Pb(II), Fe(III), Cd(II) and Ni(II) and a m m o n i u m ferrous sulphate
in water. Mercury(II) solutions
metallic mercury in nitric acid.

were

prepared

by

dissolving

Standard working solutions were

made up by dilution of the stock solutions in water.
The chromatographic eluent contained: 4 m M
N a 2 S 0 4 , 15 m M

NaCl, p H 4.8 with LiOH.

PDCA, 2

mM

It was filtered and

degassed before use employing a vacuum filtration apparatus with
a 0.45 u m membrane filter. The postcolumn reagent was prepared
in 0.1 M

N a N 0 3 unless otherwise stated.

It contained H D T C and

Zn(II) as nitrate in concentrations specified in the text.

10.2.2 Instrumentation
Voltammetric data were obtained with a Princeton Applied
Research 174 Polarographic Analyser in conjunction with a glassy
carbon disc working electrode, a Ag/AgCl(3M

NaCl) reference

electrode and a platinum wire auxiliary electrode. Voltammograms
were recorded with a Houston Omnigraphic 2000 X - Y recorder.
Absorption

spectra were

obtained

using

a Shimadzu

UV-160

spectrophotometer.
The chromatographic instrumentation has been described in
Sec. 2.2.2.

The

Dionex

Basic Chromatography

module

was

employed in conjunction with a Dionex HPIC-CS5 ion exchange
column.

T w o postcolumn reaction systems were used. The first

consisted of a conventional tee-mixer coupled with a packed bed
reactor coil obtained from Dionex (115 cm, 0.030 in i.d.).

The

second system was a Dionex Ion Pac Membrane Reactor. In this
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case

the

column

effluent passes

semipermeable hollow fibre.

through

the

interior

of a

The postcolumn reagent which is

present on the outside of the fibre permeates the fibre and
diffuses into the column effluent.
pneumatically
pressure.

driven

The

from

In both cases the reagent was

its reservoir

electrochemical

detector

using

nitrogen

used

was

a

gas
BAS

amperometric detector consisting of a L C - 3 A potentiostat and a
LC-17 thin-layer cell with a glassy carbon working electrode, a
Ag/AgCl(3M NaCl) reference electrode and a platinum auxiliary
electrode.

The glassy carbon electrode was periodically polished

with 0.3 p m aluminium oxide.

10.3 RESULTS AND DISCUSSION
Both the P D T C and H D T C ligands were investigated.

Although

the P D T C ligand is to be preferred for work in acidic conditions
[303] such as those used in ion chromatography, the solubility of
HDTC

makes it attractive when relatively high concentrations of

metals are involved.

The hydroxy groups present in H D T C cause

its metal complexes to be soluble in water posing no restrictions
within a wide range of concentrations [303].

10.3.1 Voltammetry in a Stationary Cell
Preliminary experiments were carried out in a conventional
voltammetric cell to investigate the electrochemical behaviour of
the free ligands in the eluent.
used throughout this stage.

Differential pulse voltammetry was
The P D T C

ligand exhibited a well

defined response at 0.4 V which did not decrease upon addition of
metal ions as would be expected.

Hence, the concept of employing
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0.5

0.4

03

0.2

E/V
Fig. 10.1 Differential pulse voltammograms for H D T C in P D C A eluent,
(A) initial, (B) after 10 min; electrode: glassy carbon; pulse period: 0.5 s; pulse
amplitude: 50 m V ; scan rate: 20 mV/s.

Zn(II) as an auxiliary metal ion was considered since Zn(II) is
known to form relatively stable complexes with PDCA [304] but
labile complexes with dithiocarbamates [303]. This was confirmed
when addition of Zn(II) to the solution displaced the metal ions
from their PDCA complexes allowing them to react with the PDTC
ligand. However, a practical problem arose in that the Zn-PDTC
complex was highly insoluble in the aqueous solution employed.
Attention was then focussed on the HDTC ligand which is known to
form water soluble metal complexes.
A

well defined oxidation peak for H D T C was observed at

0.3 V. However, this response decreased rapidly with time

303

100.8-

<

B
0.6-

Vi

<

0.40.20.0-

,

A

—r™
20

40

60

t (min)

Fig. 10.2a Stability of H D T C in P D C A solutions at (A) p H 4.8, (B) pH 5.5,
(C) pH 7.0.

<

<

t(h)

Fig. 10.2b Stability of H D T C in (A) acetonitrile, (B) methanol, (C) 0.1 M NaN03,
p H 8.5, (D) 0.1 M NaN03, pH 5.5, (E) 0.1 M N a N 0 3 , pH 4.5, (F) 0.1 M NaNC>3,
Zn(II) excess.
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indicating

that

(Fig. 10.1).
showed

the

ligand

was

very

unstable

in

the

eluent

The UV-visible spectrum of the ligand in this solution

a

single

15 minutes.

band

at 290

nm

which

disappeared

within

Since it is known that the stability of DTC's increase

with p H [303], the ligand was dissolved in neutralised eluent.
resulted in a dramatic decrease in the H D T C

This

decomposition rate

(Fig. 10.2a).
Next, the effect of the addition of various metal ions on the
ligand oxidation response was investigated.

In order to mimic the

conditions in which the detection would take place in the flow
system, a mixture (50:50) of the chromatographic eluent and the
reagent

solution

medium

for these experiments.

metal

ions

prepared

such

l-2xl0' 4 M

in neutralised

used

as

Addition of various amounts of

as Cu(II) and

HDTC

eluent, was

Co(II) to solutions

containing

decreased the ligand oxidation response.

This

indicated that the binding strength was higher for the H D T C ligand
than for the P D T C derivative which reacted only when an excess of
Zn(II) was present.

W h e n an excess of Zn(II) (l-5xl0-3 M ) was

added to solutions containing H D T C

in the 10" 4 M

range, a large

decrease in the ligand oxidation response occurred.

Addition of

either Cu(II) or Co(II) (l-4xl0" 4 M ) to these solutions further
reduced the H D T C oxidation peak.
obtain

quantitative

data

However, it was not possible to

because

the

responses

reproducible and sometimes not well defined.

were

not

The glassy carbon

electrode appeared to become fouled, particularly in the presence
of high
electrode

Zn(II) concentrations, probably
reaction

experiments

products

in the stationary

[300,305].
cell were

due

to adsorption

Consequently,
not pursued.

of

further
It was
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expected

that detection

susceptible

in the flowing

to adsorption

problems

system

would

as the electrode

be less

surface is

continuously washed by the eluent.

Stability of HDTC
Since the decomposition of HDTC in the neutralised eluent was
still significant, it was

thought convenient

at this stage to

investigate media which could improve the the stability
ligand.

Further

experiments

need

for this

in the flow

system

study

arose

which

from

showed

of the

preliminary

that increased

sensitivity was achieved when the reagent did not contain P D C A .
Solutions

of

NaN03

were

considered

as

amperometric

detection is more satisfactory in solutions of high ionic strength.
The stability of H D T C in 0.1 M N a N 0 3 at its natural p H and in acidic
and basic media is shown in Fig. 10.2b.

A s in P D C A , the H D T C

decomposition rate was found to be directly proportional to the
solution hydrogen ion concentration.
NaN03

and P D C A

decomposition

Comparison of the data from

solutions with similar p H

of H D T C

proceeded

much

showed

that the

faster in the latter,

particularly in acidic conditions. This result suggested that some
interaction occurred between the H D T C

and P D C A

species which

further destabilised the ligand. The fact that the H D T C spectrum in
NaN03

solutions displayed two absorption bands (260 nm,287 n m )

instead of the single peak (290 n m ) observed in the presence of
PDCA

lends support to the above

stability of H D T C

observation.

Although

the

increased with pH, solutions of N a N 0 3 at their

natural p H were chosen as a compromise since the higher the p H
the less favoured the formation of metal-HDTC complexes becomes.
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Also shown in Fig. 10.2b is the stability of the reagent in other
media.

Increased stability was achieved when an excess of Zn(II)

was present in the N a N 0 3 solution.

Previous work has shown that

DTC's often exhibit greater stability in organic solvents [306].
behaviour of H D T C

in acetonitrile and

The

methanol indicated that

acetonitrile was the most suitable solvent with respect to stability.
However,

as preliminary

tests

showed

that problems

due

to

outgassing arose during mixing in the postcolumn reactor, use of
organic solvents was not further considered.

10.3.2 Amperometric Detection in the Flow System
10.3.2.1

Flow

Injection

Analysis

Initially, experiments in the flow
without

a

chromatographic

system was the tee-mixer.

column.

system
The

were carried out

postcolumn

reaction

Flow rates of 1 mL/min for both the

eluent and the reagent were chosen to investigate the effect of
reagent m e d i u m and
0.8 V

concentration.

Responses were monitored at

to ensure that the decrease in the limiting current was

monitored.

Solutions of Cu(II), Co(II), Ni(II) in the 3-5 p p m range

prepared in the eluent were injected.
Initially the reagent was prepared in the P D C A eluent at p H 7.
N o responses were observed even after addition of up to 5xl0 - 3

M

Zn(II) to the reagent.

M

W h e n the reagent was prepared in 0.1

N a N 0 3 responses were obtained for some metals. After addition of
Zn(II) to the reagent, peaks were observed
investigated.
effect.

for all the metals

The first result is the consequence of a dilution

B y reducing the concentration of P D C A the formation of the
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metal-HDTC complexes is facilitated.

With an excess of Zn(II), the

reaction between the analyte and the H D T C is further favoured. As
the Zn(II) ions react with the P D C A , the equilibrium is shifted and
the formation of the metal-HDTC complexes is enhanced.

10.3.2.2 Detection After Chromatographic Separation
10.3.2.2.1

Evaluation

of

Postcolumn

Reactors

Postcolumn Reaction with the Tee-mixer
Together with the tee-mixer a reaction coil was included in
the system.

Initially the applied potential was 0.8 V and the flow

rates for the eluent and the reagent were 1 mL/min.
and

lower

flow

rates were

used

but they

Both higher

resulted

in lower

sensitivities.
As noticed during the FIA experiments poor sensitivity was
obtained when no Zn(II) was added to the reagent. The responses
produced were negative as expected from a decrease in the H D T C
concentration, caused by the elution of the metal ions. The Fe(II)
peak was positive since its response is due to the oxidation of the
Fe(II)-PDCA complex [299,300].
Upon addition of Zn(II) to the reagent sensitivity improved.
However, the peaks n o w
except for Hg(II) and

observed were positive for
Co(II) which

remained

phenomenon is discussed in Sec. 10.3.2.2.2.

all metals

negative.

This

Various concentrations

of Zn(II) and ligand and HDTC:Zn(II) ratios were investigated.

For

most metals the largest response was obtained when the reagent
was 2xl0" 4 M

H D T C and 2x10-3 M Zn(II). Next, the variation of the

metal responses with applied potential was studied and the

S/N

Table 10.1 Signal-to-noise ratio as a function of applied
potential^)

Potential

S/N

(v)

Fe(II)

Cd(II)

0.2 7.0
0.4

2.6

3.5

0.6

22.6

8.6

0.8

37.6

20.8

1.0

26.6

17.7

(a) Eluent flow rate: 1.0 mL/min; reagent solution: 2xl0 -4 M Zn(Il), 2xl0 -4 M
H D T C , 0.1 M NaN03 at 1.0 mL/min.

Table 10.2 Limits of detection for metals(a)

Metal L.D. (ppm)
Pb(II) 0.10
Fe(II)

0.10

Fe(III)

0.15

Cu(II)

0.10

Ni(II)

1.30

Co (II)

0.20

Cd(II)

0.05

(a) Potential: 0.8 V;

other conditions as in Table 10.1
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compared.

Table 10.1 shows the S/N

ratios for Fe(II) and Cd(II).

The highest ratio was obtained at 0.8 V.

Pb(II), Fe(III) and Co(II).

also showed m a x i m u m responses at this potential.
Cu(II) exhibited

higher

peaks

at 0.6

V.

Only Ni(II) and

Therefore, for all

subsequent experiments the applied voltage was 0.8 V.
A typical separation for a mixture containing all the metals
investigated is shown in Fig. 10.3.

The calibration curves showed

good linearity within the 0-10 p p m concentration range evaluated.
The detection limits for the metals investigated are presented in
Table 10.2.

The limits of detection correspond to a concentration

giving a (S/N) = 2.

These results compare favourably with those

reported for the P D T C ligand [299,300].

Postcolumn Reaction with the Membrane Reactor
The eluent flow rate was kept at 1 mL/min but the reagent
flow rate was reduced to 0.5 mL/min since this value produced the
best results in terms of sensitivity and baseline stability.
latter was further improved

The

by decreasing the applied potential

from 0.8 V to 0.6 V.
In agreement

with

results from

tee-mixer experiments the

sensitivity improved upon addition of Zn(II) to the reagent.
responses changed sign as observed for the tee-mixer.

The

Since with

the membrane reactor the reagent flow rate was lower than with
the tee-mixer, the concentration of H D T C and Zn(II) were increased
so that their final concentration in the P C R would be approximately
the same as before. The reagent was then 4xl0* 4 M
4xl0"3

M

Zn(II). It should

be

noted

HDTC

and

that, as expected, no
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20nA

/>i
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Fig. 10.3 Separation of metal ions with the P D C A eluent, (1) 0.25 ppm Pb(II),
(2) 0.5 p p m Fe(III), (3) 0.5 ppm Cu(ll), (4) 5 p p m Ni(II), (5) 4 p p m Co(II),
(6) 1 ppm Cd (II), (7) 2 ppm Fe(II); reagent solution: 2xl0" 4 M H D T C , 2x10' 3 M
Zn (II) in 0.1 M N a N 0 3 ai 1 mL/min, eluent flow rate: 1 mL/min; electrode:
glassy carbon; potential: 0.8 V.

precipitation problems were observed at this or even higher
concentration levels.
Separation was successful for Pb(II), Cu(II), Cd(II) and Fe(II)
although responses were smaller when compared with those
obtained with the tee-mixer. Under the conditions employed it
was not possible to resolve mixtures containing the above metals
and Ni(II), Co(II), Hg(II) and Fe(III). Low sensitivities and
overlapping of peaks were the major problems. No attempt to
investigate these limitations was undertaken but it is suggested
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that interaction between the solution and the membrane, denoted
by a change of colour of the latter, m a y have been responsible for
the problems

encountered.

10.3.2.2.2 Study of the Metal Response
In order to establish the mechanism by which the
chromatographic peaks changed

sign w h e n Zn(II) was present in

the reagent, a detailed study of the Cu(II) and Pb(II) responses
under different postcolumn

reaction conditions was

carried out.

Chromatographic conditions were as used in the tee-mixer work.
The hydrodynamic voltammograms constructed by injections of a
1 ppm

Cu(II) solution are presented in Fig. 10.4.

Pb(II) response showed

Study of the

that although the waves differed slightly

in shape from those for Cu(II) the same pattern was produced.
Preliminary inspection of the data obtained indicates that the
presence of the reactor coil and the Zn(II) ions dramatically change
the behaviour of the system.

An

explanation for the positive

responses lies in the possibility that the process being monitored is
no longer the oxidation of the ligand but the oxidation of a metalcontaining

species

instrumental
hydrodynamic

and

which
chemical

voltammograms

postcolumn reaction becomes

only

occurs

conditions.
suggest

under

very

Examination

that the kinetics

specific
of

the

of the

an important factor in determining

the product that is being detected.

This probably explains the fact

that the above effects could not be observed in the stationary cell
where the time scale and mixing conditions are totally different
from those prevailing in the flow system.
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Fig. 10.4 Hydrodynamic voltammograms for Cu(II), (A) with reaction coil and
with Zn(II), (B) with reaction coil, without Zn (II);(C) without reaction coil, with
Zn(II), (D) without reaction coil, without Zn (II); chromatographic conditions as
in Fig. 10.3.
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It is suggested that the positive responses are due to the
oxidation of an intermediate species formed between the
ligand and the metal ions.

HDTC

The formation of such species, which

can take place by different pathways according to the reaction
conditions, have been reported [303,307].

The fact that the Co(II)

and Hg(II) responses remain negative under all P C R conditions can
be

explained

by

complexes.

the high

formation

Mercury(Il) forms

one

constants

of their

of the most

stable

DTC
DTC

complexes [303,307].

As for Co(II), on reacting with D T C ligands, it

is rapidly

to yield

oxidised

[303,308].

the very

stable Co(III) complex

This complex is so stable that it will not undergo

exchange reactions with other metal ions even with Hg(II) [303].
It is possible that because Co(II) and Hg(II) have relatively high
affinity for D T C

ligands, they are the only two metals able to

readily react with H D T C and form the complexes in the presence of
an excess of Zn(II).

Consequently these are the only two metals

exhibiting negative responses as originally expected.
Another possible explanation for the positive responses is to
attribute them

to the

between P D C A

and

formed

between

of

adduct

complexes

the metal dithiocarbamates.

DTC

reported previously

oxidation

and

amine containing

Such

formed
adducts

species have

been

[309,310].

Experiments in the stationary cell were carried out to find
evidence

for the formation

positive responses. The

of the species responsible for the

differential pulse responses

Cu(II) and Pb(II) in the presence and
studied. The

of Hg(II),

absence of Zn(II) were

solution was 50:50 PDCA:0.1

M

NaN03.

Results
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showed that in the absence of Zn(II), the H D T C response decreased
upon addition of increasing amounts of metal ion as observed
previously.

However, in the presence of Zn(II) no responses for

the metal-HDTC complexes were obtained.

In the light of these

results it was concluded that under batch conditions it was not
possible to reproduce the kinetic behaviour of the system in
flowing solutions.

Fig. 10.5 Differential pulse voltammograms for the Zn(II)-HDTC complex in
(A) 0.1 M NaN03, (B) solution (A) with PDCA; concentrations: 2xl0'4 M HDTC,
2xl0"3 M Zn(II), 2 m M PDCA; pulse period: 0.5 s, pulse amplitude: 50 mV,
scan rate: 10 mV/s

An experiment aimed at establishing the influence of PDCA in
the reaction medium was carried out.

The response for the ligand

in 0.1 M N a N 0 3 before and after addition of Zn(II) is illustrated in
Fig. 10.5.
completely.

Upon

addition

of P D C A

the responses

disappear

This suggests that P D C A strongly interacts with H D T C
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and changes the chemical and electrochemical behaviour of the
solution further increasing

the complexity

of the postcolumn

chemistry.

10.4 CONCLUSIONS
The combination of PCR and IAD provides a convenient
method for detection of metal ions subsequent to chromatographic
separation. The postcolumn derivatisation technique can be used as
a means of enhancing the sensitivity and selectivity of E C detection
and at the same time it avoids oxygen interference.
O n the other hand, it should be recognised that chemical P C R
can sometimes present practical difficulties in routine work.

The

effective application of these systems requires that the reagent
flow rate be constant, the reagent and eluent media have similar
physico-chemical properties, the chemical reaction be fast and
reproducible and the postcolumn reagent be stable.

The system

employed in this work exhibited limitations arising from the fact
that the above requirements were not completely met.
Of the two postcolumn reactors utilised the tee-mixer offered
superior

peak

resolution

and

sensitives.

However,

as

the

membrane reactor system was not studied in detail it is not
possible to draw any final conclusions regarding its performance.
Although HDTC has been found to be more unstable than PDTC
it possesses the unique advantage of being highly soluble in
aqueous

media. This imposes little restriction on

the reagent

concentration that can be used. The H D T C ligand also allows lower
limits of detection, particularly for Fe(III), Cd(II), Co(II) and Ni(II).
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Addition

of Zn(II) ions to the postcolumn

convenient in the application of I A D
using

mobile

phase

reagent has proved

to chromatographic

ligands that form

systems

stable metal complexes.

Enhancement of the method sensitivity has been demonstrated.
The performance of the proposed method could be improved
by introducing some of the following modifications: (i)

Increased

back-pressure in the reagent delivery system and the E C cell.

This

would stabilise the reagent flow rate and minimise the baseline
drift; (ii) Improved mixing efficiency.

Use of another medium for

the reagent might facilitate the mixing
noise; (iii) Increased
accomplished
solution.

by

stability

removing

and reduce the baseline

of the reagent.

the oxygen

This

may

be

present in the reagent
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Chapter 11

REAGENT ELECTRODE
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11.1 I N T R O D U C T I O N
In conventional postcolumn reactors (PCR), a pump is used to
deliver the reagent to a mixing cell which combines the reagent
and the column effluent.

The reagent-effluent mixture proceeds to

a reaction coil before entering the detector flow cell.

A

more

recent approach has involved the use of membrane-based P C R . In
this method

a reagent solution is forced, usually by a pressure

gradient, to flow through a permeable membrane into a stream in
which the analyte is flowing.

The reaction between analyte and

reagent occurs in the sample solution close to the surface of the
membrane.
Introduction of reagents with membranes has several distinct
advantages over conventional P C R .

The first benefit is the use of

simple and inexpensive instrumentation since the need for reagent
pumps, mixing

chambers and reaction coils is removed.

This

results, in addition, in a significant reduction of extra-column peak
broadening and baseline noise.

Since small reagent volumes are

used, sample dilution and contamination are minimised.

The lower

reagent flow rates also reduce reagent consumption, a factor which
is important w h e n using expensive chemicals.

Porous membranes

of various types have been utilised for reagent addition in both
conventional
[311-315].

and

novel

postcolumn

derivatisation

schemes

O n e of these [311] is unique in that it obtains a p H

gradient perpendicular to the membrane so that reactions such as
derivatisation and detection requiring different p H conditions can
be carried out simultaneously in the same flow cell.
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In

designing

systems

attention

and

applying

should

be

membrane

paid

to

concentration and solvent as they m a y

the

reagent
choice

of

addition
reagent

have either beneficial or

detrimental effects on the flux of reagent through the membrane.
The membrane material should be chosen on the basis of
chemical

stability

in

the

mobile

phase

used

permeability for the reagent and fluxes required.
normal

chromatographic

conditions

and

However, under

it is possible

membranes with virtually no permeation selectivity.
of

membrane

permeation

concentrations

[312]

allows

of reagent to permeate

the

adequate

to

employ

The kinetics
use

of

high

only a small percentage

through the membrane but resulting in a high concentration in the
eluent.

At the same time, permeation of sample into the reagent

chamber is negligible.
Synthetic membranes may be divided into two groups,
heterogeneous and homogeneous, according to their pore structure.
Homogeneous
phase

membranes m a y

without

pores

on

be considered to be a continuous

the

micro

scale.

Heterogeneous

membranes comprise a solid matrix within which there are well
defined pores.

These vary from the coarsely porous with pore

diameters of several p m to finely porous with pore diameters of a
few

nm.

assume

Models

of transport in coarsely

sieve-like behaviour

porous

with particles passing

membranes
through the

pores by a mainly convective mechanism, with little discrimination
and with little interaction with the polymer matrix.

Finely porous

membranes show transport by both convection and diffusion with
molecules moving in the voids as well as the membrane matrix.
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Essentially

three

mechanisms

of

separation

can

be

They are based on differences in permeant particle

distinguished.

size, charge or solubility in the membrane phase.

The driving

forces for permeation processes are hydrostatic pressure, osmotic
pressure, concentration gradient and electrical potential gradient.
Most of the materials used in membrane-based
inert polymeric

films which

exhibit weak

reagent or analyte species.
[315],

microporous

polyethylene

PCR

interactions with the

Materials employed

polypropylene

are usually

[311,314]

include, P T F E

and

sulphonated

[312].

Conducting Membranes
As discussed in the preceding paragraphs, transport by ions
across membranes is influenced by several factors including ion
size, charge, concentration

and

the

nature

of the

membrane.

However, once a membrane has been prepared its characteristics
are fixed within a particular environment.

The ionic permeability

of an ion exchange membrane containing fixed, immobile ionic
sites depends on the nature and number of such charged sites.
the charge

of the

ionic

sites is altered, the

ionic

If

transport

characteristics of the membrane will change.
If the ion exchange membrane is electrically conducting and
electroactive it should be possible to change the charge of the ionic
sites by inducing an E C reaction with an electrical signal.
conducting

polymers

electrochemically
controlling

the

such

between

as polypyrrole
charged

potential, a

and

polypyrrole

(PP) can
neutral

Films of

be

states.

membrane

can,

cycled
By
upon
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reduction, be converted from a polycationic membrane to a neutral
m e m b r a n e [316-318].

The applied potential can thus be used to

set dynamically

reversibly

and

the

ionic

permeability

of the

membrane to that of the charged or neutral states or any state in
between.
Besides the dependence on applied potential, the properties of
ion exchange
conditions

polymers

can

[319-321].

be

These

affected
include

by

the polymerisation

polymerisation

method

(potentiostatic, galvanostatic, chemical) and associated parameters
(applied potential, current density, type of oxidant) and nature of
supporting electrolyte.

The preparation of P P and other polymers

based on similar heterocyclic units m a y be carried out in aqueous
or organic solvent media [268].
The process of oxidation of some of these monomers, such as
pyrrole, is accompanied by the inclusion in the growing polymer
film of counterions that act as dopant species.

Typical levels of

dopant concentration are in the range of one counterion for three
to four m o n o m e r units.
been

incorporated

organic

species.

employed

during

A considerable variety of counterions have

including

small

It has been
synthesis

[319,322,323].
permeability
preparation
behaviour

established

has

mechanical, chemical and E C

inorganic

a

anions

these

method

significant

effect

has

been

the

used

upon

the

properties of the resulting polymer

polymers

and

large

that the counterion

It is therefore to be expected
of

and

will

be

counterion
for

the

that the ionic

influenced

by

incorporated.

selective

electroactive species in flowing solutions [324].

detection

the
This
of
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It is clear from the above discussion that membranes with a
variable and controllable rate of ionic permeation can be utilised to
control the release of a reagent into a sample solution or any other
environment.

The controlled release of counterions incorporated

into polymer films has been described [325].

The Reagent Electrode
The shortcomings of conventional homogeneous derivatisation
approaches

namely,

system

complexity,

band

dilution have led to the development of n e w

spreading

and

lines of research.

These include miniaturisation and use of pumpless reaction units
[32,36].

The

concept

of

a

"Reagent

Electrode"

combining

membrane-based postcolumn reaction with E C detection near or on
the surface of the membrane, would appear to possess the features
required to overcome some of the major limitations of traditional
postcolumn derivatisation.

Although in the Reagent Electrode a

solution is added to the analyte stream, the volumes introduced
and the mechanisms involved m a k e this approach very similar to
those of E C , photochemical and solid phase derivatisation [32,36]
which

are characterised

by

the absence

of p u m p s

and

liquid

reagents.
The Reagent Electrode differs from conventional P C R in that it
allows derivatisation of the analyte or modification of the sample
matrix

where

it matters

most, at the electrode

surface.

In

previous postcolumn derivatisation schemes the complete sample
would have to undergo a derivatisation process in order to obtain
the analyte in a suitable form.

In flowing solutions this can be
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time consuming and m a y also result in high reagent consumption.
Using

the

Reagent

derivatisation

of

Electrode,

analytes

and

it is

proposed

subsequent

that

detection

on-line
of

derivatives can be carried out much more conveniently.

the

Possible

uses for the Reagent Electrode include any rapid derivatisation
process, adjustment of p H or adjustment of the ionic strength at
the electrode surface and coating electrodes with mercury films.

Aim of the Chapter
In the work described here, attempts have been made to use
permeable membranes for the controlled addition of a reagent into
a sample

solution.

Two

types of membranes

different release mechanisms

involving

For non-

have been employed.

conducting membranes, the study considered

two

the variables that

could potentially affect permeation, including pore size, reagent
concentration and viscocity and sample solution composition.
the case

of conducting

membranes, efforts were

In

directed at

controlling the rate of release or permeation of the reagent by
adjusting the potential applied to the polymer membrane.
the most

widely

studied

and

polyaniline, were employed.

used

T w o of

polymers, polypyrrole

Detection of metal ions with

and
DTC

ligands was the main application developed.

11.2 EXPERIMENTAL
11.2.1

Reagents

and

Membranes

Chemicals used were AR grade unless otherwise stated. All
solutions were prepared in triple distilled water.

Sodium bis(2-

hydroxyethyl) dithiocarbamate ( H D T C ) was prepared as described
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in Sec. 10.2.1.

Pyrrolydine dithiocarbamate (PDTC) and diethyl

dithiocarbamate (DDTC) were obtained from Aldrich.
solutions were prepared daily.

All D T C

Pyrrole and aniline were supplied

by Sigma and freshly distilled before use.
The Polysulfone membrane with 0.22 p m pore size was
obtained from Technetics.
expanded

PTFE

W.L. Gore.

The Gore-tex membrane was made of

1.0 p m

with

pore size and was supplied by

The 3000 series Celgard film was made of microporous

polypropylene

with

an 0.04

obtained from Celanese.

pm

effective pore size and

was

The Ultipor N X membrane had a 0.45 p m

pore size.

11.2.2 Instrumentation
Voltammetric experiments were performed with a P A R
Polargraphic Analyser.

The working electrodes were a 3

diameter glassy carbon disc and a 1 m m
reticulated vitreous carbon (RVC) disc.

thick, 6 m m

174
mm

diameter

The reference electrode

was Ag/AgCl(3M NaCl) and a Pt wire served as auxiliary electrode.
For work with conducting membranes the auxiliary electrode was
a Pt gauze.
Omnigraphic

Voltammograms
2000

reservoir/electrode

X-Y

were recorded

recorder.

employed

for

The

with

cell

experiments

a Houston

and

reagent

with

non-

conducting membranes and with a complete reagent electrode are
depicted

in

Fig.

reservoir/electrode

11.1.
was

6

The
mm.

internal
The

diameter

system

of

the

employed

for

experiments in flowing streams has been described in Sec. 2.2.2.
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E. E.
V

A

((f

E. E.

B

H+PV

Fig. 11.1 Schematic diagram of the experimental setup for (A) preliminary studies ol
permeation parameters, (B) study of the Reagent Electrode (R.E); W : working electrode
R: reference electrode, A: auxiliary electrode, M : porous membrane; P W : porous
working electrode.
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The experimental setup for permeability studies of conducting
membranes included a permeation cell consisting of two identical
compartments of 45 m m
under study.

x 50 m m

separated by the membrane

The membrane was kept in place by a holder which

allowed a section of the membrane 34 m m
to be exposed to the solutions.

wide and 23 m m high

For experiments involving the

application of potentials, the permeable membrane acted as the
working electrode while a Ag/AgCl(3M NaCl) reference electrode
and a Pt gauze auxiliary electrode were placed in the compartment
initially

containing

measurements

no

permeant

were performed

species.

Spectrophotometric

in small volume

cells using a

Shimadzu U V - 1 6 0 spectrophotometer.

11.2.3 Procedures
The glassy carbon electrode was polished with 0.3 pm alumina
on a polishing pad prior to use.
pretreated
-1.0 V

electrochemically

and 1.0 V

obtained.

by

The R V C

cycling

electrodes were

the potential

between

until a reproducible background current was

The electrode was discarded after each experiment.

Permeation Measurements
The rate of permeation of the reagent through the electrode
membrane was established by monitoring the concentration of the
reagent species in the sample solution at regular intervals using
DPV.

The solution was stirred continuously except during the

potential scan.

The electrode was disconnected between scans.
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For

permeation

equal volumes
simultaneously

measurements

of supporting
in each

experiment.

One

concentration

of

with

conducting

membranes,

electrolyte solution were placed

compartment

at the beginning

of the
known

of the

solutions

also contained

a

permeant

species.

Permeation

rates

were

determined by monitoring either the absorbance (K2Cr207, DTC's)
or the voltammetric response (K3Fe(CN)6) due to the permeant.
Absorbance measurements of K2Cr207 were performed at 362 n m
from small volumes (<1 m L ) withdrawn simultaneously from both
compartments.

Voltammetric

measurements

were

carried

out

in-situ, i.e., within the compartment receiving the permeant.

The

potential of a glassy carbon electrode was scanned between -0.5 V
and 1.0 V

at 10 mV/s with a pulse amplitude of 50 m V

pulse period of 0.5 s.
measurements.

and a

The electrode was disconnected between

In all cases, the solution on both sides of the

membrane was gently stirred with magnetic stirrers to avoid the
generation of concentration gradients.

Preparation of Conducting Membranes
Polymer

coated

membranes

were

prepared

by

chemical

oxidation of the monomers on Whatman 541 filter paper.

This

paper exhibited the best porosity and retention characteristics for
the intended application.

Preparation of PP/CF coated membranes

involved the even application to the filter paper (35 m m x 50 m m )
of 100 p L of pyrrole.

After 10 min the membrane was introduced

for 5 min into an oxidation bath containing FeCl3.

The optimum

concentration

M.

of oxidant

was

found

to be

0.5

Higher
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concentrations led to an uneven coating of the paper substrate.
After preparation the membranes were thoroughly washed with
distilled water.

Preparation of PP/NO3- and PP/SO4 2 - coatings was

accomplished by replacing FeCl3 with Fe(N03)3 and Fe2(804)3
respectively.
The procedure followed for polymerisation of aniline was
similar to that described for pyrrole.

To facilitate the formation of

the polymer, the FeCl3 solution was acidified with HC1. Attempts to
improve the uniformity of the P A

coating by using ammonium

persulphate [321] as oxidant did not yield apparent advantages
and therefore was not employed.

11.3 RESULTS AND DISCUSSION
11.3.1

Non-conducting

11.3.1.1

Selection

of

Membranes
Membrane

Preliminary experiments were carried out to investigate the
permeability of various commercially available membranes.
experimental setup is shown in Fig. 11.1 (A).

The

The internal

(reagent) solution was an aqueous H D T C solution which permeated
through

the

containing

membrane

only

NaN03

into

the

external

(sample)

as supporting electrolyte.

release of reagent solution was determined

solution

The rate of

by monitoring the

H D T C oxidation response in the sample solution.
Typical
Permeation

response-time
through

the

curves
Celgard

are

shown

membrane

in

Fig. 11.2.

proceeded

at a

329

<

30

20-

10-

20

10
t (min)

Fig. 11.2 Rate of permeation of porous membranes, (A) Gore-tex, (B) Celgard,
(C) Polysulfone and (D) Ultipor; reagent solution: 0.05 M H D T C ; sample solution:
0.1 MNaNC>3.

relatively constant but very low rate.

T h e Gore-tex and Ultipor

membranes were both at the higher end of the permeability range.
This led to a rapid depletion of reagent solution within the first
few

minutes.

The

Polysulfone

membrane

exhibited

intermediate and relatively constant permeation rate which
it potentially suitable for the intended application.

an
made

This membrane

was selected for further studies.

11.3.1.2

Effect

of Reagent

Initial experiments

using

Solvent
aqueous

HDTC

solutions

under

various conditions revealed that the rate of permeation tended to
vary with time.
the volume
Fig. 11.3.

The release of reagent was found to decrease as

of the internal solution

decreased, as shown in

Evidently, permeation in this case was controlled by the
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a.

E
©

Z

Fig. 11.3 Rate of permeation of a 0.1 M H D T C reagent solution in
(A) water, (B) glycerol; membrane: polysulfone; sample solution:
0.1 M NaNC»3 in water.

hydrostatic pressure exerted

by the liquid column

inside the

electrode.
One of the approaches considered to circumvent this problem
involved the use of internal solutions with higher viscosity.

Curve

B in Fig. 11.3 demonstrates that when glycerol was utilised the
rate of permeation remained constant until the volume of the
reagent solution was totally consumed.

In addition, the glycerol

solution was released more slowly than the aqueous solution and
consequently the same electrode could be used for longer periods
of time.

11.3.1.3

Effect of Reagent

Concentration

Evaluation of the rate of permeation as a function of reagent
concentration was carried out using the H D T C and P D T C ligands.
Typical curves for H D T C are presented in Fig. 11.4.

Because the
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<

t (min)

Fig. 11.4 Rate of permeation of a reagent solution of H D T C in glycerol,
(A) 0.1 M H D T C , (B) 0.01 M H D T C ; membrane: polysulfone; sample solution:
0.1 M NaN03 in water.

Table 11.1

Ligand

HDTC

PDTC

Slope of response-time curves for permeation
through a porous membrane^)

Cone.
(mol/L)

Slope
(pA/min)

Slope/Cone.
(p A/min)/(mol/L)

0.01

0.204

20.4

0.1

2.030

20.3

0.001

0.019

19.0

0.005

0.088

17.6

0.1

1.812

18.1

(a) Reagent solvent: glycerol; sample solution: 0.1 M NaN03;

membrane: polysulfone
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ligand concentrations differ by an order of magnitude the slopes of
the curves are markedly different.

However, w h e n the slopes are

normalised with respect to concentration, the values for a given
ligand

are

identical

within

experimental

error, as

shown

in

Table 11.1.

These results suggest that the rate of permeation is

not

by

altered

significant

changes

in

reagent

concentration

provided the viscocity of the reagent solution and
conditions remain constant.

experimental

Consequently, the amount of reagent

released can be easily and reproducibly controlled by adjusting the
reagent solution concentration

according

to the requirements of

the experiment.

11.3.1.4 Effect of Stirring Speed
To establish the effect of convection of the sample solution on
the permeation rate of reagent, the rotation speed of the magnetic
bar was

varied to the extent permitted

by

the instrumentation

available.

The slopes of the peak height vs. time plots for H D T C

remained

unchanged

over

the

range

indicating that, in this experimental
reagent

solution

conditions

was

not

of the sample

a

of

investigated

set-up, permeation

function

solution.

speeds

of

the

of the

hydrodynamic

Accordingly, it could

be

envisaged that release of the reagent in a flow system would be
independent of flow conditions, as would be desirable.

11.3.1.5 Effect of Ionic Strength
The influence of the ionic strength of the sample solution on
reagent permeation

was studied by varying the concentration of
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N a N 0 3 between 0.01 M
time curves

for H D T C

and 1.0 M .

The slopes of the response vs.

indicate that, as shown

in Fig. 11.5,

permeation occurs faster as the ionic strength increases.

This

effect is believed to be the result of osmotic pressure developing
across the m e m b r a n e
When

due

to differences in salt concentration.

the concentration of supporting electrolyte is smaller than

the reagent concentration, the osmotic pressure will push solvent
from

the

sample

compartment

into

the reagent

slowing d o w n the permeation of the reagent.

resevoir

thus

W h e n the situation is

reversed, i.e., the concentration of solutes is greater in the internal
solution than in the sample solution, the osmotic pressure will
force solvent in the same direction as the hydrostatic pressure,
thus increasing the flux of reagent.

This is noted as an increase in

the slope of the response-time curves.

<

it

t (min)

Fig. 11.5 Rate of permeation of a reagent solution of 0.1 M H D T C in glycerol
through a polysulfone membrane into an aqueous solution of (A) 0.1 M NaN03,
(B) 1.0 M NaN03.
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Similar effects are thought to occur when glycerol is used as
reagent solvent.

However, the situation is complicated in this case

by the existence of two opposing osmotic pressures arising from
glycerol and

water.

Experimental

osmotic pressure associated
consequently

evidence

indicates that the

with the water phase prevails and

the rate of permeation

increases with the

NaN03

concentration, as in the previous case.

11.3.1.6 Effect of pH
Since DTC ligands are known to be sensitive to pH (Sec. 10.3.1),
a brief study was conducted to determine the influence of the
sample solution p H on the rate of reagent permeation.
was used in these experiments since the H D T C
unstable in acidic conditions

Only P D T C

ligand is very

(Sec. 10.3.1), a m e d i u m

usually

suitable for the formation and detection of DTC-metal complexes.

<

U
Ck

t (min)

Fig. 11.6 Rate of permeation of a reagent solution of 0.1 M P D T C in glycerol
through a polysulfone membrane into an aqueous solution of 0.1 M N a N 0 3 at
(A) p H 6.5, (B) p H 4.0.
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Typical response-time plots are shown

in Fig. 11.6.

The

general trend of results indicated that the slopes of the curves
diminished with decreasing p H .

The observed effect is considered

to result from the decreased stability of P D T C in acidic solution. In
the absence of a metal ion to stabilise the complexing ligand, the
latter undergoes decomposition
working

electrode.

The

before it can be detected at the

significance

of this effect would

be

reduced if the working electrode was placed very close to the
membrane.

11.3.1.7 Application of the Reagent Electrode
Initially, two

porous

carbon-based

electrode materials

were

tested for application as the electroactive, sensing element of the
reagent electrode.

Carbon cloth was found unsuitable due to its

high background currents and irreversible responses.
RVC

In contrast,

produced well defined and sensitive responses for both the

D T C ligands and the DTC-metal complexes.
is illustrated in Fig. 11.1 (B).
passed

through

The experimental setup

In this case the solution released

the porous m e m b r a n e

before contacting the sample solution.

and

the porous electrode

Consequently, release and

detection of the ligand took place at the same site, the surface of
the Reagent Electrode.

The derivatising solution was P D T C

in

glycerol.

This ligand was preferred over H D T C

due to its higher

stability.

A s shown in Fig. 11.7, a response-time plot produced a

linear curve similar to those obtained with the Fig. 11.1 (A) setup.
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Fig. 11.7 Rate of permeation of a reagent solution of 0.005 M PDTC in glycerol
through a (polysulfone/RVC) electrode; sample solution: 0.1 M N a N 0 3 in water.

The concept of the Reagent Electrode is best suited for
applications in flow systems where the released derivatising agent
is continuously removed from the reaction/detection cell by the
flowing solution. A Reagent Electrode employing an RVC disc as
sensor was tested in the flow system under steady state
conditions. The electrode was placed in a flow cell through which a
stream containing supporting electrolyte and varying
concentrations of Cu(II) was passed. The complexing agent, PDTC
was introduced into the sample solution through the RVC disc. The
working potential was set to a value that ensured oxidation of
PDTC under limiting current conditions. Consequently, as in
indirect amperometric detection (Chap. 10), in the presence of a
metal species (M) the current was expected to diminish due to a
decrease in the concentration of free PDTC ligand at the electrode
surface according to
PDTC + M -> M(PDTC) (11.1)

337

SJJA

A

i

B

i
';

C

r

— "

Fig. 11.8 Current-time plots for indirect amperometric detection of Cu(II),
(A) 0.3 ppm, (B) 0.5 ppm, (C) 0.65 ppm; reagent solution: 5xl0" 5 M P D T C ,
0.1 M N a N 0 3 ; sample solution: 0.1 M N a N 0 3 at 0.5 mL/min; electrode: R V C ;
potential: 0.5 V.

[20uA

0.9

0.5

0.7

0.3

E(V)
Fig. 11.9 Differential pulse stripping voltammogram for Cd(II); plating
solution: 10 ppm Hg(II), 0.1 M N a N 0 3 ; sample solution: 5 p p m Cd(II),
0.1 M N a N 0 3 at 0.5 mL/min; pulse period: 0.5 s, pulse amplitude: 50 rnV,
scan rate: 10 mV/s.
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A s shown in Fig. 11.8, the baseline current decreases upon addition
of Cu(II) to the carrier solution.
response, the

current

reaches

a

After
steady

the initial transient

state level, inversely

proportional to the concentration of Cu(II).
In a second application, the detection of metal ions in a flowing
stream using A S V

was attempted.

The sample solution contained

Cd(II), Pb(II) and supporting electrolyte.
introduced

through

an R V C

supporting electrolyte.
flowed

through

the

The reagent stream was

electrode and contained

Hg(II) and

While both reagent and sample solutions
cell a negative

potential

was

applied

to

simultaneously deposit the H g film and the metal analyte species.
To

obtain the analytical signal, the flow was

potential

was

scanned

in

the

positive

stopped

direction.

A

and the
typical

voltammogram is shown in Fig. 11.9.

11.3.2 Conducting Membranes
In this approach the controlled release of a reagent through a
conducting

polymeric

membrane

was investigated.

Filter paper

was used as substrate for films of polypyrrole (PP) and polyaniline
(PA) chemically deposited according to the procedures described in
Sec. 11.2.3.

Initially, the diffusion of simple and easily detected

inorganic ions such as Q ^ O y 2 - and Fe(CN)6 3 " was used to study the
permeability of the membranes.
separating m e m b r a n e

Solutions on both sides of the

were gently stirred to prevent the creation

of concentration gradients.
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11.3.2.1

Characterisation

of

the

Membranes

The concentrations of G-2O72- and Fe(CN)63" were monitored
spectrophotometrically

and

electrochemically,

described in Sec. 11.2.3.

respectively,

as

The concentration vs. time data was

plotted and the slopes determined

(Table 11.2).

These results

indicated that the behaviour of both polymers was similar with
respect to the diffusion of the species evaluated.
hand, diffusion rates 15-20 %
membrane.

O n the other

higher were obtained for the P A

This suggested a polymer with greater porosity and

permeability.

Because

the preparation

of P P

membranes

was

found to be easier to control and more reproducible, subsequent
experiments were carried out with these membranes only.
A

study of PP/CF coated filter paper

brief characterisation

showed

that

the

5 Q/mm2 x mm.

electrical

resistance

of

the

membrane

was

Application of currents up to 0.10 A / m m 2 did not

cause any changes in resistance.

Higher current densities resulted

in a sudden increase in resistance probably due to heating and
Table 11.2 Slope of response-time curves for permeation
through polymer coated membranes^ 3 )

Slope
Polymer

K 2 Cr 2 0 7 ( b )
(AU/min)

K3Fe(CN)6(c>
(pA/min)

Polypyrrole

0.0026

0.230

Polyaniline

0.0022

0.201

(a) Supporting electrolyte: 0.1 M NaCl
(b) K2Cr 2 0 7 : 0.001 M
(c) K3Fe(CN)6: 0.01 M
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consequent degradation of the polymer.
resistance was observed

A

small (5%) increase in

a constant current (80 m A )

when

passed through the membrane for 1 hour.

A

was

scanning electron

micrograph of a PP/CF coated filter paper, shown in Fig. 11.10,
revealed that the membrane

retained the fibrilar nature of the

paper with most of the deposited polymer covering the fibres
rather than filling the gaps between them.

11.3.2.2 Effect of Counterion
The counterion incorporated into polymeric films comprises
about 4 0 % of the weight of the film.

It is therefore reasonable to

expect variations in the properties of the polymer due to the anion
[319,322,323,326].

Variation of the anion has been shown to

produce significant effects on a number of parameters including,
molecular

organisation,

conductivity,

density,

porosity

and

mechanical strength.
Polypyrrole coated membranes were prepared using some of
the

most

common

K3Fe(CN)6
Initially,

counterions

evaluated.

experiments

and

the rate

of diffusion

of

Results are summarised in Table 11.3.
were

performed

in

NaCl

solutions.

Increasing permeability was observed for the series C F , N O 3 " and
SO42".

However, the rate of diffusion for the P P / N O 3 " and

P P / S O 4 2 " membranes decreased on successive runs.

This effect is

probably due to ion exchange between the polymer counterion and
the anion of the supporting electrolyte.

As

Cl~

becomes

the
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Fig. 11.10

S E M of a polypyrrole coated filter paper
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predominant counterion in the polymer matrix, the permeability of
the membrane decreases to the values characteristic for the PP/CF
polymer.

Table 11.3 Effect of counterion on the rate of permeation of
K 3 F e ( C N ) 6 through a polypyrrole coated membrane( a )

Polymer

Electrolyte^

Slope (pA/min)

pp/ci-

NaCl

0.225

PP/NO3-

NaCl

0.405

PP/SO/42"

NaCl

0.480

PP/NO3-

NaN0 3

0.349

PP/SO42-

Na 2 S0 4

0.531

(a) K 3 Fe(CN) 6 : 0.01 M
(b) Supporting electrolyte: 0.1 M

The above conclusion was supported by results obtained from
experiments

in which

the supporting

electrolyte contained the

same anion used as polymer counterion. Under these conditions,
consecutive

runs

produced

the same

rate

of diffusion

with

P P / S O 4 2 - membranes exhibiting again greater values than PP/NO3membranes.

Differences in polymer porosity probably account for

these observations.

The size of the counterion decreases in the

order S O 4 2 - , N O 3 - and C F and it is suggested that the size of the
pores in the polymer also follows this trend.

Since the flux of

K 3 F e ( C N ) 6 through channels and pores accounts for most of the
mass transport through the membrane, it is reasonable to expect
greater permeation for polymers with larger pores.
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11.3.2.3

Effect

of

Applied

Potential

To avoid any electrochemical interferences, Cr2072_ was used
for these experiments due to its lack of electroactivity within the
potential range
polypyrrole

investigated.

coated

After

membrane,

the

mounting

a freshly

rate

permeation

of

made

determined without applying a potential to the membrane.

was
This

experiment was then repeated under the same conditions but with
applied potential.
twofold

Application of a potential of 0.5 V resulted in a

increase in the rate of diffusion

as indicated

by the

increase in the slope of the response-time curves from 0.0026 to
0.0056 AU/min.

When

the membrane was polarised by applying

negative potentials up to -0.5 V, somewhat irreproducible results
were obtained.

These were apparently caused by degradation of

the polymer as a result of a chemical/EC reaction with the C r 2 0 7 2 "
ion induced by the applied potential.

Nevertheless, a trend could

be observed which indicated that the rate of diffusion decreased
when compared to that obtained with open circuit conditions.
The above observations demonstrate that the polypyrrole
coated membrane

has a different resistance to ion transport in

different oxidation states.

A n anion exchange membrane such as

oxidised polypyrrole is permeable to the counterions ( Q 7 O 7 2 - ) , to
co-ions (K+) and the electrolyte ( K 2 C r 2 0 7 ) which moves through
channels and pores in the membrane [327].

The flux of K 2 C r 2 0 7

through the oxidised, polycationic membrane is the sum of the flux
due to pores and channels plus that due to co-ion.
polymer,

presumably,

few

ion-exchanging

sites

In the reduced
remain

and

consequently the K 2 C r 2 0 7 flux is due only to pores and channels.
Previous work has shown that the neutral polymer is less porous
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[317,318] a state accompanied by an increased resistance to ion
transfer [316].

This mechanism easily explains the diminution in

diffusion rate for the reduced membrane.
The explanation for the increase observed at 0.5 V is less
evident since the polymer in its natural state is assumed to be
oxidised.

However, w h e n

the potential

at open

circuit

measured, values in the vicinity of 0.3 V were observed.
studies [316,318] have shown that m a x i m u m

was

Previous

permeability to ion

transfer across P P membranes occurs at more positive potentials.
Oxidation of the polymer is probably not complete at the rest
potential [328].

A larger number of oxidised sites should result in

more efficient ion transport.
W h e n the reduced membrane was reoxidised by changing the
potential to 0.5 V , the rate of diffusion was
originally observed at the same potential.

lower than that

Incomplete reoxidation

of the polymer and irreversible loss of ionic sites are suggested as
causes for this phenomenon.

11.3.2.4 Release of DTC Ligands
The diffusion of two DTC ligands through PP/CF membranes
was examined

with and without applied potential.

To

prevent

possible oxidation of the ligands, only negative potentials were
applied.

T o avoid variations in the volume of the solutions during

the experiment, the concentration of the DTC's was monitored by
pumping

and

recycling

absorbance detector.

the

solutions

continuously

through

an
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Table 11.4 Effect of applied potential on the rate of permeation
of DTC's through a polypyrrole coated membrane^ 3 )

Slope (AU/min)
No appl. pot.
-0.5 V

DIC
HDTC

1.23

0.79

DDTC

0.88

0.84

(a) DTC: 0.01 M ;

The

results obtained

be ascribed

may

supporting electrolyte: 0.1 M NaCl.

revealed

some

which

to irreproducible coatings as well as coating

due to polymer-ligand

degradation

irreproducibility

interactions.

As

observed

previously for other species, application of a negative potential led
to a decrease in the rate of diffusion of both D T C ligands.
greater decrease observed for H D T C

is probably associated with

the bigger size of this molecule (Table 11.4).
noted

with

membranes

The

of different

Similar effects were

thicknesses

prepared

by

repeating the coating procedure a number of times.
The lack of a suitable substrate and the difficulty encountered
in controlling the coating procedure prevented application of the
conducting membranes for detection in flowing solutions.

11.4 CONCLUSIONS
The application of the concept of a Reagent Electrode has been
investigated.

This

approach

has been

designed

to allow the

controlled addition of a reagent to the sample solution through a
permeable

membrane

surface.

Besides

located

in the vicinity

the benefits

provided

by

of the electrode
the conventional
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postcolumn membrane reactors, the Reagent Electrode removes the
need to react or derivatise the bulk of the sample.

Only the layer

of solution in close proximity with the electrode surface undergoes
the chemical derivatisation reaction.
Application of conventional, preformed membranes has the
advantage

that these membranes

various grades.

Of

are commercially

the non-conducting

available in

membranes

investigated

the polysulfone film was found to be the most suitable in terms of
permeability.
relatively

However, to accomplish constant rates of release,

viscous

complexing

solvents

agents

should

(DTC's) and

be

used.

mercury

The

plating

addition

of

solutions for

determination of metals in flowing streams has been examined.
The

use

features.

Of

of conducting

membranes

these, the most

offers some

important

interesting

is the possibility

of

changing in a controlled manner the permeability of the polymer
coating.

This approach requires conducting polymers exhibiting

different porosities according to the applied potential.

Polypyrrole

and polyaniline, particularly the former, were found to be suitable
for this application.
are essential.
membranes
controlled

For practical situations reproducible coatings

This could be achieved by utilising "free standing"

which can be electrochemically prepared in a highly
manner.

Variability

and

effects/interferences

the substrate would thus be eliminated.
conducting

membranes

has been

shown

due to

The permeability of the
to be dependent on the

counterion incorporated into the polymer during synthesis.
rate of permeation

of D T C

membrane

altered by

has been

ligands

through

applying

a PP/CF

The
coated

an electrical potential.

However, improvements in the quality of the membranes and in
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the

experimental

setup

are

needed

to

further

explore

this

approach.
The above studies suggest that it is not unreasonable to
envisage the controlled permeation of a reagent by application of
potential waveforms consisting of pulses or ramps.
controlled

or modulated

reaction

between

The resulting

the reagent and

the

analyte can be coupled with synchronized detection of the reaction
product by E C or other means.

In the former case, it should be

feasible with the present technology to design a Reagent Electrode
in which a conducting polymer film is used as both the reagent
addition membrane and the sensor, as with a C M E .

Releasing and

measuring potential pulses can then be applied in an alternate,
programmable

manner

detection in sequence.

to

achieve

both

derivatisation

and
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Chapter 12

CONCLUSIONS
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12.1 General
Electrochemical detection in flowing
convenient

and

powerful

technique

solutions is a highly

due

simplicity, and to a lesser extent, selectivity.

to

its

sensitivity,

This last aspect is

greatly enhanced w h e n the technique is used in conjunction with
HPLC.

Further improvement of all aspects of electrochemical (EC)

detection, particularly sensitivity, can be achieved by formation of
suitable derivatives.
Derivatisation in its postcolumn form is probably the most
convenient approach to on-line conversion of analytes into species
that are more easily detected.

Postcolumn chemical derivatisation

can be employed to facilitate detection of a large number of
compounds.

However, practical disadvantages associated with the

introduction of additional instrumentation, band broadening and
baseline noise, restrict the application of this approach.
Photochemical

reactions

are

ideally

suited

for

on-line

postcolumn derivatisation due to the simple instrumentation and
fast kinetics involved.

Photochemical reactors are characterised by

the absence of reagent pumps, dilution, and baseline noise usually
associated with conventional chemical derivatisation methods.
Further advantages in photochemical derivatisation can be
achieved by using the photoelectrochemical ( P E C ) approach in
which the analyte is photolysed within the detector cell.

This

detection

band

mode

allows

total

removal

of

extra-column

broadening since reaction coils are not required.

Detection based

on the oxidation or reduction of short-lived photoproducts, such as
free radicals, becomes possible due to the proximity of the working
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electrode to the irradiation point.
makes

Photoelectrochemical detection

possible the design of systems that are more

simple,

compact and convenient to use than the conventional postcolumn
reactor.
In comparison with conventional chemical derivatisation
schemes, photochemical methods have some limitations in their
applicability in that the analyte must have a suitable chromophore.
The limitations of the P E C approach in particular are essentially
associated with the relatively short irradiation time allowed by the
P E C cell.

A s a result, in order to achieve sensitive detection of

trace compounds relatively high light fluxes are needed.
importance

of this requirement is minimised

The

if photochemical

processes with fast reaction rates or high quantum yields are
employed.
Methods
subsequent
Postcolumn

and
EC

systems

detection

reactions

for

have

on-line
been

involving

derivatisation

developed

chemical

and

and

and

applied.

photochemical

processes have been utilised.

12.2 Photochemical Derivatisation
Photoelectrochemical

detection

has

been

performed

using

three different arrangements which have been called "adjacent",
"above" and "on".

These terms refer to the position of the

irradiation point with respect to the position of the working
electrode.

Each

disadvantages.

of these

arrangements

has

advantages

and
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In theory, the "on" m o d e is the most advantageous approach
due to the proximity of the photoproduct generation point to the
electrode surface.

In practice, however, drawbacks can arise as a

result of limited transparency of the available electrode materials
and

the generation of background

photocurrents.

The

"above"

m o d e does not require OTE's but is less sensitive than the "on"
mode

and

is also

affected

photocurrents and noise.
has

been

shown

configuration.

to

by

the

generation

of

background

For routine work, the "adjacent" m o d e
be

the

most

flexible

and

convenient

It permits the use of any conventional electrode

material and because the electrode surface is not exposed to the
light, the

analytical

signal

background

processes.

is not

affected

by

light-induced

Photoelectrochemical detector cells using the thin-layer and
wall-jet geometries

have

been

designed.

The

thin-layer cells

allowed application of the three modes of irradiation.

The wall-jet

cell was fitted with a ring electrode and could only operate in the
"adjacent" mode.

Evaluation of these cells in specific tests and

during the development of analytical applications showed that of
the channel

cells, the

"adjacent" type

convenient to use in routine practice.
be the most efficient approach
does

not

absorb

Photogeneration

the

was

simpler

and

more

The "on" m o d e was found to

provided

photochemically

the electrode material
useful

wavelengths.

of the electroactive product near the electrode

surface explains this result.
Systematic comparison of the "adjacent" thin-layer cell and the
("adjacent") wall-jet cell led to the conclusion

that the former
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design displayed superior photolytic efficiency and allowed greater
sensitivity.

This result was achieved despite the fact that the wall-

jet cell allowed more light to be absorbed within the photolysis
compartment.

However, this advantage was lost under FIA

or

H P L C conditions where the signal was generated by a sample plug
of transient nature.

The large dead volume of the cell associated

with the large nozzle-electrode separation and the relatively large
radius of the ring electrode led to loss of detection efficiency and
sensitivity.
In addition to the irradiation m o d e and geometry of the cell,
the magnitude of the P E C signal as a function of other parameters
has been studied.

These include size and position of the cell

window, size of the cell chamber, dead volume, window material,
presence
measuring

of

oxygen,

and

solution

irradiation

composition, electrode

techniques, radiation

material,

wavelength

and

intensity of the light.
A method for determining the amount of light absorbed inside
the P E C cells has been developed.

The procedure allows in-situ

measurements using the ferrioxalate actinometer.

The photolysed

actinometer solution is quantitated electrochemically

in the flow

system.
A

number of potentially useful OTE's for the "on" irradiation

m o d e have been characterised and their optical and E C properties
assessed.

Some

of these materials were found

others such as R V C , A u
displayed
practical

some

minigrids and metallised plastic films

desirable

applications.

unsuitable but

properties

The

major

and

were

advantages

employed
of

the

in

films,
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minigrids

and

RVC

are

good

mechanical

properties,

high

transparency and good E C properties, respectively.
Studies on the effect of light on the EC behaviour of the
working

electrode

revealed

that

upon

irradiation,

surface

photoeffects occur that result in background photocurrents.
photocurrents
of

the

are associated

materials

functionalities.

and

with the semi-conducting

the

presence

of

surface

These

properties
photoactive

The level of background photocurrent is primarily

a function of the electrode material and the supporting electrolyte.
It is also dependent on the applied potential, light intensity, light
frequency and content of dissolved oxygen.
these parameters

causes

an

increase

Increment of any of

in the magnitude

of the

photocurrent.
In

order

to circumvent

the problems

associated

with

the

background photocurrents resulting from direct illumination of the
working
irradiation

electrode
has

a

been

detection

technique

investigated.

This

based

approach

on

pulsed

reduced

the

exposure of the electrode surface to the radiation, thus improving
the stability of the signal.
with current sampling
to-background
detection.

Measurement of the transient signal

techniques allows control over the signal-

ratio (S/B) and the consequent noise and limit of
When

photocurrents

phenomena, improved

are

generated

by

surface

detection relative to continuous irradiation

modes m a y be obtained if the light pulse is relatively intense and
short

to

allow

Achievement

rapid

decay

of a high

S/B

of
can

the

background

be more

photocurrent.

difficult w h e n

the

background photocurrent originates from a solution photochemical
process.

In this situation the background

current is diffusion
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controlled and consequently the rate of decay is lower than in the
previous (surface) case.

Detection of nitrosamines and alcohols

provided examples for the two cases described.
The use of CME's has been found to improve the detection of
some species such as N 0 2 ~ , Fe(II) and D T C complexes.
films containing R u

Polymer

centres have been shown to be particularly

useful due to their electrocatalytic properties.

In addition, the

modified electrodes are less prone to passivation by adsorption of
solution species.

Chemisorbed modifiers showed utility but they

were found to be unstable due to solubility of the coatings.
contrast, electropolymerised

films exhibited

superior

In

mechanical

stability and reproducibility as a result of the simpler and easier to
control preparation procedure.
polymer

films

did

not produce

Irradiation of the Ru-containing
photocatalytic

effects

for the

species investigated.
The practical application of on-line P E C
demonstrated
compounds
thallium

with

the

including

ions

and

determination

of

detection has been
several

types

of

nitrosamines, explosives, alcohols, sugars,

the removal

of dissolved

oxygen

for

ASV

analysis.
The
always

analytical applications developed
achieve

other methods.

detection

than

did not

those reported for

This was due to limitations associated with the

radiation sources employed
the light beam.

limits lower

in this work

and the optical system used to focus

As a result of these limitations, the intensity of the

light shone inside the P E C cells was not as high as required for
improved detection limits.

Optimisation of the design of the P E C
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cells, particularly the wall-jet cell, should also result in lower
detection limits.
significantly

The performance of the wall-jet cell can be

enhanced

by

reducing

the cell volume

and

the

diameter of the ring electrode.

12.3 Chemical Periyatisation
A

method

conventional

for determination
postcolumn

of metal

reaction

ions combining

system

amperometric detection has been developed.

with

a

indirect

The method relied

on current generated by oxidation of the reagent ( H D T C ) .

This

current decreased upon reaction of the ligand with the metal ions
eluted from the chromatographic column.

The sensitivity of the

detection scheme was increased by the addition of Zn ions to the
postcolumn reagent to facilitate displacement of the eluent ligand
from its metal complexes.

Despite a certain instability, particularly

in acidic media, H D T C has been found to be very useful due to the
high solubility of its metal complexes.
The major concerns in the application of postcolumn chemical
derivatisation have been found to be band broadening, baseline
noise

and

reagent.

background

effects

generated

by

the

postcolumn

Addition and mixing of the derivatising reagent with the

eluent stream

should be carefully controlled and optimised to

avoid degradation of the sensitivity or chromatographic resolution.
Attempts to overcome some of the above limitations led to the
investigation of a reagent addition electrode.

This approach is

characterised by the addition of the derivatising reagent through a
porous membrane placed very close to the surface of the working
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electrode.
solution

Under these conditions only the analyte present in the
layer

derivatisation

adjacent
and

to

subsequent

the

electrode

detection.

surface
This

undergoes

system

offers

simplicity and speed and removes the need for a reagent p u m p
and associated postcolumn reaction units.
The controlled addition of the reagent through non-conducting
membranes was achieved by a judicious choice of the membrane
porosity and reagent solution composition.

However, the use of

conducting membranes was considered a potentially more useful
approach

since it would

enable the controlled release of the

reagent by adjusting the porosity of the membrane by E C means.
Changes in the permeability of polypyrrole and polyaniline based
membranes

with

applied

potential

have

been

demonstrated.

However, application of this system in routine practice requires
the preparation of stable conducting membranes in a controlled
and reproducible manner either as free-standing polymer films or
as coatings on a suitable porous substrate.

12.4 Future Trends
Postcolumn derivatisation has proved a powerful technique for
the improvement of E C detection and its development should be
expected to continue.

In the area of chemical derivatisation, a shift

towards the use of membrane reactors will probably be favoured
in an effort to overcome the limitations of conventional postcolumn
systems.
The

application

of photochemical

derivatisation

and

PEC

detection in particular, is likely to grow in the future as more
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compounds

are

processes.

Photochemistry

including

found

oxidations,

additions

and

resulting

from

that

reactions

are

photochemical

variety

of reactions

rearrangements,

excitations.

amenable to P E C detection.

suitable

offers a wide

reductions,

electronic
these

undergo

Many

ionisation,

of the products

electroactive

and

therefore

Photoelectrochemical detection should

also be applicable to nearly all the compounds for which batch
methods have been described.
The selectivity for a particular photochemical reaction m a y be
enhanced by using a monochromatic light source.

The future of

P E C detection methods probably will involve a greater use of lasers
for improved specificity as well as sensitivity.

At the same time,

the use of laser sources would make possible miniaturisation of the
P E C cells and more efficient coupling of the radiant energy to the
photolysis

chamber.

Variation of the intensity of the light source would allow an
additional degree of freedom in signal optimisation.
possible that modulation

It is even

of the source, allowing time for dark

reactions to occur, would increase the yield of desired products in
some cases.
The

development

of

established and documented

microelectrode
in modern

technology,

already

electrochemistry, suggests

that P E C detection should benefit from the use of microsensors.
addition to the well k n o w n

In

advantages regarding the quality and

magnitude of the E C signal, microelectrodes should be particularly
useful when direct irradiation of the electrode surface is involved.
Due

to

the

small

size

of

the

electrode

the

background
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photocurrents
should

be

preliminary

generated

greatly

by

reduced

the surface photochemical
resulting

in increased

processes

S/B.

Some

studies in this direction have already indicated the

advantages of this approach [148].
Incorporation of optical fibres as lightguides may enable the
design of smaller, more compact and portable systems, particularly
w h e n coupled with microelectrodes.
The continuous development and introduction of new and
improved

cell designs, light sources, measuring

electrode materials

will undoubtedly

techniques and

contribute to promote the

growth and application of P E C methods of analysis.
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