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Abstract

In this thesis, the use of a liquid waveguide dapjlcell (LWCC) was exploited
for the spectrophotometric determination of sevarallytes in different types of water.
With the purpose of in-line sample handling, diéier flow approaches were used for
the development of simple, robust, cheap and autahrenalytical procedures.

The first procedure was based on a sequentialtiofeanalysis (SIA) system for
the determination of iron in coastal waters. Wit goal of reaching low levels of iron,
a LWCC was coupled to the system. This proceduee asdoubled-line SIA system to
improve mixing conditions between sample and re@gdihe detection was based on a
colorimetric reaction and two different reagentsridzine and 1,10-phenanthroline)
were tested. The absorbance measurements weredcaut at the wavelengths of 512
and 562 nm for the detection of iron-1,10-phendiieoand iron-ferrozine complex,
respectively. An interference study was performed doth reagents. The developed
method was also applied to natural waters (rivex),vground, potable and sea waters)
and then compared with the reference procedure.d@ridied reference water sample
was used to test the accuracy of the developedaaeth

The objective of the second work was to determiae at lower levels than the
previous work and, as a consequence, to measurievbls of iron in ocean waters.
With this in mind, a LWCC and a pre-concentrati@sim were coupled to a multi-
syringe flow injection analysis (MSFIA) system. Twdferent pre-concentration resins
(Chelex 100 and NTA Superflow) were tested anduatald. The determination of iron
was also based on a colorimetric reaction and ®egents were tested, ferrozine and
ammonium thiocyanate. The reactions were monitatethe wavelengths of 480 and
562 nm for the detection of iron-ammonium thiocytanand iron-ferrozine complex,

respectively. The accuracy was assessed usingdifeeckreference water sample.



Abstract

A multi-parametric system for the spectrophotoneetiétermination of zinc and
copper at low levels in waters was the third woirkhis thesis. To attain this objective,
a LWCC was coupled to a MSFIA system. The develgmededure for both analytes
was based on a colorimetric reaction with zincomgeat at different pH values and
monitored at 620 nm. Zincon reagent reacts only wapper at pH 5 and with copper
and zinc at pH 9. An interference study for botled®inations was carried out. The
developed work was also applied to natural watars taree certified reference water
samples.

Subsequently, a multi-pumping flow system (MPF3)ated with a LWCC was
developed for the determination of titanium. Thistedmination was based on the
colorimetric reaction of titanium with chromotropiacid and the absorbance
measurements were carried out at 425 nm. An im@rée study was performed in
order to evaluate possible interferences. The deeel procedure was applied to natural
waters as well as to sunscreen formulations (tlseiltee were compared with the
reference procedure). The accuracy was assesdedmdtcertified lake sediment.

The development of a spectrophotmetric method fomiate determinatiom
waters at trace levels was the last work of thesithWith this objective, A WCC was
coupled to a MPFS. The proposed methodology wasdbas a colorimetric reaction
and two different colour reagents were tested, rpinbonazine and trifluoperazine. The
lack of repeatability detected in this approachttethe development of a FIA approach

in order to find out the reasons of this occurrence
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Nesta tese, utilizou-se uma célula de fluxo de yew 6ptico longo na
determinacdo espectrofotométrica de véarios anaosliferentes tipos de agua. Com o
propésito de manusear/transportar as amostraspsvaistemas de fluxo foram
utilizados de forma a desenvolver procedimentoditaots mais simples, robustos,
automatizados e de baixo custo.

O primeiro procedimento baseou-se no uso de uenssste injeccdo sequencial
para a determinacdo de ferro em aguas estuarias.dCobjectivo de determinar os
niveis baixos de ferro presente neste tipo de amastoplou-se ao sistema uma célula
de fluxo de percurso Optico longo. Este procedimerilizou um sistema de injec¢ao
sequencial de duplo canal de forma a melhorar turaigntre amostra e reagentes. A
deteccdo baseou-se numa reaccdo colorimétrica ® r@aigentes foram testados
(ferrozina e 1,10-fenantrolina). As medidas espéatométricas foram realizadas aos
comprimentos de onde de 512 e 562 nm para a detelomgicomplexos formados de
ferro-1,10-fenantrolina e ferro-ferrozina, respeamnente. Realizou-se um estudo de
possiveis interferentes para ambos os reagente®t@lo desenvolvido foi igualmente
aplicado a diferentes tipos de agua (dguas deoigy, mina, mar e amostras de agua
potaveis) e os resultados obtidos foram comparedaso procedimento de referéncia.
Usou-se uma amostra de agua certificada de foromen@rovar a exactiddo do método
desenvolvido.

O segundo método desenvolvido teve como principgativo determinar ferro
em concentragcdes mais baixas do que no traballeoi@né assim atingir os valores de
ferro presentes em aguas do mar. De forma a ptidgiraste objectivo, uma célula de
percurso 6ptico longo e uma coluna de pré-concgittréoram acopladas a um sistema
de fluxo baseado numa multi-seringa. Dois tiposcdiinas de pré-concentracao,
Chelex 100 e NTA Superflow, foram testadas e agtaia A determinacdo de ferro
baseou-se numa reaccdo colorimétrica e foram testddis reagents (ferrozina e
tiocianato de amonio). As medidas espectrofotonegri foram realizadas aos
comprimentos de onda de 480 e 562 nm para a detelogicomplexos formados de
ferro-tiocianato de amodnio e ferro-ferrozina, respamente. A exactiddo deste
procedimento foi avaliada através de uma amostéada certificada.

O terceiro procedimento realizado nesta tese eauolym sistema multi-
paramétrico para a determinacdo espectrofotométiéecainco e cobre em aguas a
concentracdes baixas foi. Com este intuito, acepouma célula de fluxo de percurso

optico longo a um sistema de fluxo baseado numdi-saringa. O procedimento
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desenvolvido para ambos os analitos baseou-se meatgdo colorimétrica com o
reagente zincon a diferentes valores de pH e moratta a 620 nm. A pH 5 o reagente
zincon reage apenas com o cobre e a pH 9 com arRbbsfectuado para ambos os
analitos um estudo de possiveis interferentes. @regimento desenvolvido foi
igualmente aplicado a diferentes tipos de amoskeaggua e a trés amostras de aguas
certificadas.

O gquarto método desenvolvido visou determinar ititén concentracbes muito
baixas. Neste procedimento utilizou-se um sisteenéuko baseado em micro-bombas
com uma célula de fluxo de percurso Optico longupkaria. A determinacéo baseou-se
novamente numa reacgao colorimétrica entre o ¢it@nio acido cromotrépico e a
deteccdao foi realizada a 425 nm. Foi efectuado stode de interferentes com o intuito
de avaliar possiveis interferéncias. O procedimem¢senvolvido foi aplicado a
diferentes tipos de agua e a amostras de crema®sdbs resultados obtidos para os
cremes solares foram comparados com o procedindenteferéncia). A exactidao deste
método foi avaliada através de uma amostra cedificde um sedimento de lago

O desenvolvimento de um método espectrofotomépara a determinacéo de
bromato em &guas a concentracfes baixas foi odiltiabalho desta tese. Com este
objectivo utilizou-se uma célula de fluxo de pescuidptico longo acoplada a um
sistema de fluxo baseado em multi-bombas. A metgiml proposta baseou-se
igualmente numa reaccao colorimétrica e foram destadois reagentes (cloropromazina
e trifluoperazina). A falta de repetibilidade détela neste sistema levou ao
desenvolvimento de um sistema de analise por i&eegn fluxo com o objectivo de

determinar as causas deste acontecimento.
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Chapter 1

General introduction

In this chapter, a brief summary of some aspectwater monitoring is given. The
description of flow analysis systems including ghencipal characteristics of each
system is also presented. The history of the liguasieguide capillary cells as well as
its characteristics and working modes are provided this section. Moreover a
description of several applications of this equipieasing different detection modes is

given.






Chapter 1 rigeal introduction

1.1. Objectives

The main objective of this work was to explore #pplication of a LWCC in
flow-based spectrophotometric determinations. Tea iwas to avoid off-line or in-line
complex physical or chemical treatments (solid-phas liquid-liquid extraction) to
significantly improve the sensitivity (and lowerethdetection limit) of molecular
absorption spectrophotometric methods for envirartaleanalysis.

The exploitation of different flow modes coupledthwthe LWCC was another
important objective, and their application to thetestmination of different analytes at
trace levels in different types of waters. The agélifferent flow systems approaches
allowed a real overview of all the advantages atagivdacks of each used technique.

Another important objective was the reduction @& thagents consumption and
effluent production.

The multi-parametric analysis using the same mahifand the direct
introduction of sample were other important purgosithe developed methodologies.

The following chapters present new analytical pdoces developed throughout

this thesis aiming to assemble all the abovemeetiabjectives.

1.2. Water monitoring

Water is a vital resource to humankind and, withektimated increase of world
population, more important it will become in théuke. Throughout the last century and
unfortunately in this century, drinking water resms have been decreasing due to the

increase of the pollution related to human activityith the aim of monitoring and



Chapter 1 rigeal introduction

control the exposure to dangerous chemical subssangater analysis is essential
(Anastas 1999).

Since many diseases are related to the exposwenod hazardous substances,
the developed countries have increased the watdratahrough tighter regulations.
This causes a great increase in the healthcare gbatcountry and moreover a healthy
population should be a moral imperative to evemynty government.

With the implementation of tighter regulations, timpact of pollution in
European surface waters caused by industrial digebaof toxic substances has
decreased around 70% over the past 30 years (Goedmst al. 2007).

In order to improve, protect and prevent furthetederation of water quality
across Europe, the European Union (EU) has crebtedVater Framework Directive
(WFD) (Madrid and Zayas 2007). This framework ined different water elements
such as:

. Physicochemical properties (temperature, densityglout,
turbidity, pH value, redox potential, conductivigyrface tension, suspended
solids and total/dissolved organic carbon)

. Hydromorphological status (erosion and bench river
characteristics)

. Biological (distribution and composition of the spms and
biological effects)

. Chemical monitoring (with particular emphasis one th
contaminants in the list of priority pollutants)

Water monitoring depends on the development of yéical methodologies
using modern techniques. As a result, the chafaateam and understanding of some

dangerous substances and their metabolites becassible.
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Water monitoring can be classified in three mairtegaries of analysis
(Greenwood et al. 2007):

. In-situ analysis (it normally involves the use o$ensing device
directly in contact with the water body)

. On-line analysis (in this case the sample is traried through an
automatic mechanism to the analytical instrumeniatiear the water body,
the sample can be pretreated)

. Off-line analysis (the water is collected, storaed ghen analysed)

These categories can be illustrated in Fig 1.1.

In situ On-Line Off-Line

Liquid flow::
No sampling Rapid sampling pump Spot sampling
Passive sampling

Figure 1.1. Representation of the three main categof water sampling/monitoring
(Greenwood et al. 2007).

Most of the developed analytical methodologies Imeohazardous chemical
substances. The new analytical procedures to belajmd should be focused in
reducing the use of these substances (“Green Ctriginisocedures) with the goal of

not contributing to further environmental proble(Asastas 1999).
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The new concept named “Green Chemistry” can bendéfias the design of
chemical products and chemical processes that eégliminate the use and generation
of hazardous substances (Anastas 1999). Nowadaysefi Chemistry” methodologies
are, more than ever, a moral obligation when a megthod is proposed. These
methodologies should also take in consideratiorother principal characteristics of an
analytical procedure such as sensitivity, accuraffigiency and cost (Anastas 1999).

Aiming to accomplish reliable analysis, a good stmgpand handling mode is
essential. An erroneous analysis could cause thatifetation of unreal hazards or a
miss trace of some dangerous substances (Madridayat 2007).

Flow analysis techniques emerge as an attractiygagement tool for
conventional analysis procedures. By adopting thes@niques, a large number of

analysis errors are reduced since human samplimgjihg is minimised.

1.3. Flow analysis

With an increasing demand for analysis, flow teghes have been extensively
used and improved for this purpose. Flow analysthiniques, among other important
advantages that will be further discussed in thiessquent sections, allow reduced
human sample handling as both samples and reagentsansported through a tubes
system. Moreover, a reduction in sample/reagemsuwoptions is achieved as well as
low effluent production.

These systems permit also many different applinatiue to their versatility.
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In the following sections, a brief discussion of eth main
advantages/disadvantages of several flow analysibntques will be given, with

particular focus to the flow techniques used thraug this thesis.

1.3.1. Segmented flow analysis

Segmented flow analysis (SFA) can be considered filseé flow analysis
technique and was described by Skeggs et al. (195-A (Fig. 1.2) is characterised by
a segmented flow caused by the introduction ofbaiobles in the flow stream. This
generates different segments of sample and reaggarated by air bubbles with low
sample dispersion in a turbulent flow. The anagltgignal is registered after physical
and chemical equilibrium. This technique requiresaa debubbler before the detector

in order to remove all the air bubbles.

Debubbler
Air I 3
Sample >.0W‘ Detector —¢ %
Reagent Waste @ ﬂ
Pump o :
air C:) air :* air Time

Figure 1.2. Schematic representation of a typi€a Sanifold.
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1.3.2 Flow injection analysis

In 1975, flow injection analysis (FIA) was introdaetby Ruzicka and Hansen as
a new flow analysis technique. This new techniquedpces a laminar flow since the
flow stream is not segmented by air bubbles andstmaple is injected in the flow
stream by an injection valve (described in Chapjeihe FIA system (Fig. 1.3) is also
characterised by the reproducible sample injectwomngrolled dispersion of the sample
zone and reproducible timing of the analyte zomenfithe injection to the detection
point. Therefore, the concept of physical and cleaimequilibrium was discarded and
the analytical signal obtained is transient. Moe¥oWt has allowed the implementation
of gas diffusion and dialysis units as well as floells with increased pathlengths
aiming to the reducing of matrix interference odato enhancing the sensitivity
(Ruzicka 1992).

Considering all these features, FIA technique prissa higher sampling rate
and lower reagent consumption as principal advastager SFA.

The more important drawbacks attributed to thiswtégue are the continuous
consumption of carrier and reagents throughouattaytical cycle and the difficulty to
perform multi-parameter analysis.

Nevertheless, this flow analysis technique is thestused over the scientific
community since 17,200 publications were obtaingdhe search engine ISI Web of

Knowledge using “flow injection analysis” as togik2/04/2011).
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Sample

v
. MA_
Carrier GD / Detector j

Waste

Signal

Reagent

Pump
Time

Figure 1.3. Schematic representation of a typitalrkanifold.

1.3.3. Sequential injection analysis

Some years later, Ruzicka and Marshall (1990) ptegethe sequential injection
analysis. With SIA (Fig. 1.4), the more importamawbacks of FIA were avoided and
some of the above described advantages were mmaadtajreproducible sample
injection, controlled dispersion, reproducible tigiand physical/chemical equilibrium
is not necessary). This approach is characterigethd sequential aspiration of well
defined sample and reagent plugs into the holdaibhy means of a selection valve.
Then, by reversing the flow this mixture is trandpd to the detector. Another
important feature of SIA systems is the use of mmater, which controls the selection
valve and pump, in order to manage the introductain precise amounts of
sample/reagents, the flow stream direction andigegtning procedures.

Under the above mentioned conditions, the reductionthe reagents
consumption and waste generation as well as thsilplity of performing multi-

parameter analysis (more versatile) are the prahidimprovements achieved by this
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technique in comparison to FIA. The possibilityusing procedures with slow reactions
or even the stopped flow technique are other ingmbifeatures.

Another important characteristic of SIA is that thecture between sample and
reagent plugs occurs by reversing the flow to teeector, resulting in sinusoidal flow.

With reversing the flow, only a partial overlapsafimple/reagents plugs is achieved.

Computer E
i Holding Selection valve
H coil :
Carrier MA /
<+«—— Reagent Detector —¢
Pump
Reagent Waste
Sample
() (b)
X @ D X

Figure 1.4. Schematic representation of typical &lanifold with the flow stream in
the aspiration phase of reagent/sample plugs tbdling coil (a) and the propelling of
the same plugs to the detector (b) after flow reaferThe darker zones represent the

reagent (R) and sample (S) overlapping zone.

This partial overlap of reagent and sample plugg beaconsidered an important
drawback of SIA when compared to FIA, leading tongo mixing conditions. This can
cause lower sensitivities in SIA manifolds when pamed to FIA manifolds for the
same procedures, and produce erratic signals duleetschlieren effect (Dias et al.

2006); this effect will be detailed in section Z.5.

-10 -
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This technique comprises 1,618 publications, obtainy the search engine ISI
Web of Knowledge using “sequential injection aneysas topic (12/04/2011),

revealing a good acceptance over the scientificneonity.

1.3.4. Multi-commuted flow injection analysis

The multi-commuted flow injection analysis (MCFI®gs introduced by Reis et
al. (1994). However, it was Malcolme-Lawaes et (&4R87) that firstly applied the
MCFIA approach but presented it as a FIA procedM€FIA is based on the use of
three-way solenoid valves (Fig. 1.5) associateth wie binary sampling mode (Reis et
al. 1994).

These solenoid valves work simultaneously or seiiplgnin a fast switching
mode usually denominated “on” or “off” according ttee path used by the solution.
These modes are selected through the activatidheoolenoid device and the paths
used by the solutions are based on the positiawofpolytetrafluoroethylene (PTFE)
membranes located in the central part of this vabyeactivation of the solenoid device
(“on” mode), one of the PTFE membranes is pressedtlae solution passes through
one path. When the solenoid valve is not activdtetf’ mode) the PTFE membrane

returns to the original position and the soluti@sges through another path.

-11 -
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3 www.nresearch.com

Figure 1.5. Representation of the interior of @&¢hway solenoid valve: 1 -nucleous; 2 -

PTFE membranes; 3 -helical spring; 4 -tubing cotiaec

These devices may introduce the sample and reagdependently (one valve
each) or both reagent and sample with the samesvalkis last option provides the
sequential introduction of small plugs of sampld asagent resulting in a fast mixing
between both plugs; this approach was named bgamnpling.

The initial MCFIA systems worked with a single-chah propulsion pump
placed after the detection system (Silva et al.7208owever, the formation of bubbles
due to the aspiration of the solutions trough theeeéces (Fig. 1.6a) were sometimes
observed. In order to avoid this problem a mulamuhel propulsion pump should be
placed before the detector (Fig. 1.6b) (OliveiraleR007).

Using the propulsion pump before the detector @hsp mode), this technique
becomes very similar to the FIA technique since@arand reagents are introduced in
the flow stream and mixed in a confluence. HoweNgmesents a reduced consumption
of sample/reagents and waste generation due topdissibility of controlling the

introduced volumes by activation/deactivation @& solenoid valves.

-12 -
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Pump v,
Pump Sample_ | — _\_9
V2
Detector ) /oW Detector
{ Carrier _ | —_\y
Waste s Waste
(N
Reagent \g
Reagent - _————
e

Figure 1.6. Schematic representations of two MCHiAnifolds using the aspiration

mode (a) and the dispense mode (b).

Another difference between this technique and FdAthe sample injection
mode. In MCFIA, the sample injection is mainly tibased (controlled by the
respective solenoid valve) while in FIA is volumaskd (determined by the sample
loop size).

The major drawbacks of this technique are the aliffy to perform multi-
parameter analysis using the same manifold andueeheating of the solenoid valves
caused by long periods of activation. This last atikg aspect can lead to the

deformation of the internal PTFE membranes.

1.3.5. Multi-syringe flow injection analysis

In 1999, Cerda et al. presented the multi-syringe fnjection analysis based on
the multi-commutation approach although using &edeht propulsion unit, the multi-

syringe. This device propels all the solutions tgto the flow network and consists in

-13 -
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up to four syringes with a three-way commutatiofveaconnected at the top of each
syringe.

All the syringes are connected to a single motat @mtrolled through a serial
port by computer software. These syringes are no&dgass and are very resistant to
strong acids and bases and also organic solvemis. dharacteristic presents an
important advantage in comparison to the propultitses used in the peristaltic pumps
since they are not very resistant against sometigotu and require a periodic
replacement (Mir6 et al. 2002).

Another important benefit of this technique comesnf the combination of
syringes with different capacities (0.5-25 mL) ajowith the high efficiency of the
burette motor which enables the exploitation ofesalvflow rates and volumes with a
great precision.

As a result, MSFIA gathers some advantages of lygdems such as robustness
and versatility along with the reduced consumptbrsample/reagent of SIA systems
and also the high speed of the commutation valt&4CFIA (Cerda 2003).

Up to four extra commutation valves may be conrtedte the multi-syringe
model.

MSFIA also presents some limitations since all fosyringes move
simultaneously and the flow rates/volumes seleetedrelated to one syringe causing
the reduction of the options range of the flow sAtelumes of the others syringes (Mird
et al. 2002).

Moreover, it is not advisable to use a syringe a®e reservoir because it
would require cumbersome washing steps to avoidacanation between consecutive

solutions, increasing the analytical cycle timeeTdssential refill of the syringes is

-14 -
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another important feature that causes lower sagppéites of MSFIA when compared to
FIA or MCFIA systems.

Fig. 1.7 represents an usual MSFIA manifold.

Detector j

Waste

Carrier Waste Reagent Reagent

Figure 1.7. Schematic representation of a MSFIAifokh

1.3.6. Multi-pumping flow systems

More recently, the multi-pumping flow system (MPF@jig. 1.8a) was
described by Lapa et al. (2002). The main charastiziof this technique is the use of
solenoid micro-pumps (Fig. 1.8b) as both liquid parigion units and commutation

valves.

- 15 -
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These micro-pumps require a low power source andk wath a similar
mechanism of the aforementioned commutation valudwir activation through a
voltage pulse will generate a negative pressurélgmpthe aspiration of the solution.
When the voltage pulse ends, the solution locatsdié the micro-pump is propelled to
the flow network.

The flow rate generated by these devices dependwsamiactors, the frequency
of stroke and the volume propelled in each stroke.

By their activation, a pulsed flow is achieved thogroving the mixing and
reaction zone homogenisation even in limited dsiper conditions (Lapa et al. 2002)
and also the reduction of schlieren effects (Diaa.€2006). This technique also enables
binary sampling and merging zones approaches anthttoduction of sample can be
based on time or volume.

The small size and the low power supply voltagelireg to work in comparison
to the peristaltic pumps are other important adsges of this flow technique.

The more important drawbacks of MPFS are the ldaloustness and also the

low stability of the stroke volumes attained inleaticro-pump.

() (b)

Carrier

oL

www.biochemfluidics.com

Reagent

Figure 1.8. Schematic representation of a MPFS foldnia) and photograph of
different micro-pumps (b).
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1.3.7. Sequential injection lab-on-valve

In 2000, Ruzicka (2000) introduced the sequentigction lab-on-valve (SI-
LOV). Although this approach has been presentethéoscientific community before
the MPFS, it is only described at the end of thissis introduction since it assembles
different characteristics of the aforementionedvflapproaches. It is characterised by
gathering the mixing coils, the selection valve dhne detection system in a portable
miniaturised automatic unit (Fig. 1.9a). The inamgtion of the detection system in the

selection valve (Fig. 1.9b) is also an importaatdiee of this approach.

(b)

www.usbhio.com www.flowinjection.com

Figure 1.9. Schematic representation of a SI-LOWifoéd (a) and photograph of a

selection valve of a SI-LOV manifold (b).

The down scale of this approach allowed the subatamduction of reagents

consumption and effluent generation in a versédiéesible way. With this, the SI-LOV

-17 -
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approach is perfectly adequate to determinationgoling enzymes and in
immunoassays.
The major drawback of this approach is the coghefcommercially available

equipment.

1.4. Strategies to increase the sensitivity in spegphotometric

methods

As it was mentioned in the Objectives sectionhis tvork a LWCC was applied
to significantly increase the sensitivity of the lewular absorption spectrophotometric
methods.

It is well known that molecular absorption spechofmetry is one of the most
used detection analytical techniques in many diffefields because it is simple, robust,
accurate, versatile and fundamentally, a low cadtinnique (Rocha and Teixeira 2004).

Spectrophotometry is also the most applied teclenagiflow analysis detection
system. However, the limits of detection achieveth wpectrophotometric methods do
not reach such low levels necessary for some acallydpplications. In this scenario,
different strategies can be used in spectrophotacn#ow analysis to improve the
sensitivity and the detection limit. Increasing tical pathlength and decreasing the
sample dispersion in the flow cell at the same timan important approach to improve
the sensitivity in spectrophotmetric methods (Edisal. 2009). Besides this approach,
several others have been reported such as chemidativatization,
preconcentration/separation of the analyte andddigjuid extraction or liquid-liquid

extraction (Infante and Rocha 2008; Rocha and Traix@004). The preconcentration is

-18 -



Chapter 1 rigeal introduction

the most used approach although it normally emptoyg effluents and involves low
sampling rates (Infante and Rocha 2008). The clanderivatization often requires
toxic reagents (Rocha et al. 2009).

Considering the described strategies to increaseséhsitivity, the increase of
the optical pathlength of the flow cell is the m@gipealing. This strategy avoids
laborious pretreatment steps and may be consideckémical greener alternative since
it involves lower reagent (most of the reagents #@ric to the environment)
consumption. Nowadays, “Green Chemistry” is in foand the minimization of the use
of toxic substances and waste generation as wehegnergy consumption is a very
important feature of any developed method. Thectogagents should be replaced for
less toxic reagents or even discarded since thdewasatment is difficult, time
consuming and very expensive. Nevertheless, thengremethods developed should
maintain the principal analytical characteristiascts as, sensitivity, accuracy and
precision (Rocha et al. 2009).

Therefore, the developed methods using flow ceilb l@ng optical path such as
the liquid waveguide capillary cells (LWCCs), mayam the analytical characteristics
above referred. Nanomolar determinations becomg teaeach in a very simple, low
cost and versatile way (Gimbert and Worsfold 200¥)detailed description of the

LWCCs is given in the subsequent section.
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1.5. Liquid waveguide capillary cell

1.5.1. Characteristics of LWCCs

The first LWCC was used in the 70’s with Raman $pscopy and the
capillaries used were made of borosilicate or fuskch with a refractive index (RI) of
1.51 and 1.45, respectively. Therefore, it was auigable for samples with RI higher
than the material employed in these LWCCs suchrganic solvents (Gimbert and

Worsfold 2007). Fig. 1.10 represents typical expental setup using a LWCC.

Liquid Connector

Pump

Distilled Water

Light Source / Shutter

Liquid Input

2 Valve

Adapter

-,: A
SMA Fiber Optic /
Sonnec / ¥~ Filter
Glass Optical Fiber s \

Detector / Spectrometer ﬁ
A/D Converter Samp[e Watet
Computer

Figure 1.10. Typical experimental setup using a L&V@Vorld Precision Instruments
2011).
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Consequently, these types of LWCCs were not verytalde for
spectrophotometric measures because great parabfiiaal procedures is performed in
diluted aqueous solutions (Rocha and Teixeira 2004)

For this reason, there was a great demand to deweetoaterial with a RI lower
than water. The solution appeared with a new potyabked Teflon AF.

Teflon AF is an amorphous fluoropolymer of tetrafaeihylene (TFE) and 2,2-
bis(trifluoro-methyl)-4,5-difluoro-1,3-dioxole (PDDyhich presents a refractive index
(RI) (1.29-1.31) lower than that of the water (3.83elz et al. 1999; Dress and Franke
1997; Resnick and Buck 1993). This new polymer agepted by DuPont and is
commercially available since late 1980 (Gimbert &drsfold 2007) in two grades:
Teflon AF 1600 and Teflon AF 2400. The most impottdistinction between these
grades relies in the RI of 1.29 and 1.31 for Te#dn2400 and AF 1600, respectively
(Dress and Franke 1996; Dress and Franke 1997¢gietki et al. 2006). With these RIS,
the construction of LWCCs using water as the optioee was enabled (Christiansen et
al. 2010; Dress et al. 1998), allowing light guidarinside the Teflon capillary and
broadening a field of applications. The Teflon AFegents also a porous structure
(Dasgupta et al. 1998; Li and Dasgupta 1999(b)) leaxlhigh transparency permitting
working in a wide range of wavelengths (200-2000 iDasgupta et al. 1998; Li and
Dasgupta 1999(b); Okada 2007).

In spite of all this positive features, Teflon Ag-quite difficult to functionalize
chemically (Christiansen et al. 2010) and is owlybkle in an highly fluorinated solvent
called “Fluorinert” (Dress and Franke 1996; Dressl &ranke 1997). This solvent
allows the adhesion of Teflon AF with glass (Drasd Franke 1996) which constitutes

an interesting possibility of LWCC configurationsdawill be further explained.
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In 1998, Dress et al. (1998) demonstrated that 3gyer thickness of Teflon AF
2400 was enough to confine the optical intensitythe liquid core avoiding any
influence of the outside environment and any aligsorr scattering by the capillary
material. A comparison between Teflon AF 2400 atitkiotested capillary materials
confirmed that there is no light absorption in ©aflAF 2400 in opposition with the
other materials (Dress and Franke 1996; Dress. di98B). Despite this, Sugiya et al.
(2009) stated that Teflon AF 2400 may be damagedvbgk mechanical contact,
reducing the light guiding efficiency inside thepdkary.

Throughout this thesis, a liquid waveguide capjllaell (LWCC) made of
Teflon AF 2400 was used, therefore this materidll mg@ more in focus than Teflon AF
1600.

The LWCCs can be classified in two types, typei¢.(E.11a) and type Il (Fig.
1.11b). The type | consists of solid Teflon AF tupiwith low refractive index (Byrne
and Kaltenbacher 2001; World Precision Instrum@0tkl), as referred above. The light
travels down the capillary and is totally intergaleflected at the Teflon AF interface
with the condition that the incident angle exce#us critical angel; the light passes
from an optically denser medium that is water tess dense medium that is Teflon AF
(Zzhang and Chi 2002). The type Il cell consistsaofused silica capillary tubing
(RI=1.46) with an outer coating of Teflon AF witbw refractive index (Byrne and
Kaltenbacher 2001; Gimbert and Worsfold 2007; Itdaand Rocha 2008; World
Precision Instruments 2011). The light travels dotke capillary and is totally
internally reflected at the interface between théeofused silica capillary surface and
the Teflon AF coating with the same condition regddrabove; the incident angle has to

exceed the critical angel (Takiguchi et al. 200Bazg and Chi 2002).
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(@ (b)

Teflon AF cladding < Teflon AF cladding
(n=1.29 or 1.31) — -

/\ <«— Fused silica

Liquid core / Liquh

(n,=1.33) (n,=1.33)
Light

6, increasing

Light Normal

Figure 1.11. Scheme of the light path in the LWG@et| (a) and type Il (b). This

scheme is accurate for angles larger than thealr@ingle for total internal reflection.

Teflon AF with its porous structure is permeableg&ses and the adsorption of
some reactive species in aqueous samples can wcasr surface (Li and Dasgupta
2001; World Precision Instruments 2011; Zhang 2008k porous structure can be a
positive feature in the determination of gaseoualyses (Li and Dasgupta 2001)
although some air bubbles can adhere to it andecsaigmal distortion/baseline shifts
(World Precision Instruments 2011; Zhang 2006) smihe samples might require pH
buffering due to C@ penetration through Teflon AF (World Precision tioments
2011). These effects concerns to type | cell amdoeaeliminated in type Il cell.

The use of a thin layer of fused silica in typeell protects the Teflon AF from
the undesirable effects abovementioned since fadied is impermeable to gases and
avoids the direct contact among the sample andiielF (Belz et al. 1999; World
Precision Instruments). Therefore, type Il cell has adsorption of analytes in cell
surface, less air bubbles retention, (Belz et 8091 Gimbert and Worsfold 2007;

Takiguchi et al. 2006) is less vulnerable to lighattering and schlieren effects, (Floge
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et al. 2009) easier to clean (Zhang 2006) and cpmesdly has an improved signal
stability (World Precision Instruments 2011).

The effective optical pathlength of type | cellssimtistically indistinguishable
from the physical pathlength. In type Il cells, ttieeoretical basis to calculate the
effective pathlength has not been established umiiv and it is experimentally
determined. It was confirmed to be slightly shottem the physical pathlength (0.94 +
0.01 times of its physical pathlength) because h&f tused silica layer and also
dependent on the wall thickness and inner diameiteghe LWCC (World Precision

Instruments 2011).

1.5.2. Total internal reflection phenomenon

In order to occur total internal reflection, they raf light must pass from a
material with a higher RI to one of a lower RI ahchust hit the medium interface at an
angle greater than the critical angt X (Fig. 1.12). The critical and incident angles are
measured according to the normal of the interfpegpendicular to the surface of the
capillary), and the critical angle is specific keetTeflon AF grade used (9.9° and 14.1°
for Teflon AF 1600 and 2400, respectively). Theatugs can be calculated from the

following equation:

6, = cos‘l(lJ
n2

where n;is the RI of the cladding material angis the RI of fluid core (Dallas and

Dasgupta 2004; Ellis et al. 2009; Gimbert and Wadds2®07).
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Refracted light lower refractive
index material

higher refractive
index material

Reflected light
Light source

Figure 1.12. Scheme of total internal reflectidnthe incidence angle is less than the
critical angle, the major part is refracted andttéelpart is reflected. If the incidence

angle is higher than the critical angle, all tlgitiis completely reflected.

This means that the sample solutions act as the @ fluid-filled light
waveguide and the light is confined and propagatikin the liquid core (D’'Sa et al.
1999). Using liquids as optical core opens a widkl ffor different application (Dress

and Franke 1997).

1.5.3. Working modes of the LWCCs

LWCCs are able to be connected through opticakdilbe a light source and a
detector, and the illumination in LWCC may be pearfed in two modes (Fig 1.13).

In the axial mode (Fig 1.13a), light is transporite@nd out of LWCC by optical
fibers. This mode is commonly used for absorbancasmements (Gimbert and
Worsfold 2007). In transverse mode (Fig. 1.13b, tkVCC is illuminated through the

sidewall and at the end of LWCC the light is traorspd to the detector by optical
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fibers. This mode is generally used for fluorescemeeasurements (Dallas and
Dasgupta 2004).
The optical fibers will transport the light to th&@CC in the axial mode and

from the LWCC in either axial or transverse mode.

Light

@ o LI

Teflon AF cladding = v Teflon AF cladding
(n,;=1.29 or 1.31) : *— (n,=1290r1.31)

—
L =2 @ ®
Light :: Analyte Analyte

— Liquid core

Liquid core
— (n,=1.33) d

(n,=1.33)

Figure 1.13. Scheme of the illumination modes inC&of type I; Axial illumination

(a) and transverse illumination (b).

LWCC employing Teflon AF material was introduced Wyorld Precision
Instruments (WPI; Sarasota, FL, USA) in 1997 (Bstlal. 1999; Floge et al. 2009) and
is commercially available in different pathlengtihem 5 to 500 cm with respective
inner volumes of 5 up to 1250 pL. These instrumevise invented, patented and
optimised by WPI during several years (World Priecisnstruments 2011).

Several detection techniques such as spectrophtignehemiluminescence,
fluorescence and Raman spectroscopy are attaimaithethe LWCCs (Dallas and
Dasgupta 2004). Turbidimetric measures might alsoekploited in the LWCCs
however these systems should guarantee no accuwnubditsolids inside the equipment

(Infante and Rocha 2008).
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With these characteristics, LWCCs can be employethe flow systems, used
with manual sample injection, as gas sensors (fyder in situ analysis (Gimbert and
Worsfold 2007) and with most liquids with the extiep of perfluorinated solvents (RI
lower than 1.29) (World Precision Instruments 2011)

In spite of the above referred important advantagedVCCs it is also true that
some important drawbacks are related to them. Th@ifeesation of the blank signal is
one of the major drawbacks and causes some liontin the reagents/reactions
assortments as well as in the sensitivity and liraage of the methods employed
(Infante and Rocha 2008). This problem can be oweecdy using immobilised
reagents (Rocha et al. 2009). The air bubbles, fieetef solids in suspension and RI
differences in the sample zone (schlieren effenoiay also origin incorrect signals
(Infante and Rocha 2008).

It should be emphasized that by increasing thelgragkth of the LWCC, a lower
percentage of light transmittance (World Precidisstruments 2011) will be obtained
as well as a greater possibility of bubble formmatidherefore, a 100 cm LWCC is

easier to work with than a 200 or 500 cm LWCC (Gamland Worsfold 2007).

1.5.4. Applications of the LWCCs

It can be stated that the large increase and ingation of the LWCCs in
analytical chemistry is due to the development dforeAF polymer. In the following
section, a brief description of some applicatiohthe LWCC using different detection

modes will be given.
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1.5.4.1. Molecular absorption spectrophotometric dection mode
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Besides all the described applications of LWCCs@gishe spectrophotometric
detection mode in Table 1.1, there are other wonkgl@ying this specific equipment.
Several works were not mentioned because they sisedl LWCC and/or were not
applied to any specific determination.

Some of these not mentioned works in Table 1.1 shbelpointed out. One of
these works was performed by Dasgupta et al. (198&re the potential use of LWCC
for gaseous determinations was tested; the resbitsned confirmed this potential and
also the potential to determine volatile organimmpounds dissolved in water. Milani
and Dasgupta (2001) developed a method for therdiftiation and determination of
nitrogen dioxide and nitrous acid using a LWCC.

Tsunoda et al. (2003) developed a LWCC home madetested it in the
determination of sulphur in steel samples. San@asiano et al. (2005) used a 5 m
LWCC to study the oxidation of Fe(ll) in seawatémanomolar levels using a kinetic
model that include speciation changes valid ovewide range of experimental
conditions, and Liu et al. (2006) developed an lmatied instrument using a LWCC for
in-situ pH measurements in water samples. Wadd. €2@06) tested a LWCC home
made with different pathlengths to determine tegénticancer agent) and Wang et al.
(2007) described the first autonomous multi-par@méow system using a LWCC for
the simultaneous determination of pH, carbon diexidgacity and total inorganic
carbon in seawater. Anastasio and Robles (2007)iedpghe LWCC to the
determination of soluble chemical species in Araticd Antarctic snow; in 2008, Sun et
al. (2008) constructed an automated analyser uaingWCC for trace nutrients
determination in sea waters and Mincher et al. Gpplied a LWCC to verify the
efficiency of an extraction method with the detaration of oxidized americium;

Robles et al. (2007) developed a LWCC home madeuk® in a commercial
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spectrophotometer to measure very low light absarbavalues for dilute aqueous
solutions in both ultraviolet and visible waveldmgtLater on, Oakes et al. (2010) used
the LWCC to characterize soluble iron in urban selsa

Another different application of LWCC was performby Datta et al. (2003)
where a LWCC impressed in silicon substrates irhip-scale using Teflon AF was
made and tested. Sun et al. (2006) integrated &rh.BWCC (Teflon AF 2400) in a
micro fluidic liquid-liquid extraction system ang@alied it for sodium dodecyl sulphate
determination. After that, Huang et al. (2008) deped a micro-FIA system with a 2
cm LWCC (Teflon AF 2400 with 50 um i.d.) incorporatan the chip and tested for
NO, determination (this worked achieved consumptidrsample/reagents in the order
of nL). In 2010, Pan et al. (2010) integrated dts® LWCC in a micro fluidic system
for DNA measurements.

Another interesting application of LWCC with spegthotometric detection was
carried out by Wada et al. (2008); a LWCC (Teflon 2600) home made was used for
electrophoresis separation with kinetic absorptetection and tested with the

decomposition of Cd complex with 4-(2-pyridylazo)-resorcinol.
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Chapter 1

1.5.4.2. Chemiluminescence detection mode
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Besides all the described applications of LWCC gigime chemiluminescence
detection in Table 1.2, another different work skdog pointed out. In 1999, Dasgupta
and co-workers tested a LWCC for the determinatidrhypochlorite and also for
nephelometric, phosphorimetric and fluorimetricedetinations (more details are given
in the fluorescence detection mode section). Thikvu@a good example of the large

versatility of the LWCC.
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Chapter 1

1.5.4.3. Fluorescence detection mode
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Along with all the described applications of LWCG@sing the fluorescence
detection mode in Table 1.3, there are other wdrasghould be presented.

Dasgupta et al. (1999) applied the LWCC to differBow injection analysis
determinations with fluorescence detection and atsacessfully to capillary
electrophoresis. This work opened the field of LWGPplications using fluorescence
detection mode.

Another example of an application of LWCC with fleecence detection is the
work developed by Wang et al. (2001) in a capillatgctrophoresis system used to
determine arginine, phenylalanine and glycine. figseilts obtained are very interesting
when compared to other sophisticated systems. Zéiaaly (2005), Kostal et al. (2005,
2006) developed similar works such as the aboveioresd.

Another similar example is given by Olivares et @002) and Wang et al.
(2005), where the LWCC was used to separate (bylargpelectrophoresis) and detect
DNA fragments. Following this study, Xu et al. (2)1ldeveloped a miniaturized
capillary electrophoresis system using the LWCCdaiect DNA mutations. This
system in the future could be applied in early d@gis of cancer diseases.

The LWCC was also tested for liquid chromatographflow analysis systems
by Song et al. (2008). This study releases thenpiatédy of LWCC to be coupled in
series with other detectors.

All the applications of LWCC with fluorescence dgten described in the
above section present several advantages when oednftacommercial fluorometers
such as, low price, similar detection limits, simpbperation mode, versatile

configurations and applications
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1.5.5. Other examples of LWCCs made of different ntarials

Besides Teflon AF, other similar materials that t&nincorporated in LWCCs
has been recently presented. Some of them will resepted and discussed in this
section.

Keller et al. (2007) evaluated a new fused siligpiltary for absorbance
measures. This material presents a Rl of 1.441 mmd guidance along the entire
length (UV, visible and near infra red range) o thaveguide in a length up to 50 m.
This material could also be employed in fiber oppessenting the great advantage of
light guidance over the entire length of the wavdguThis material was also evaluated
for fluorescence measures and the results arer luqgdo 20 m length (Paprocki et al.
2008).

Later on, Korampally et al. (2009) presented a rlymer constituted by
organosilicate nano particules with an ultra lowoRIL.16. The results obtained show a
superior light guidance performance over Teflon AfRaugh the integration of this
material to waveguide coatings is not simple. Thidymer has a great potential
especially for fluorescence measures because arfgarl acceptance of incident angles
when compared to Teflon AF. Further studies are egdd make a full comparison
with Teflon AF.

In the same year, Sugiya et al (2009) used a viegechip as another option to
Teflon AF 2400 in LWCCs. The ice chip has a RI ofdB,3higher than Teflon AF 2400
(RI=1.29) and water soluble organic solvents canbeoused as a core because of the

dissolution of water-ice therein.
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Recently, Christinasen et al. (2010) presentedvatgpe of polymer that can be
incorporated in LWCCs. This new nano polymer presariRl of 1.26 that is lower than
Teflon AF 2400 (RI=1.29) and both cladding and cmemade of the same material.

Despite all above mentioned, Teflon AF gives theragspion to be the best

component to be integrated in the LWCCs hitherto.

1.5.6. Other flow cells

There are other flow cells with different configuoats commercially available
for spectrophotometric analysis. The Z and U comfigan with 1 cm of optical
pathlength are commonly used. The pathlength réstricand occasionally large
hydrodynamic dispersion, are the main attributeattsbmings of these configurations
(Ellis et al. 2009).

Another different flow cell is the multi-reflectivélow cell made of glass
capillary coated externally with silver or alumimult has been reported that these type
of cells present higher sensitivity than Z or Ueyfow cells because of the longer
optical pathlength and lower dispersion. In thils, ¢ke light beam is introduced with an
incident angle and with this approach schliererectff are reduced (Ellis et al. 2003).
The major disadvantage of this type of cells is dbsorption of a certain fraction of
light upon each reflection by the external coatifige silver coat normally absorbs 5 to
10% of the incident light in the visible regionhatigh in UV region it absorbs a
superior amount of the incident light. The aluminiaoat is other option however 20%
of absorption will occur in the UV region (Ellis @t 2009). The silver coat absorbs less

light than the aluminium coat (Lei et al. 1983).
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An additional flow cell is the total internal reffgon (TIR). The TIR flow cell
consists of a fused silica quartz capillary and t@suter coat besides the air itself that
has a Rl of 1. To total internal reflection takeage! in this cell the light beam must be
introduced with an incident angle similar to theltiteflective cell and in opposition to
the LWCC (in absorbance measures) where the Igyhitioduced in axial mode. This
flow cell demonstrated a high tolerance to schiieeffects, low hydrodynamic
dispersion, lower bubbles entrapment and mainlyabsorption by the capillary wall

when compared to the multi-reflective cell (Ellisa¢t2009).

1.5.7. Strategies to reduce the schlieren effects

The more important drawback related to LWCC is thealled schlieren effect.
It was stated by Yao and Byrne (1999) that the gaomof LWCC causes to be more
susceptible to schlieren effects although in a Enamount than the conventional flow
cells. The schlieren effects or refractive indexusscwhen a sample with high ionic
strength is introduced in a carrier stream with lonic strength; the difference between
the refractive indices of the sample and carridi ferm a parabolic lens. This can
cause “ghost” absorbance peaks even when no amabgent is present and produce
some errors in absorbance measures (Dias et @).200

Several strategies have been described to reducpé&tsate the schlieren
effects including dual wavelength spectrophotoméivickelvie et al. 1997), in-line
salinity compensation (Mckelvie et al. 1997), matmatching between sample and
carrier (Infante and Rocha 2008), absorbance meammnt in the central part of

analyte/reagent plug (Yamane et al. 1995) and doitbion of light with an incident
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angle (transverse to the flow cell) (Jambunathanalet1999). Dual wavelength
spectrophotometry in a multi-channel spectrophotemis an easy way to compensate
the schlieren effects and this strategy was prdeebe very efficient and also avoid
baseline drifts (Li et al. 2003). The in-line saljnicompensation and the matrix
matching between sample and carrier are very diffito be executed in samples
containing high and variable concentrations of tinsolutes. Improving mixing
conditions between sample and carrier might redibeeschlieren effects although it is
limited by the increase in sample dispersion (Itdaand Rocha 2008). The introduction
of light transverse to the flow cell causes lowensstivity when compared to the
introduction of light in axial mode (Ellis et al. @9).

The dual wavelength measurement appears to bertipdest and best strategy.
The principle of the signal compensation is to measimultaneously the signal at two
different wavelengths: one at which the reactiondprct absorbs predominantly the
light and a reference wavelength at which no alsswé change due to the chemical

reaction is observed.
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General materials and methods

In this chapter, a detailed overview of the reagesamples and equipment used during
this thesis is presented. Additionally, the optimésa procedures and statistical

treatments employed are described.






Chapter 2 General materetsl methods

2.1. Introduction

During the development of this doctoral thesisfedént flow analysis systems
(FIA, SIA, MSFIA and MPFS) were used. Herein a gahelescription of all this
systems including the devices and components ggevided.

Moreover, some details of the LWCC are presentadesthis device was the
basis of all the developed work.

The general considerations related with the prejgarabf the reagents,
laboratory water supply, manipulation and treatnmnsamples are also described in
this chapter.

Additionally, several aspects of the optimisatiorogedures and statistical

treatments as well as the data acquisition modé&utlyedescribed in this chapter.

2.2. Reagents and solutions

All chemicals used were of analytical grade qualith no further purification
treatment. All solutions were prepared using deiedi water with a specific
conductance less than 0.1 pSgnexcept in Chapter 4, where Milli-Q water with
resistivity superior to 18 K2 cm was used. In Chapter 7, the standard solutiare
prepared at room temperature with previously badenised water.

In Chapter 3 and 4, standard stock solutions wéitaimed by weighing the
respective reagent in a Sartorius (model SB 210@)ytical balance followed by
dissolution in appropriate solutions (water or ac&blution). In Chapters 3, 4, 5, 6, and

7 a commercial solutions (atomic absorption stasg)awere used as standard stock
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solutions. The working standard solutions were mexgbdy rigorous dilution of the
stock solution using volumetric glass pipettes amdumetric flasks (class A) of
different volumes.

When necessary, the pH of solutions was measured) uombined glass
electrode (Mettler, U420-S7/120, Columbus, USA)rexsted to a Crison potentiometer

(model micro pH 2002).

2.3. Samples

Throughout this work several types of water weredudéhe majority of the
samples used were gently provided by a water aisdpisoratory. Water samples were
acidified to pH < 2 and stored in a refrigeratod &C before analysis, as recommended

by Clesceri et al. 1998.

2.4. Components of the flow systems

During the development of this thesis differentwfl@nalysis systems were

employed. In this part, the main components of dmeitechnique are described.

2.4.1. Propulsion units

In Chapter 3 and 7 (FIA system), solutions werevedrithrough two Gilson

Minipuls 3 four channel (Fig. 2.1a) peristaltic ppsn(Villiers-le-Bel, France) with
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Tygon propulsion tubes. The propulsion tubes wepmaced whenever malfunctions
such as variation of the flow rate or loss of etitst were detected (resulting in
alterations of the analytical signals).

Volumes aspirated or dispensed were calculatedriexpetally by performing
the respective operation step ten times and wegglire water aspirated from or
propelled into a previous zeroed beaker. The voluaspirated per unit of time
corresponded to the flow rate, expressed in mL min

In Chapter 4 and 5, solutions were propelled thihoagmulti-syringe burette
(Crison Instruments, Allela, Spain). The device (Fglb) uses a multiple-channel
piston pump, containing up to four syringes, drilmna single motor, controlled by
computer software through a serial port. Three-wayrautation valves (NResearch,
Caldwell, NJ, USA) were connected at the head o esgringe. Two syringes of 10 mL
were placed in position 1 and 2 and two syringe2.6fmL were placed in positions 3
and 4. Hamilton (ref. 81620 and 81420) glass sysngere used. The piston movement
of the multi-syringe was divided in 16000 stepseréfiore the minimum volume
delivered was 0.62 pL for the 10 mL syringes ardd QL for the 2.5 mL syringes.

In Chapter 6 and part of 7, micro-pumps (Bio-Chealv€ Inc., Boonton, NJ,
USA, Ref. 120SP1220 and 120SP1230) with nomingledising volumes of 20 and 30
UL per stroke were used to propel the solutiong. (Eilc). An I/O digital card (Sciware,
Mallorca, Spain) with eight optocoupled digital utpchannels and eight digital relay
output channels was used to control the micro-punipss card was connected to a
personal computer through an RS485/RS232 interdack can independently control
the operation of up to eight micro-pumps and/or catation valves. These devices are
set on a motherboard connected to a protectiorfaiwe which is connected to the relay

outputs and an additional power source of 12 Veiguired to activate the solenoid

-51 -



Chapter 2 General matergtsl methods

devices. In order to minimize the heat generatimh extend the lifetime of the valves, a
solenoid protection system (Sciware, Mallorca, 8paias used. The power source, the
RS serial interface and the /0O cards were integrahto a unique module (Ref.

Modulel Sciware).

Figure 2.1. Different flow propulsion units: a) altic pump; b) multi-syringe burette;

C) micro-pumps.

2.4.2. Valves

2.4.2.1. Selection valves

In Chapter 3, two electrically actuated selectiatves (Valco VICI C25-3188D,

8-port and Valco C25-3180D, 10 port, Houston, U8&ye used (Fig. 2.2a).
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2.4.2.2. Injection valve

In Chapter 7, a four-way injection valve (Rheod$®20) was used for injection
of fixed volume samples and is represented in E2B. In this type of valve only two

positions are available.

Figure 2.2. Different valve units: a) selectionwelb) injection valve.

2.4.2.3. Solenoid valves

In Chapter 4 and 5, three and four commutationesl{NResearch, Caldwell,

NJ, USA, Ref 161T031) with an internal volume of | 2I7 were used, respectively. The

commutation valves (Fig. 2.3) were controlled tlgiothe multi-syringe referred above.
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In Chapter 6 and Chapter 7, two commutation valvagh the same
characteristics of the last paragraph were usduwlh these ones were controlled

through an I/O digital card mentioned in the abseetion.

Figure 2.3. Commutation valve.

2.4.3. Flow tubes, connectors and other devices

Tubing connecting the different components of theetigped flow systems were
made of Omniift PTFE (0.8 mm inner diameter) with 9811 end-fittings and
connectors.

The confluences were laboratory made acrylic “Y” mectors (Alegret et al.
1987).

In Chapter 4, Chelex 100 (Bio-Rad, 200-400 mesHditBo form) and NTA
Superflow (Qiagen Inc., Valencia, SP) resins wesiekpd intro columns (Fig. 2.4a).
The resins were packed in PVC tubing (2.22 mm inleemeter and 2.5 cm length) and
the suspensions introduced into the column by mednBasteur pipette. Ordinary

dishwashing foam was placed at both ends of thenmolto entrap the resins inside
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(Fig. 2.4b). The Chelex 100 resin was suspendedconditioning buffer and the NTA

Superflow resin is available in a form of suspenstberefore it is ready to use.

Resin

Foam

Figure 2.4. a) Photograph of the column; b) schenrapresentation of loading the

column with the resin.

2.4.4. Detection system

As detection system, an Ocean Optics PC2000-ISA@ViPark, USA) charge
capacity detector, a pair of 200 um fiber opticleala DH-2000 deuterium halogen
light source (Top Sensor Systems, Eerbeek, The Natltm) and a liquid waveguide
capillary cell (LWCC 2100, World Precision Instrumig, Sarasota, USA) (1.0 m
pathlength, 250 pL inner volume, 550 pm inner di@mewvas used. As it is a central
point in this dissertation, a detailed descriptadrihe LWCC equipment is given in the

subsequent section.
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2.4.4.1. General details of LWCC's

Throughout this thesis, a LWCC 2100 (Fig. 2.5) comuiadly available from
World Precision Instruments (Sarasota, USA) withrh. of pathlength, 250 pL of inner
volume and 550 um of inner diameter was used. fliwscell belongs to the LWCC of
type I, discussed in the Introduction Chapter. T'MCC is able of light guidance over
the range of 230-730 nm, stands up to 160°C an@ P& of temperature and pressure,
respectively. It also presents a small weight (@} high resistance to most organic
and inorganic solvents, although some perfluoroha@vents can affect the tubing. It
presents a linear range from 0.01 to 2.0 absorbanie (limited only by noise and
stray light form the measuring spectrophotometdrid Precision Instruments 2011).

As referred above, the LWCC was connected to th §igurce and the detector
through a pair of 200 um fiber optic cable, as mewnded by the manufacturer
instructions.

When the waveguide is not in use for a long timeshould be filled with
ultrapure water and the ends of the waveguide b&ddo avoid microbial growth

within it and from drying out (Gimbert and Worsf@@07).
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Figure 2.5. Photograph of the LWCC 2100 used thmougthis thesis

2.5. Computer control

2.5.1. Connection to pumps, solenoid valves andtimsyringe burette

In Chapter 3, a 386 personal computer (Samsungedoequipped with an
Advantec PCL818L (Taipei, Taiwan) interface cardiynimg in-house software written
in QuickBasic 4.5, controlled the selection valvasiions and the peristaltic pump
directions and speed.

A personal computer Pentium I, running SCIWARE (Rahyola, Mallorca,
Spain) “Auto-analysis” software (version 5.0.3.6ntrolled the multi-syringe operation
(direction of piston displacement, number of stepsl position of all commutation

valves; Chapter 4 and 5) and the micro-pumps andoatmutation valves (frequency
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strokes of the micro-pumps, number of steps andiposf all commutation valves;

Chapter 6 and part of 7).

2.5.2. Data acquisition

In Chapter 3, the data acquisition was performedSmpectraWin software
version 4.2 (Top Sensor Systems, Eerbeek, The Neatlsjléhrough an external trigger
signal made from the Advantec PCL818L interfacelcar

The data acquisition in Chapter 4, 5, 6 and parntwas performed by “Auto-
analysis “ computer software referred in the prewpdection.

In the FIA system (part of Chapter 7), the dataugition was carried out by the
above mentioned SpectraWin software although enmudog manual trigger.

Finally, the obtained data was analysed with MicfoExcel 2003.

2.5.3. Programs

The programs used to control the selection valvespamps in Chapter 3 were

written in Microsoft QuickBasic 4.5. Throughout themainder work (Chapter 4-7)

“Auto-analysis” software was used to control theltirayringe burette, the micro-

pumps and commutation valves. For each work, offereint program was applied.

2.6. Development and optimisation of flow systems

Throughout this thesis, the manifolds were devigethake possible the direct

sample introduction, with no necessary pretreatment
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Initially, when a preliminary manifold configuraiovas set up, the parameters
were roughly chosen on a trial and error basis lkmvaeach determination to be
performed between the expected concentration lirAfterwards, the parameters were
optimised to maximize sensitivity and determinati@te and to minimize reagent
consumption. This optimisation process was attaimgdising the univariate method
where only one parameter was changed within aineage while all the others were
kept constant.

Following the optimisation, the developed methodseicharacterised in terms
of limits of detection and quantification, workirapncentration range, sampling rate,
reagent consumption and effluent volume.

The detection Ilimit (LOD) was calculated accordingp tIUPAC
recommendations (IUPAC 1976) in Chapters 3 to 6 expressed in concentration
units. It derived from the smallest measuig{) that can be detected with reasonable
certainty for the developed analytical procedures Value ofx op was calculated with

the following equation:
Xop =%, +35,
where X is the mean of ten consecutive blank measuremejtss the standard

deviation of those blank measures and 3 is a nealdiactor determined assuming a
95% confidence level.

The limit of quantification (LOQ) was also calculdt@according to IUPAC
recommendations (IUPAC 1976) in Chapters 3 to 6elVexpressed in concentration
units, it derived from the smallest measwig) that can be quantified with reasonable
certainty for the developed analytical procedures Value ofx oo was calculated with

the following equation:

XLOQ = )_(b +lOSD
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where X is the mean of ten consecutive blank measuremesjtss the standard

deviation of those blank measures and 10 is a Hefalue that represents al0% relative
standard deviation.

In Chapter 7, the limits of detection (LOD) and ntication (LOQ) were
calculated from the least-squares linear regregsamameters (Miller and Miller 1993).
The detectable absorbance limyt {,) was assessed as:

Yioo =D +3s,,

where bis the intercept ands,,, is the standard error of the linear regressiore Th
detection limit,C, ,, was calculated by interpolation gf,, on the equation:

Yiop =MCp +b
where m corresponds to the slope of the regression. Thetdication limit, C ., was
calculated by interpolation of, ,, on the equation:

Yiog =MCoq +b
wherey, o, was achieved through the equation:

Yioo =b +10s,,

The working concentration range was established by analysing assefiou
working standard solutions with different concentrations and detargiithe range
where the relation between the signal and the concentration correspondekher
polynomial function.

The sampling rate was established by the time required for a coraphdigical
cycle and expressed as number of determinations performed per hour.nipleteo

analytical cycle was calculated by adding the time necessary for eactiapstep.
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The reagent consumption was calculated based on the volume ofeagemt
spent per assay and the concentration of the same reagent andeekpretesms of
guantity (mol) per assay.

The effluent volume corresponds to the total volume wasted pay assl

expressed in terms of quantity (mL).

2.7. Analysis of water samples

Calibration curves were established by analysing working standartioss in
the developed system and registering the corresponding signadrbabce units. The
relation between signal and concentration was linear for all developdmadoéigies.
The analytes concentration in the samples was determined by latenpon the above
mentioned calibration curves.

The accuracy of the developed methods was evaluated by compafitoe o

results obtained by the proposed flow metho@g {,) with those achieved by the
corresponding reference proceduré€s, (). Both sets of results were plotted against
each other C.,, Vversus C..) and a linear regression was established
(Crlow =C, +5Cy ) between the two variables. The parameters of the regression line,
intercept C,) and slope €) were calculated and a perfect agreement of the methods
would mean aCjequal to 0 ands equal to 1. Consequently, the methods are
statistically comparable i€, and sdo not differ from 0 and 1 respectively. This was

verified by estimating the errors in the intercept and slope vétwesgh calculation of

their confidence limits at 95% significance level (Miller and Millé83).
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The relative deviation (RD) values were calculated based on the fafjowin
expression and expressed as percentage:

CFLOW _ CREF *100

REF

RD=

In interference studies, the difference values weaéculate based on the
subsequent expression and expressed as percentage:

C(sm) -C

Difference= S *100

()
where C.,,) is the concentration obtained of the standard #ie interference specie
and (Cq,) is the concentration of the standard.
In the recovery tests the samples were analyseorebeind after a standard
addition of analyte and the recoveri®,() was calculated, according to IUPAC (2002),

using the following expression:

R. = QA(0+ S) _QA(O)
g QA(S)

where Q,(0+YS) is the quantity of the analyerecoveredQ, (0) is the quantity of the
analyte in the original sample ar@,(S)is the amount of the analyte added (spike

value).

In Chapter 6, a pairetttest was performed on the data obtained with the
developed flow method and reference method (ICP-FEY¥ive sunscreens samples.
The null hypothesis is verified if thevalue calculated for each sample is lower than
critical value (P=0.05); indicating that there is significant difference between the
results obtained for both methods (Miller and Mill®93).

In all the developed works, except in Chapter @, dhcuracy was additionally

validated by analysis of certified reference maisriResults were considered accurate
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if the concentration values obtained by the flowpgmsed methods were within the

acceptance limits mentioned in the certified rafeeematerial specifications.
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Chapter 3

Sequential injection trace determination of iron innatural waters
using a long-pathlength liquid core waveguide anditferent

spectrophotometric chemistries

This PhD program began with the development of gueaetial injection analysis
method for the determination of iron in coastalpgnd and surface fresh waters using
two different reagents (ferrozine and 1,10-phenalthe). The methodology used a
double-line SIA system to improve mixing conditibaveen sample and the reagent
solutions coupled with a liquid waveguide capillasil to enhance the sensitivity of the
determination. The detection limit for the ferraziand 1,10-phenanthroline reagent
was of 0.15 and 0.35 pg'Lrespectively. The system provided a linear resparp to

20 pg LY, a high throughput rate (41 and low reagent consumption. The developed
method was applied to natural waters (river, wghpund, potable and sea waters) and

one reference water sample.






Chapter 3 SIA fooir determination

3.1. Introduction

The understanding of the bioavailability and thedmeemical cycling of iron in
marine systems (Miller et al. 1995) has been inftloeis of environmental research in
the last decades. Iron is a vital constituent @npllife, where it is essential for
photosynthetic and respiratory electron transpartrate reduction, chlorophyll
synthesis and detoxification of reactive oxygencgse (Sunda and Huntsman 1995).
Being a limiting nutrient for phytoplankton growtih presents a consequent critical role
(Coale et al. 1996) on the fixation of carbon ditexby photosynthesis and on the O
exchange between atmosphere and seawater (Watsdn28100). These effects have
implications on global carbon, sulphur cycles almate change.

Iron(ll) is highly soluble in seawater but thermaodynically unstable
(Achterberg et al. 2001). It is rapidly oxidized w@n(lll) in the euphotic zone by
hydrogen peroxide, oxygen (Millero and Sotolongo89)9 superoxide (&) and
hydroxyl radical (OH) (Millero 1989). Therefore,oi(lll) is the dominant form of
dissolved iron in surface seawater (Millero andoBwigo 1989; Achterberg et al.
2001), however, only a small fraction of iron(l§curs in a free hydrated #gform.
The major fraction (80% to 99%) is strongly com@éxby organic ligands (Gledhill
and van der Berg 1994), possibly produced by phgtdpon (Rue and Bruland 1997)
or bacteria (Granger and Price 1999). The fractbnron(ll) in natural waters can
appear as a result of the combination of photoraeriadissolution of particulate
iron(lll) (hydr)oxides (Miller et al. 1995) and aforganic iron(lll) complexes (King et
al. 1993) with thermal, enzymatic and microbialloyg pathways (Croot et al. 2001) as
well as through ocean atmospheric deposition (Zgwetral. 1992) and diffusion from

reducing sediments (Hong and Kester 1986). The aresims linked to the biological

-67 -



Chapter 3 SIA fooir determination

uptake of iron remain uncertain (Achterberg et28l01), although recent studies have
indicated that iron(lll) complexed by organic lign(siderophores and porphyrins) is
available for uptake by different types of phytoyton (Hutchins et al. 1999). With
this in mind and to better understand the biogemdstey of iron in waters, the
acquisition of high-quality analytical data arerangquisite.

The determination of iron in water samples is uguaarried out for routine
quality control, as limits are imposed by legigiation their content (Clesceri et al.
1998). In drinking water, the European Union dinec{CEU 1998) sets the limit of 200
ng L for iron. Trace element analyses in natural ana weters are even more
demanding because of the different physical, chamand biological processes
involved (Hanrahan et al. 2002). In the case af moalysis in seawaters, matrix effects
and low concentrations levels are the main diffiesl To overcome these difficulties
and to increase the sensitivity, separation anaeconcentration of the analyte is often
necessary (Lohan et al. 2005) in spectrophotometeihiods.

Iron is present in many materials, causing a rigkcantamination during
sampling, filtration, storage and analysis (Achéego et al. 2001). Flow analysis
techniques with increased accuracy, precision, gathpoughput (Morais et al. 2005),
reproducible sample injection, controlled dispenstd the sample zone (Segundo and
Rangel 2002), low detection limits, low reagent aasnple consumption, simplified
sample handing and reduced contamination riskssaiteable and attractive tools for
both shipboard and in situ determinations (Lunvangfsal. 2006). Of the flow methods,
sequential injection analysis uses a simple, ridiand robust manifold to perform
automated wet-chemical analysis, allowing furtheduced reagent and sample
consumption, minimized waste production (Segundd Rangel 2002) and precise

automatic control of reaction conditions (RuzickadaSacampavia 1999). In SIA

- 68 -



Chapter 3 SIA fooir determination

systems, flow is reversed and mutual dispersiothefstack of sample and reagent
zones occurs, owing to axial and radial diffusiafthough only a partial overlap of

analyte and reagent zones is achieved (Segundd&andel 2002). To overcome this
potential difficulty, various modifications in théow configurations have been

introduced, one of which is the double-line SIAteys (Morais et al. 2005). This

strategy makes use of the merging-zones approahrewgood overlapping of the

reagent and sample zone is achieved.

Various flow-based spectrophotometric methods Hasen presented for the
determination of iron. A comparison of various figs of merit for the different
methods can be found in Table 3.7. The FIA metheils no preconcentration step
(Pascual-Reguera et al. 1997) present a very hégction limit, whereas other FIA
methods with a preconcentration step (Blain andydee 1995) present low detection
limits but still have some disadvantages such gh Ineagent consumption and high
effluent generation. Other existing flow approackash as SIA (Morais et al. 2005),
multi-commutated flow (Feres and Reis 2005) andtisyringe flow injection (Gomes
et al. 2005) present lower reagent consumptiorsblliinadequate detection limits for
natural water samples.

The objective of this work was to exploit the pdiainof the liquid waveguide
capillary cells in a sequential injection manifaddprovide sufficient sensitivity for the
trace iron determination with no need to introdogkline or in-line preconcentration
steps. This technology allows increasing of thehleagth in spectrophotometric
measurements without light attenuation (Fuwa etl@84). In optical fibers, the light
undergoes total internal reflection at the walld ant only the light-conducting path is
transparent in the wavelength of interest, but dbee region of the fiber also has a

refractive index higher than that of the claddingtenial; therefore the light is trapped
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in the optically denser core. Since 1993, the us@aflon AF-2400 (DuPont 127
Fluroproducts, DE, USA)-a polymer that is largalgnisparent throughout the UV and
visible range, with refractive index (1.29) lowéah water (1.33) (Li et al. 2003)-has
made it possible to construct totally internallfleeting detection cells that suffer from
minimal light loss by scattering in the detectiatl @quipment with no light dispersion.
Teflon is also chemically stable and inert, allogvitts universal application. Liquid
waveguide capillary cells are obligatorily couphedh optical fibers for bringing light
in and out of the cell (Dasgupta et al. 2003). Tdesection cell, unlike conventional
flow cells, has a low dispersion factor and lesklispen effects derived from the
reduced internal volume. This technology was preseiby Waterbury et al. (1997),
using a continuous flow method with a long (4.5pajhlength waveguide capillary cell
for the determination of iron with low detectiormit, although it had the same
disadvantages mentioned for FIA methods. Nowadayth, all the concern and the
information about environmental problems, develgpanalytical method with low
effluents generation for a greener chemistry isiatu
In this work, we developed a spectrophotometric Sldw system for the

determination of iron in different water matricd=or this purpose, two colorimetric
reagents were tested (ferrozine aogbhenanthroline) and compared in terms of
sensitivity and susceptibility to interferences wreelong pathlength liquid waveguide

capillary cell was used as a detection cell.
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3.2. Materials and methods

3.2.1. Reagents and solutions

River water certified reference material (NRC-SL®Swas also analysed for
the evaluation of the accuracy of the developedhotketas recommended by the
National Research Council of Canada.

All solutions used in interference studies (Zn, ®h, Cu, Al) were prepared by
diluting commercial atomic absorption standardse($msol).

A 2% (w/v) ascorbic acid solution was preparedydait dissolution of the solid
in a 2 mol L* acetic acid-ammonium acetate solution and finalwa$ adjusted with
acetic acid to 4.2. A solution of 0.013 mot IL,10-phenanthroline was also prepared in
0.05 mol L' HCI. Ferrozine stock solution of 0.0025 mol* lwas prepared by
dissolving 0.1231 g of ferrozine (5,6-Diphenyl-3ggridil)-1,2,4-triazine-p,p’-

disulfonic acid monosodium salt hydrategd;sN4OesS;) in 100 mL of water.

3.2.2. SIA procedure and system configuration

The manifold configuration used for the determioatof iron is shown in Fig.
3.1.

The determination of iron includes three steps amds a single analytical
sequence that is listed in Table 3.1. The firsp st&s aspiration of the sample or
standard to HC At the same time, the colour reagent was aspirai® HG. In the

second step, the buffer solution was drawn up tq &t at the same time, the colour
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reagent was aspirated into HEinally, the flow was reversed and the H#dd the HG
contents were mixed in a confluence (c, Fig. 3rid propelled through reaction coil
(RC, Fig. 3.1) to the detector, where the changakisorbance was measured. The
absorbance measurements were carried out at thelemgths of 512 and 562 nm for

the detection of iron-1,10-phenathroline and irerrdzine complex, respectively.

Figure 3.1. Sequential injection manifold for thetetmination of iron in natural
waters. SY, SV.: selection valves; P P: peristaltic pumps; HC HC,: holding coils
(2 m); RC: reaction coil (85 cm);1L.L,: reactors (25, 14 cm); c: confluence; LWCC:
liquid waveguide capillary cell (1.0 m of pathlengt and CCD array
spectrophotometer; W: waste; S: sample or stan@dacetate buffer solution; R

colour reagent (ferrozine or 1,10-phenanthroline).
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We compared SIA results with those provided by aomabsorption
spectrometry (AAS) (Perkin Elmer, 4100 ZL, Uberkmg Germany) with graphite
furnace atomization (Clesceri et al. 1998) with dae longitudinal background
correction. We used 20 pL of sample and 5 pL ofmeawm nitrate 3 gt as matrix
modifier per assay.

The primary objective of this work was the devel@min of a sequential
injection system for iron determination in watersing a LWCC, to achieve low

detection/quantification levels.

Table 3.1. Sequential injection protocol sequencéaife determination of iron in

waters.
Selection Flow rate
Operation Volume (mL)
Step valve position (mL min'™) Description
time (s)
SV, SV, P P, Py P,
Aspirate sample and
1 1 1 9.1 1.66 0.56 0.250 0.085
reagent
Aspirate buffer and
2 2 1 3.0 0.77 0.28 0.038 0.015

reagent

Propel toward detector
3 8 6 50 3.81 116 3.180 0.97
and signal measurement

To promote better mixing inside the SIA manifoldvween sample/standard and
the colour reagent, the merging zones techniqueadiapted (Morais et al. 2005). In the
proposed manifold, two selection valves were used ey were connected by a

confluence placed before the reaction colil. In side, standard/sample and buffer were
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drawn up and in the other side, the colour reagest aspirated. Then they were mixed
in the confluence point (c) and the reaction prodvas propelled to the detector. This

manifold configuration is based on a published wdfkrais et al. 2005).

3.3. Results and discussion

The optimisation studies included not only physipatameters such as flow
rates, tube lengths, plug sizes, sample and reagelnimes, but also chemical
parameters such as reagent concentrations. Thesvafied are summarised on Fig. 3.1

and Tables 3.1 and 3.3.

3.3.1. Study of physical and chemical parameters

Initial studies for setting up the physical paraengtof the system were carried
out using the ferrozine reagent. Initially, totdligp size was studied in the range 150-
400 pL, but the proportion between sample/standadicolour reagent was maintained
(2.5:1). The best sensitivity was obtained for &0total plug volume, with the volume
of sample and reagent of 250 and 100 uL, respégtiVee length of the reaction coil
was studied in the range of 60-160 cm; 85 cm altbtwgher sensitivity and therefore
was adopted for further studies. Propelling floderavas also studied in the range of
1.66-3.81 mL mift for pump 1 (Fig. 3.1) and in the range of 0.5681mML min* for
pump 2 (Fig. 3.1). Flow rates of 3.81 and 1.16 min‘mfor pumps 1 and 2,
respectively, were used. Although sensitivity wasilar in all cases, the flow rates

chosen contributed to a shorter cycle time.
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We also studied the influence of some chemicalabées in the performance of
the system.

In the case of pH, a good compromise between tethction of iron(lll) to
iron(Il) and complex formation between iron(ll) andlour reagent must be achieved.
For the complex formation with iron(ll), the bessitivity was obtained at pH 5.1 for
the acetate buffer. The range studied was betwesmd46 pH units and for complete
reduction of iron(lll) to iron(ll) the pH of the atate buffer must be below 4.2
(Fernandes et al. 1995). To achieve these condijtiarpreliminary study was carried
out off-line by mixing equivalent proportions ofettsample and buffer solution in a
beaker. The pH of the acetate buffer was set tao4r@aintain the pH at around pH 4.0
during the reduction process (sample/standards veeljasted to pH 2.0 before
analysis). After the study of pH buffer, the cortcation of the acetate buffer was also
studied over the range of 0.01-2.5 mdl. IOnly at the concentration of 2.0 mot was
it possible to maintain pH 4.0 at the reductioncess.

The ascorbic acid concentration was studied in rotdeassure the complete
reduction of iron(lll) to iron(ll) in the range 140% (w/v). The minimum
concentration of ascorbic acid that ensured thepbet® reduction of iron was 2%
(w/v). This was proved by the similarity betweee ttalibration curves of iron(lll) and
iron(ll) standard solutions.

Finally, the concentrations of both colour reagemése studied. In the case of
1,10-phenanthroline, concentration values betwe@h3and 0.10 mol £ were tested
and the sensitivity was similar in all cases. Thaaentration used was 0.013 mét L
with the aim of reducing reagent consumption. Th&(-phenanthroline-iron] complex
forms almost instantly with maximum absorption 82 "m and produces an orange-red

colour. The concentration of ferrozine was studiethe range of 0.25-5 mmol*L The
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sensitivity increased up to 2.5 mmof-.LFor higher levels of ferrozine concentration,
the sensitivity maintained constant, so the comaéinh selected was 2.5 mmofLThe
[ferrozine-iron] complex also forms instantly withaximum absorption at 562 nm and
produces magenta colour.

The initial practical difficulties of bubble formanh were overcome by filling the
unused ports of the selection valve with the watamier. Schlieren effects were
observed in the signals obtained for the standahatisn of 2 pg [* iron; however,
they did not influence the peak height reading aad be minimized by using a
reference wavelength for monitoring the refraciiveex changes during measurement.
Best day-to-day performance of the LWCC was fourmnvthe flow cell was washed

daily in counter current with a diluted HCI (0.05 Kblution.

3.3.2. Interference studies for both reagents

The interference of several ions on the deternonabtf total Fe was tested
(Table 3.2).

The tolerance level of error accepted was +5% efdahsorbance value of the
standard (5.0 ugt) used in the study. The ions tested weré"Qaf*, Mn?*, Zr?* and

Al**in the levels of 5, 10, 20, 50, 500 and 1000 f{g L
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Table 3.2. Study of interfering species expressedredative deviation from the
absorbance value obtained for the standard solufoB pg L* iron for ferrozine
reagent and 1,10-phenanthroline reagent.

Ferrozine reagent 1,10-phenanthroline reagent

Concentration Difference Concentration Difference
Species tested

(Mg LY (%) (Hg LY (%)
Zinc 1000 +5.0 1000 +3.4
Aluminium 1000 +3.7 1000 +12.5
Cadmium 50 +1.8 500 +10.6
Manganese 1000 +11.7 50 +14.8
Copper 10 +7.6 500 +14.2

For ferrozine reagent, the only major interferemees from copper(ll) at a level
two times higher than iron. The copper(ll) levelseawater is lower than Fe levels
(Lide 1993-1994), so it is unlikely to interferetime analysis of real samples. In the case
of higher Cu levels, the addition of semicarbazidethe samples can remove this
interference (Pascual-Reguera et al. 1997). Fd-ghtnanthroline reagent, the major
interferences found were from Mn, Cu and Cd ionkatls ten (manganese) and one

hundred times (copper and cadmium) higher than. iRoth Mn and Cd levels in

seawater are lower than Fe levels (Lide 1993-1994).
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The interference of NaCl in the determination @hirwas also studied in the
range of 0-35 g t for both reagents. The deviations obtained forcaticentrations
studied and for both reagents were less than 5&licating that the salt present in
seawater does not interfere with the determinadio that the method is applicable to
estuarine samples with variable salt concentrations

Oxalate, cyanide and nitrite also cause interfexeat high concentrations
(Stookey 1970). However, these ions are usuallggrein natural waters at trace levels

and therefore their interferences are negligiblea(¥y et al. 2001).

3.3.3. Analytical figures of merit

The overall features obtained for both colour reég@re summarized in Table
3.3. The limits of detection (LOD) and quantificati (LOQ) were calculated as the
concentration corresponding to three and ten tithesstandard deviation of the blank,
respectively, of ten consecutive blank injectioftdAC 1976).

The linear ranges obtained for ferrozine and fdiOdphenanthroline reagents
were 0.15-20 and 0.35-20 pg'Lrespectively. The LOD and LOQ were lower for
ferrozine reagent than for 1,10-phenanthroline eaaigThis was expected because of

the higher sensitivity of ferrozine reagent fomirdetermination.
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Table 3.3. Figures of merit of the developed method

Values
Parameters Ferrozine 1,10-phenathroline
Detection limit (ug [) 0.15 0.35
Quantification limit (g %) 0.49 1.21
Working range (ug ) 0.15-20 0.35-20
Determination rate (h 41 41
Reagent consumption per asspmfl)
Colourimetric reagent 0.25 1.3
Ammonium acetate 80 80
Acetic acid 80 80
Ascorbic acid 4.5 4.5
Waste produced per assay (mL) 4.14 4.14

3.3.4. Application to water samples

The proposed method was applied to different tyjesater samples: seawater,
well water, groundwater and river water.

Table 3.4 summarises the results obtained in iexovery tests with both
reagents in groundwater, seawater and well watditns of 2, 4, 10 and 20 pg'lof

Fe(lll) were made.
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Table 3.4. Results obtained for recovery tests wibkh colour reagents in different
types of water.

Recovery (%)
Sample
Colour reagent Concentration added
number
2uglt  4pglt 10pglt 20puglt
1 99+9 9+5 105+2 104 +5
2 93+2 92+5 95+1 931
Ferrozine
3 106 + 30 797 84+1 831
4 106 + 14 95+3 99+1 99 +1
5 92+9 89+3 95+1 91+£2
1,10- 2 105+2 104 +1 103+2 1001
phenanthroline 3 94+6 95+2 100+ 2 98+1
4 96 £ 23 97 +4 97 +£2 98+1

& Mean and standard deviation of 5 replicates; Saryples: 1 -Groundwater; 2 to 4 -

Seawater; 5 -Well water.

The recovery test results are good except thosermat for the addition of 2 pug
L™ iron, where the standards deviations are highthén recovery tests of seawater
samples, the results obtained show that seawatigixrdaes not seem to interfere with
the determination of iron for either of the reagent

The proposed SIA method with both colour reagends applied to several
water samples. To assess the quality of the resthlesy were compared with the

reference method (AAS). Table 3.5 summarizes thealteobtained.
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Table 3.5. Comparison of the result obtained in degermination of iron in several

samples of water using both SIA methods and thexeate procedure.

Water Reference SIA ferrozine Relative SIA 1,10-phenanthroline Relative
source  procedure method deviation method (ug L) deviation
(g L) (g L) (%) (%)
River 69.6 £6.7 705x1.1 13 65.5+1.2 -5.9
Ground 1.75+0.00 2.02+0.03 15.4 1.69 £ 0.09 -3.4
Potable 13.0+0.6 128+0.1 -1.5 13.5+0.1 3.8
1.0+0.8 1.74 £0.02 74.0 1.67 £0.06 59.2
0.75+0.00 1.92+0.05 1.56 x40 1.1+0.2 46.7
Well  1.69 +0.07 23.3+0.1 1.28 X310 1.59 + 0.05 -5.9
7004 5.73+0.05 -18.4 6.9+0.1 -1.4
11.2+1.0 30.4+0.2 1.71 x40 11.6+0.2 3.6
Sea 14.1+0.3 145+0.1 2.8 16.2 £+ 0.6 14.9
7.0x05 58+0.1 -15.9 7.0+0.2 0.0
6.1+0.3 49+0.3 -17.1 50+0.5 -18.0
11.1+0.0 9.6+0.2 -13.5 10.7+04 -3.6
11.8 £ 0.0 10.1+0.1 -14.4 12.2+0.2 34

At low levels of iron, small absolute differencesulted in large relative errors

between methods. The SIA ferrozine method is meresitive and presented a lower
standard deviation but also a lower tolerance terierence, as can also be verified in
the Table 3.3. The results obtained by the SIA -pli®nanthroline method were very

similar to the results obtained by reference method
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For comparison purposes, a linear relationshig6CCo +SGrp) was established
for both colour reagents. The regression equatond for the determination of iron by
ferrozine was Giserrozine= 1.01 (£0.04). g— 0.511 (£0.910) (n=11, excluding the two
well water samples with higher relative deviatioRpr the determination of iron by
1,10-phenanthroline the equation can be writtelC&s: 10-phenanthroliie 0.95 (£0.03) e
Cre+ 0.615 (2£0.689) (n=13). For both equations, taki@s in parenthesis are the limits
of the 95% confidence intervals and=R.997. From these values, it is clear that the
calculated slope and intercept lie close to theeslbf 1 and 0, respectively. Therefore,
it can be concluded that the two sets of resultfi€iand Miller, 1993) obtained by the
proposed methodologies and reference proceduiia argood agreement.

The proposed SIA method with both colour reagents walso applied to
certified reference standard SLRS-4 with certifiedue of 103 + 5 ug t; the results
obtained were 98.9 + 0.7 pg'land 104.7 + 0.7 pgtfor the ferrozine and for the
1,10-phenanthroline method, respectively. The tesudrrespond to the average (n=10)
and the half width of the 95% confidence intervidie certified sample was diluted 10
times in order to fit in the linear range of botlethods. The results obtained showed a

good accuracy for both reagents.

3.4. Conclusion

A comparison of figures of merit with different rhetls for the determination of
iron is shown in Table 3.6. The developed work sffsome improvements such as low
detection limits without any preconcentration stéus providing high determination

throughputs, low reagent consumption and low effiygroduction. The LWCC flow
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cells present a reliable alternative for increasiige sensitivity of the
spectrophotometric analytical procedures. Althotigl achieved detection limits are
higher than those required for open ocean iron toong, the scope of this work was
on estuarine water monitoring, where the expectadlevels are higher.

Another objective of the work was to compare 1,hé+manthroline and ferrozine
reagents in the determination of iron in differentirces of water, using this automatic
system. It should be emphasized that the sengi@wit extent of interferences depend
on the flow systems, as it is in fact a kineticedetination. In these conditions, ferrozine
reagent presents a higher sensitivity for iron el as for copper as an interferent. The
consumption per assay of ferrozine reagent is tleas 1,10-phenanthroline reagent,
although it is significantly more expensive. Theotweagents are in the same safety
class (WGK=3) in the material safety data sheet.e Téxisting alternative
spectrophotometric batch method for iron (Clese¢ral. 1998) is based on the 1,10-
phenanthroline reagent; this method is not directiynparable to our method, as it is
applicable only to samples with at least 10 gifon, where the reagent consumption

is typically 1000 times higher than that of our huat.
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Chapter 4

A multi-syringe flow injection system for the speatophotometric
determination of trace levels of iron in waters usig a liquid waveguide

capillary cell and different chelating resins and eaction chemistries

The second work of this PhD program was the dewedop of a method able to reach
lower levels of iron than previous work. Thus, agovaveguide capillary cell with a
preconcentration resin was coupled to a multi-sgerilow injection analysis system to
attain this objective. A liquid waveguide capillagell was used. Two different
preconcentration resins were tested, Chelex 100NihA Superflow. The determination
of iron in this work was also based on a colorineteaction and two reagents were
also tested, ferrozine and ammonium thiocyanate.ddveloped method employing the
NTA Superflow with ferrozine colorimetric reagenbyided a detection limit of 0.05 pg
L™ with a linear response up to 8 pug land a sample throughput of 12 per hour. The
developed system presents low reagents/sample roptisus. The accuracy was

assessed using a certified reference water sample.
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4.1. Introduction

The importance of the determination of iron waseadly discussed in the
previous chapter.

There is a wide variety of possible instrumentathrods for the determination of
iron, spectrophotometry (Gomes et al. 2005; Mordisal. 2005; Pons et al. 2005),
chemiluminescence (Elrod et al. 1991), HPLC (Matyanet al. 2004), adsorptive
stripping voltammetry (Segura et al. 2008), fluosrse (Chen and Chang-Qing 2007),
inductively coupled mass spectrometry (ICP-MS) (Yanh al. 2000) and atomic
absorption spectrometry (AAS) (Costa and Araujol30Blowever when trace levels of
the analyte is concerned, the applicable detectiethods are reduced.

Flow analysis systems provide several advantagessdmple manipulation
including simplicity, equipment cost, accuracy, daeproducibility, elevated sample
throughput, in-line sample manipulation, high degoéautomation and reduction in the
consumption of samples/reagents and in effluendymtion (Cerda et al. 2007; Morais
et al. 2005; Segundo and Rangel 2002).

There are several spectrophotometric systems for gletermination using
different flow strategies. Some of these applicaiose this determination as a case
study to demonstrate the capabilities of some nedéyeloped flow handling
techniques. In this context, Pons et al. summattzesievelopment and improvement of
flow procedures based on using the same reactiemislry for the determination of
iron in different flow strategies (Pons et al. 2p06Vithin the published
spectrophotometric flow methods there are sevletluse preconcentration/separation
approaches incorporated in FIA (Blain and Tregu@95), SIA (Rubi et al. 1997),

MSFIA (Gomes et al. 2005) and multi-pumping (Ponale2005) manifolds.
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MSFIA is one of the most recent flow analysis taghes and it was first
proposed by Cerda and co-workers (Cerda et al.)1998ong with other flow analysis
techniques, it offers high sampling rate, robustnesrsatility and low consumption of
reagents and samples (Mir6 et al. 2002). MSFIA dassthe multi-channel operation
of flow injection analysis with the ability to selethe exact volumes of sample and
reagents needed for analysis, as it is carried imusequential injection analysis
(programmable flow) mode. One not frequently merdoh but not less important
characteristics of the MSFIA system is that it isoaable to work under moderate
backpressure, thus is very suitable when usingdalated resins (Cerda et al. 2007,
Pons et al. 2006) or even monolithic columns (Gtezz&an Miguel 2009).

Various resins are described in literature as (Blaif and Treguer 1995 ),
Amberlite XAD-4 (Hirata et al. 1999), MAF-8HQ (Ofzatt al. 1993), 8HQ (Measures
et al. 1995), Chelex 100 (Pons et al. 2006; Rubl.t997) and NTA Superflow (Lohan
et al. 2005; de Jong et al. 2008) for iron precatregion. The latter NTA Superflow
resin was originally designed for high throughpamgle clean-up procedures based on
the affinity chromatography concept. It presentges® advantages as, the analyte
recovery at low pH and the supported high flowsatich is very interesting for using
in applications where high sampling rate is neettently, this commercial resin was
applied for the preconcentration of total iron anvlpH open sea water samples (Lohan
et al. 2005). The developed work presented remé&laialytical characteristics; those
in one part can be attributed to the new resinianather part to the applied ICP-MS
detector.

One objective of this work was to apply and compghee characteristics of the
NTA resin to the well established Chelex 100 catia@xchange resin (operating at a

higher=4 pH range), under flow analysis conditions ancdhgisa spectrophotometric
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detection system with a liquid waveguide capillacgll. In the LWCC, the
spectrophotometric pathlength is increased witlvousiderable light attenuation (Fuwa
et al. 1984). The light is carried by means of atical fiber to the LWCC where it
undergoes total internal reflection on the cell IsvalThe potential to exploit this
equipment was only possible since 1993 with Te#dd¢tr2400 (DuPont Fluroproducts,
DE, USA). This polymer is chemically stable, inartd is mainly transparent through
UV and visible range with refractive index (1.2@wer than water (1.33) (Li et al.
2003).

The ultimate objective of the work was to developaatomated method capable
to detect and quantify low levels of iron in watenwith minimized reagent
consumption. For this purpose the LWCC and a premamation mini-column were
coupled to a MSFIA system. Two different chemistrigere applied for downstream
spectrophotometric detection of iron in the differexidation states of Eeand F&",

involving the colorimetric reagents ferrozine amanaonium thiocyanate, respectively.

4.2. Material and methods

4.2.1. Reagents and solutions

River water certified reference material (NCR-SL®Swas also analysed for
the evaluation of the accuracy of the developedhotketas recommended by the
National Council of Canada.

Ferrozine solution of 2.5 mmolLwas prepared daily by dissolving 0.0185 g of
ferrozine reagent (£gH14N40sS,) in a 2% (w/v) ascorbic acid solution preparedhi

mol L™ acetic acid ammonium acetate solution where thal ffH was adjusted with
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acetic acid to 4.5.

The ammonium thiocyanate solution of 1.5 mdiWwas prepared by dissolving
11.4 g of the solid (NESCN) in a 100 mL of MilliQ water.

The Chelex 100 resin (Bio-Rad, 200-400 mesh, sodarm) was suspended in
a conditioning buffer obtained from 6.56 g of sadiacetate and 16 mL of concentrated
acetic acid solution in 200 mL of water and withdii pH adjusted with acetic acid to 4.
The same procedure was adopted to prepare thetiommly buffer/complexing agent
solution, with water being replaced by a 1 mdi4odium chloride solution. The 1 mol
L™ sodium chloride solution was prepared by dissgVérB4 g of sodium chloride in
100 mL of water.

The resin NTA Superflow resin (Qiagen Inc., Valencspain) is available in a
form of suspension therefore it is ready to use.

Before application to iron determination the prggaresin columns were
washed with 1.0 mol £ HCI solution, until stable (RSD< 3%) blank readings

obtained.

4.2.2. MSFIA procedure and system configuration

The manifold configuration used is shown in Fid. 4nd the protocol sequence
is listed in Table 4.1.

For all solenoid valves, the exchange options wtassified in on/off lines. The
“on” line was assigned to the flow network and toé” line to the solution flasks

(represented with a solid line and dotted linepeesively on Fig. 4.1).
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S4/NV4 >
MS

Figure 4.1. Multi-syringe flow injection analysisamifold for the determination of iron
in waters. § syringes; V: solenoid valves in position “on” (discontinuousel) or “off”

(continuous line); SL: sample loop (4 mL); RC: @t coil (100 cm); ¢ confluence;

LWCC: detector (100 cm optical path, 480 and 562formammonium thiocyanate and
ferrozine, respectively); MS: multi-syringe modul€R: chelating resin (NTA
Superflow or Chelex 100); W: waste; S: sample andgard; O: oxidant (and
conditioning agent for Chelex 100 resin); E: elyeRt color reagent (ammonium

thiocyanate or ferrozine).

The first step consists in washing and conditionithg chelating resin.
Afterwards, a total volume of 3.6 and 0.4 mL of gpdenand oxidant, respectively, are
aspirated to the sample loop via syringe 2 in afyirsampling mode. The aspirated
solution sequence was made up as 0.2/1.8/0.1/1.84Q. of alternating oxidant and
sample plugs. Then, the mixture contained in tmepda loop (SL) is propelled through
the chelating resin and solenoid valve (V7) to wa$he elution of the retained analyte
is carried out in two steps. First, 0.25 mL of gheent is propelled through the resin. At
the second phase, a portion of the colour rea@e®5b (mL) is introduced at confluence

2 (@), downstream and simultaneously with the secomt(pa&25 mL) of the eluent. In
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the final step the resulting mixture is transpoti@the detector and the analytical signal
is registered. The spectrophotometric measurenveens carried out at the wavelength
of 480 and 562 nm for the detection of iron-ammaoniiiocyanate and iron-ferrozine
complex, respectively. Reference wavelength forimizing the schlieren effect was

set at 700 nm.

Table 4.1. MSFIA protocol sequence for the deteatim of iron in waters.

Piston Position of solenoid valves Volume  Flow rate
Step Description
movement“v1~ vz v3 v4 V5 V6 v7 vs (M) (mLmin?

Cleaning the chelating

1 Dispense 0 0 1 0 0 0 0 0 13 4
resin
3.6% Aspirate sample and
2 Pick up 0 1 0 0 0 0 0 0/1 5
0.9° oxidant
Propel sample through
3 Dispense 1 0 0 0 1 1 0 0 45 2.5
the resin
Propel eluent through
4 Dispense 0 0 1 0 0 0 1 0 025 2
the resin
0.25% Propel eluent and colour
5 Dispense 0 0 1 1 0 0 1 0 2
0.25" reagent to the detector
Propel reaction mixture
6 Dispense 1 0 0 0 0 0 1 0 25 3 to the detector and

signal registration

* sample? oxidant;® eluent; colour reagent; 0 -off; 1 -on.

The MSFIA system was designed to permit the detetian and monitoring of
iron in estuarine waters at low concentrationsaffain this objective, the advantages of
the increased sensitivity of LWCC and the precotre¢ion chelating resin were
coupled in this MSFIA manifold. Four solenoid vawere included (Fig. 4.1) in the

set-up. The sampling step was based on the aspiratithe sample into a fixed volume
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sample loop, as introducing the sample to the system one of the syringes would
require cumbersome washing steps to avoid contdimmabetween consecutive
solutions. For that reason, three additional satenalves (V5, V6 and V8) were
attached to the system. The solenoid valve V7 wasiected to minimize the contact
between the solutions and the flow cell.

The volume of sample introduced was controlled ty ength of the sample
loop and the binary sampling technique was usear@amote a better mixing between
the sample or standard with the oxidant (when u§lhglex 100 resin the solution of
oxidant was prepared with conditioning buffer/coexphg agent solution for resin
regeneration). The binary sampling mode was acHiéyerapid commutation of valve
V8, allowing the consecutive and alternate asmrnadf plugs of sample and oxidant,
promoting their mutual overlapping before fillinigetinjection loop. If this mixing was
achieved with a conventional confluence, the samptaild be diluted and the

repeatability would be compromised.

4.3. Results and discussion

Several physical and chemical parameters were estugind optimised by the
univariate method, where only one parameter wasiggth while others were kept

constant.

4.3.1. Study of physical and chemical parameters

Initial studies for setting up of the physical pasders of the system were

carried out using the ammonium thiocyanate reagéhtboth resins. First, the effect of
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the size of the resin column was studied by changie length (10-50 mm) and the

diameter (1.65-2.29 mm) of the PVC tubing. The bgjhsensitivity was achieved using
the dimensions of 25 mm of length and 2.29 mm afrditer, for longer columns the

operational stability decreased. In preliminariiydes it was observed that Chelex 100
resin became more compressed than NTA Superfloin egsthe same flow rates and

this alteration was more evident in longer columns.

The influence of the sample volume was studiedgusijection volumes in the
range of 1-5 mL. Increasing the sample volume emed the sensitivity of the method
without evidence on saturating the resin columnydwer considerable increase in cycle
time was registered. A 4 mL sample volume was sedieas a compromise between low
detection limits and cycle time.

As the elution step was reported to be largely gmadant upon the extraction
step (Vanloot et al. 2007), the following study s@ted in evaluating the effect of the
eluent plug size on sensitivity. The range studmdthe plug size of the eluent was
0.125-0.5 mL and the best sensitivity was obtawéd 0.25 mL (for both steps 4 and
5, Table 4.1). The influence of plug size of théiooo reagent on the sensitivity was also
studied between 0.0625-0.5 mL and 0.25 mL was chdmzause it presented the
highest sensitivity.

Following this, the effect of the length of the egan coil (RC) on the sensitivity
of the method was studied for lengths between 26200 cm and the 100 cm was
selected as allowed better sensitivity, while inger reactors the sensitivity decreased
probably due to the increased sample dispersion.

At the end of the physical setup, the effect of floe rate of every step in the
analytical cycle was also evaluated and the resutissummarised in Table 4.2. The

flow rate for each step was selected as a compeob@sveen sensitivity, shorter cycle
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time and low pressure for the resins columns.

Table 4.2. Study of the flow rates for all the step

Step  Range studied (mL mip  Selected value (mL miD

1 1-5 4
2 1-10 5
3 1-5 2.5
4 1-5 2
5 1-5 2
6 1-5 3

The chemical variables studied included the elgententration, the pH and the
concentration of ascorbic acid.

Firstly, the effect of the HCI eluent concentratias studied in the range of
0.25-1.5 mol [* and 1.0 mol [ was chosen because it presented the highestigisit
and same as the 1.5 mot* Isolution. The elution step is particularly studiedthe
literature and it is an important parameter. ltgsnerally accepted that the most
appropriate acids to elute is HCI (Measures e1@05; Vanloot et al. 2007) and HNO
(Rubi et al. 1997). Lohan et al. reported no ddfee between the two acids when
applied as elution solutions, and the manufactafehe LWCC recommended the use
of hydrochloric acid in order to prevent flow celamage, therefore this acid was
applied.

The effect of the ammonium thiocyanate colour reageoncentration was

studied in the range of 0.5 - 3 mot land the best sensitivity was obtained for 1.5 mol
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L™

Similarly, the effect of the ferrozine colour reagjeoncentration was tested in
the range of 0.62-5.0 mmol™Land the concentration of 2.5 mmof lallowed the
highest sensitivity. When using ferrozine colouagent, the effect of pH was studied in
order to achieve a good compromise between totlaicteon of iron(lll) to iron(ll) and
complex formation between iron(ll) and ferroziner Eomplete iron(lll) reduction, pH
must be below 4.2 (Fernandes et al. 1995). Aniné-$tudy was performed in order to
maintain the pH at the reduction step around pH(th€ eluent had a concentration of
1.0 mol L* HCI). Therefore, the range of the concentratioml ahe pH of the
ammonium acetate buffer studied were 0.01-2.5 rifoahd 4-5 pH units, respectively.
Only a solution with 2.0 mol £ and 4.5 pH units was capable to achieve the dbgect
above. The concentration of ascorbic acid solutas varied between 1-4% (w/v) and
the minimum concentration to assure complete iealuction was 2% (w/v).

Finally, the effect of KO, oxidant concentration was studied using the NTA
Superflow resin. For this study solutions of irdph@nd iron(lll) were prepared from
ammonium iron(ll) sulphate hexahydrate and for (Hbn solution potassium
permanganate was added to the standard solutian asxidizing agent. The J@,
concentration was varied between 0.002-0.2 nitarid the minimum concentration
necessary to oxide iron(ll) to iron(lll) in the spi@s/standards was 0.2 mot.L

Schlieren effect in the detection cell was notie#iough it could be minimised
by using a reference wavelength for monitoring tafactive index changes during
measurement.

At the end of a working day, the LWCC was washedsecutively with HCI

(0.05 mol 'Y and NaOH (0.05 mol ) solutions in counter current.
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4.3.2. Comparison of the resins

It should be emphasized that the incorporated reslomns not only act as
preconcentration units but as well have the objectif matrix removal. Both resins
have been applied to the determination of tracenehts in natural waters and efficient
matrix removal was reported for NTA by Lohan and@helex 100 by Jiménez et al. in
the case of application to sea water samples. Hewet dependent swelling is
frequently reported for Chelex and ammonium acetashing of this column is
necessary to remove alkaline and alkaline-eartlalset excess.

These two resins were compared in several feaamdsthe calibration curves

obtained for both resins are presented in Fig. 4.2.

Abs
A = 0.0371[Fe] + 0.6234 Chelex
0.800 -
0.600 -

A = 0.0197[Fe] + 0.2278 NTA Superflow

4

0.200 -

0.000 ‘ ‘ | | |
Concentration ( pg L)

Figure 4.2. Calibration curves using the same no&thifonfiguration and concentration

of reagents for the different resins applied (rfe8all standard solutions injected)

The use of Chelex 100 resulted in a higher seiisitior iron(Ill) by comparison

of the slopes of the equations of the calibratiorves (same system set-up and the
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same ammonium thiocyanate reagent for both resiit®.equations of the calibration
curves for Chelex 100 and NTA Superfloasins were, Abs=0.0371[Fe] + 0.6234 and
Abs=0.0197[Fe] + 0.2278, respectively (Fig. 4.2)0n concentration expressed as g
L™
However, with Chelex 100 resin, the use of a regdim solution was

imperative and this solution contributed to highamk signals. The standard deviation
from the ten consecutive injections of the blanls\alwvays higher. Consequently, both
detection and quantification limits obtained weighler too. Additionally, at higher
flow rates the compression of the column occurned l@ak of the solutions passing
through the column was noticed due to the incregsesdsure inside the system. In all
these operational characteristics considered tha& Niiperflow resin showed superior

stability.

4.3.3. Comparison of the reaction chemistries

In this study, the two colour reactions were coregarThe ferrozine reagent
forms a complex with iron(ll), therefore the sotuticontaining ferrozine must have
ascorbic acid in order to reduce all of the irdf(lio iron(ll). The ammonium
thiocyanate reagent forms a complex with iron(lHgnce there is no need of iron(lll)
reduction. The equations of the calibration curuseng ferrozine and ammonium
thiocyanate with Chelex 100 resin are, Abs=0.08]/{#6.7806 and Abs=0.0371[Fe] +

0.6234, respectively (Fig. 4.3).
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Abs

A= 0.087[Fe] + 0.7806 Ferrozine reagent
1.600 -

1.200 -

A= 0.0371[Fe] + 0.6234 Ammonium thiocyanate reagent
0.400 -

0.000
0 2 4 6 8 10

Concentration ( pg L)

Figure 4.3. Calibration curves using the same systenfiguration and the Chelex 100

resin for the two tested colour reagents

From the comparison of the slopes, it can be caeduhat ferrozine reagent
presents a higher sensitivity. The blank signadscariet high for ferrozine reagent even
though the detection and quantification limits Emeer. This can only be attributed to

the higher sensitivity. Hence, the ferrozine colmagent was the best option.

4.3.4. Analytical figures of merit

All the analytical characteristics achieved usitg ttwo resins and colour
reagents are summarized in Table 4.3. Both dete¢li®D) and quantification (LOQ)
limits were calculated as the concentration cowadmg to the blank signal three and
ten times the standard deviation, respectivelytesf consecutive blank injections

(IUPAC 1976).
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Table 4.3. Figures of merit of developed methods.

Resin Chelex 100 NTA Superflow
Reagents Thiocyanatd-errozine Thiocyanate Ferrozine
Detection limit (ug [1)? 0.56 0.20 0.52 0.05
Quantification limit (ug ) 1.15 0.83 1.16 0.08
Working range (ug ) 0-20 0-15 0-50 0-8
Determination rate (h 12 12 12 12

Reagent consumption per

assay (mmol)

HCI 0.5 0.5 0.5 0.5
Ammonium thiocyanate 038 - 038 -
Ferrozine - 0.00062 ----- 0.00062
Hydrogen peroxide 0.18 0.18 0.18 0.18
Acetic acid 1.26 - 126 -
Sodium acetate 036 - 036 -
Ascorbicacid = ----- 0.028 - 0.028

Ammonium acetate/acetic

acid

# assessed from the standard deviation from blagrasi(n=10) (IUPAC 1976); ----- -
not applied.

The detection and quantification limits were alwéyser when using ferrozine
colour reagent because of the higher sensitivityidan. Although Chelex 100 resin
presents a higher sensitivity for iron(lll), assiés said above, it is the combination of

NTA Superflow with ferrozine reagent that preserte lower detection and
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quantification limits. The innovation in this stegly lay on using a resin column that
acts as a preconcentration and interference eltrmimaunit and combine it with a
LWCC in a MSFIA manifold. Nonetheless, with therease of the light pathlength, all
absorbance signals are amplified including the lbland in this case it can be a
limitation for LWCC use, as high blank signals naiiy predict high detection and

quantification values.

4.3.5. Application to water samples

Concluded the comparative studies, the method using Superflow resin and
ferrozine colour reagent was applied to a certifigfgrence sample. The sample SLRS-
4 with certified value of 103 + 5 pg'lwas analyzed and the result obtained was 102 +
3 pg LY. The result corresponded to the average (n=1Byasand the half width of
95% confidence interval. The certified sample wisted fifty times in order to fit in
the linear range. The result obtained for the sangblows a good accuracy for the

developed method.

4.4. Conclusion

In this manuscript, a systematic study on the coispa of the preconcentration
resins of Chelex 100 with NTA Superflow resin anmnaonium thiocyanate with
ferrozine is demonstrated in the determinatiorrai.i

From the developed work, NTA Superflow resin clgapresent better

operational stability moreover no additional coimiing solution is necessary. The
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developed method reached low detection limits fon in waters with a good sampling
rate. It should be emphasized that if sampling isatet a crucial parameter, even lower
detection limits can be reached by increasing émepte load.

In Table 4.4 there is a comparison of several featof different flow methods
for the determination of iron. If compared to othexisting spectrophotometric
alternatives, the present work shows low reagemswmption and effluent production.

The developed method is the first to combine aidiguaveguide capillary cell
with a preconcentration resin in a MSFIA systemcdh be also confirmed that the
LWCC equipment provides a consistent and reliaptéoa for increasing the sensitivity

of spectrophotometric analytical procedures.
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Chapter 5

Spectrophotometric determination of zinc and coppein a multi-
syringe flow injection analysis system using a ligd waveguide

capillary cell

The third work of this PhD program was the develeptrof a multi-syringe injection
analysis system coupled with a liquid waveguide illeap cell for the
spectrophotometric determination of zinc and copperlow levels in waters. The
developed methodology for both ions was based @slaimetric reaction with zincon
reagent at different pH values. A liquid waveguidgillary cell was used to enhance
the sensitivity of the detection. The detectiorit lior copper and zinc was 0.1 and 2 ug
L™, respectively, without the need for any precomegioin step. The system also
provided a linear response up to 100 pgwith a high throughput (431 and low
reagent consumption and effluent production forhbioins. The developed work was

applied to natural waters and three certified refliece water samples.






Chapter 5 MSFIA for copper and zinc determioat

5.1. Introduction

In recent years, due to the increase of pollutiictsy connected with human
activity, quantitative routine analysis has been fatus. Flow analysis systems,
especially in water analysis, are very suitable tfos purpose because of increased
accuracy, good reproducibility, precision, equipmerost, elevated throughput,
simplified sample handling, reduced contaminatisks; high degree of automation and
reduction in the consumption of samples/reagentisimreffluent production (Cerda et
al. 2007; Segundo and Rangel 2002). Within theouariflow methods, one of the most
recent is MSFIA. It was first proposed by Cerdaletl999 and along with other flow
analysis techniques, it presents versatility, rtiess, high sample throughput and low
consumption of reagents and samples (Mir6 et 2ROMSFIA combines the multi-
channel operation of flow injection analysis withetability to select the required
volume of sample and reagents for analysis, a cterstic feature of sequential
analysis (programmable flow) mode. Therefore, MSKAn be an advantageous
alternative to downscale environmental monitoringays.

Zinc and copper ions are essential for normal mhggical processes of living
organisms (Burguera-Pascu et al. 2007). In hum&ns,is the second most abundant
transition metal ion, acting in several biologisgstems and is also a cofactor in diverse
biochemical processes of bacteria and plants (Yetngl. 2004). It is an essential
nanonutrient in ocean surface waters and can tsemprén organically complexed and
in phytoplankton integrated forms (Nowicki et al998). Copper also plays an
important role as a component of some oxidoredastasthe growth of phytoplankton
(Morel et al. 1991) as well as in most living organs (Leelasattarathkul et al. 2006).

Excessive amounts or defects in intake of both @nse several possible alterations to
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physiological processes (Burguera-Pascu et al. ;280@igun et al. 2007). In humans,
the maximum daily intake of 0.5 and 1.0 mg*kgas established, for copper and zinc,
respectively (Shams et al. 2004). Excessive amaafnzgnc found in the environment
can have diverse origins: domestic, metallurgy gailsing, alloy manufacturing,
agricultural, clinical, geological, pharmaceutigabducts (Aggarwal and Patel 1998;
van Staden and Tlowana 2002) and copper is oftanemed to effluents from septic
tanks and municipal wastewaters, discharges fromep@lants as well as leaching
from antifouling paints and pressure-treated dqukegs (Callahan et al. 2004; Croot
et al. 2000; Moffett et al. 1997). Moreover, botims are often found together in many
samples of distinct nature (Richter et al. 1997pi§in et al. 2006) and this reason
justify the development of a low cost method abldeétermine both ions at low levels.

There are several methods for the determinatidmodi analytes or just a single
one. Within the methods used for the determinabbrboth analytes in waters, the
majority are based on spectrophometry (Liu et @851 Oliveira et al. 1996; Richter et
al. 1997; Ruedas-Rama et al. 2005; Shams et al; Zlfpigun et al. 2006; Shpigun et
al. 2007; Teshima et al. 2006), lmatitammetric detection was also employed by Shams
et al. 2004 and Suteerapataranon et al. 2002t¢bimique can have limitations in the
zinc determination due to hydrogen wave interfeeeimcacidified samples along with
the incapacity to detect Zn at natural pH (neaat8)hich Zn is strongly connected to
organic ligands (Nowicki et al. 1994). There arsoaseveral ICP-MS methods for the
analysis of both analytes at low levels in bloodspha and urine (Szpunar et al. 1997)
and in seawater (Otero-Romani et al 2009), withagsociated high maintenance costs
of this detection system.

For zinc alone a variety of methods using differdatection approaches like

electrothermal atomic absorption spectrometry (Barg-Pascu et al. 2007), flame
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atomic absorption spectrometry (Dutra et al. 20@IGprimetry (Nowicki et al. 1994;
Yang et al. 2004), ICP-MS (Otero-Romani et al 20@Zpunar et al. 1997),
chemiluminometry (Watanebe et al. 1999), and vatitetny (Shams et al. 2004,
Suteerapataranon et al. 2002) were proposed.

There are also several methods for copper detetimmausing different
detection techniques as fluorescence (Luo et &9R&hemiluminescence (Lunvongsa
et al. 2006), spectrophometry (Leelasattarathkal.€2007), ICP-MS (Otero-Romani et
al 2009; Szpunar et al. 1997; Wu and Boyle 199Gtammetry (Collado-Sanchez et al.
1996), atomic absorption spectroscopy (Chan andnglu2z000), and flame atomic
absorption (Anthemidis and loannou 2009).

Regarding flow analysis technigques, most systens spectrophotometric
detection since the colorimetric procedures arepmfast and robust; however, to
reach the trace levels of elements targeted in ¢hse, a preconcentration step is
commonly necessary (Richter et al. 1997; RuedasaRaral. 2005).

To avoid the use of a more complex experimentalupetin this work we
propose to use a liquid waveguide capillary celhere the optical pathlength is
increased without light attenuation (Fuwa et aB4)9 The light is carried in and out of
this detection cell by means of optical fibers.idiesthe LWCC light undergoes total
internal reflection on the walls as the light coatilug path is transparent in the
wavelength of interest and has a refractive indgkér than that of the wall materials,
as a result light is kept in the optically denserec The potential to exploit this
equipment was only possible since 1993 with TeAé#132400 (DuPont Fluoroproducts,
DE, USA). This polymer is mostly transparent throogt the UV and visible range
with refractive index (1.29) lower than water (1),3Ghemically stable and inert (Li et

al. 2003).
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To sequentially quantify copper and zinc, an optisas made to use the
colorimetric reagent Zincon that reacts with bottalgtes at different pH values. The
values of the equilibrium constants for the Zn-pm@and Cu-zincon complex are highly
pH dependent. The pK values for the Zn-zincon cemplre 7.9 and 0.6 at pH 9 and 5,
respectively, showing that complexation of Zn at pi is insignificant; whereas the
formation of Cu-zincon complex is favoured at pl fRichter et al. 1997). With this
work, we also attempted to reach low levels of wheteation for both analytes in
natural waters with low reagent consumption in & loost system with elevated
throughput. With all the apprehension and infororatabout environmental problems,
“Green Chemistry” aproaches should be in focushWhts aim, an MSFIA system was
used to automate sample handling and transportWCC in order to detect and
quantify low levels of zinc and copper in waterhieTmethodology is based on the
sequential determination of the two analytes bagedtheir complexation with a

common reagent at different pH.

5.2. Material and methods

5.2.1. Reagents and solutions

Three certified reference water samples (NWRI-TM22AIST-SRM 1640 and
ERM-CAO2l1a) were analysed in order to evaluate dbeuracy of the developed
method.

All solutions used in interference studies (Fe, I@d, Al, Pb) were prepared by

diluting commercial atomic absorption standardse($msol).
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Zincon (2-Carboxy-2hydroxy-5-sulfoformazyl-benzene monosodium salt,
CooH1sN4NaOsS “H,0) 4.6 mmol ! reagent solution was prepared by dissolving 0.22 g
of the solid in 0.02 mol T NaOH solution. A daily 4.6 x T®mmol L* zincon solution
was prepared by diluting the reagent solution pepabove in 0.02 molt NaOH
solution.

A 0.2 mol L* sodium acetate buffer for copper determination prapared by
dissolution of the corresponding quantity of sadicd the final pH was adjusted with
acetic acid to 5.0.

A 0.25 mol L* boric acid solution was prepared by dissolutiorthef solid in a
solution containing 0.05 molt potassium chloride and 0.5 motl*INaOH with the

final pH adjusted with sodium hydroxide to 9.0.

5.2.2. MSFIA procedure and system configuration

The MSFIA system (Fig. 5.1) was designed to allberdetermination of copper
and zinc in waters at low levels. In order to attéiis objective, a LWCC was coupled
to the MSFIA manifold.

For all solenoid valves, the exchange options wtassified in on/off lines. The
“on” line was assigned to the flow network and toé” line to the solution flasks

(represented with a solid line and dotted linepeesively on Fig. 5.1).
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Figure 5.1. Multi-syringe flow injection analysisamifold for the determination of zinc
and copper in waters;:$yringes; ¥ solenoid valves in position “on” (discontinuous
line) or “off” (continuous line); SL: sample loog@0 pL); RC: reaction coil (200 cm);
c¢i: confluences; LWCC: detector (100 cm of opticathp®20 nm); MS: multi-syringe
module; CP: computer; W: waste; S: sample or stahda:,: copper buffer solution

(sodium acetate); B: zinc buffer solution (boric acid); R: colour resy (Zincon).

Four solenoid valves were included in the set-upe $ample introduction from
one of the syringes by impulsion would require cemsbme washing steps of the
syringe itself to avoid contamination between cengsge solutions. For that reason,
additional solenoid valves (V5, V6) were attachedhe system to accommodate the
aspiration based sampling. The volume of the sampleduced was controlled by the
length of the sample loop placed between V5 and Gthfluence (§ was added to
promote mixing between the sample and the buffiatisn. The solenoid valve V7 was
used for the introduction of the sample or standaldtion and V8 for the selection of

the buffer solutions.
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The protocol sequence is listed in Table 5.1.

Table 5.1. MSFIA protocol sequence for the deteatim of zinc and copper in waters.

Piston Position of solenoid valves Volume Flow rate
Step Action

movement vi v2 v3 vs ve vz vs (mL)  (mLmin®)

. 19 Aspirate sample
1 Pickup o 1 o 1 1 1 1.0 5
o and buffer solution

Propel carrier and
05C 15C

2 Dispense 1 0o 1 0 0 © 0 colour reagent to
0.25R 0.75R

the detector

Propel the mixture

3 Dispense 1 0 0 0 0 ©0 O 2.0 4 to the detector and

signal registration

C -carrier; R -colour reagertt;-off; 1 -on;* Copper buffer solutiofi; Zinc buffer

solution.

The first step consists of aspirating 1.0 mL of shenple/standard and respective
buffer solution to the sample loop. Afterwards, thixture contained in the sample loop
(SL) was propelled with the carrier to the confloerig) where a portion of the colour
reagent (0.25 mL) was introduced downstream. Infithed step, the resulting mixture
was transported to the detector. The spectrophdtammeeasurements were carried out
at the wavelength of 620 nm.

The calculation of the analytes concentrations wased on the following
procedure. Calibrations curves were traced at pldegaof 5 and 9. At pH 5, copper
standards in the range 10-100 pijwere introduced in the flow system and the copper
sample concentration was estimated by interpolatibmen, at pH 9 (equivalent

sensitivity for copper and zinc), a calibration\w®iwas established with zinc standards
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in the same working range and, by interpolatior,gtm of the molar concentrations of
both ions was obtained. Therefore, the zinc sammheentration can be assessed by the
difference.

At the end of a working day, the LWCC was washedseautively with HCI

(0.05 mol ') and NaOH (0.05 molt) solutions in counter current.

5.3. Results and discussion

5.3.1. Study of physical and chemical parameters

Several physical parameters such as flow rate, lsaamal reagent plug volumes
along with chemical parameters, for instance refagencentrations, were studied in
order to optimise the system.

Initial studies were carried out to optimise theygibal parameters for the zinc
determination since the objective was to use thmesaystem (manifold) for both
determinations and this assay has lower sensitifitgvious experiments with LWCC
equipment allowed to conclude that its applicapiié limited by the blank absorbance
values of the solutions (Infante and Rocha 2008y. this reason, this study was
focused on increasing sensitivity while maintainlog/ blank absorbance values. The
sample loop (SL) volume was varied within 250-630 |t was noticed that sensitivity
and the blank values were higher with the incredgbe volume. A good compromise
between the sensitivity and the blank values wdsesed at 400 pL. The effect of
reaction coil length was studied over the rangB@R00 cm. The sensitivity increased

through the range studied, although between 125 20@ cm, the blank signal
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stabilised; therefore, 200 cm was selected. THeente of the reagent plug size was
also studied between 125-500 pL. This study wasechiout by changing the time

interval that the valve 3 was kept open. Underdhmmditions, the volume of 250 pL

was chosen, since for higher volumes the sampletiail effect became more

considerable and sensitivity did not increase amghér.

The monitoring wavelength was varied within 615-6286 and 620 nm allowed
the best sensitivity. An attempt to reduce blanlues was made by subtracting the
absorbance values registered of several wavelergitveeen 650-800 nm in order to
reach lower detection limits. None of them improvednsitivity; therefore no
absorbance subtraction was carried out.

With regard to the first analytical step, the asin of sample/standard with
respective buffer solution, it should be stated thdarger portion (1 mL) than the
capacity of SL (400 uL) has to be aspirated in otdg@romote a better mixture. Mixing
was assumed to be satisfactory if repeatabilitthefsignals yielded RSD values lower
than 5%. The effect of the aspiration flow ratetfug first step (Table 5.1) was tested in
the range of 1-15 mL mih and 5 mL mift presented good mixing. The flow rate in the
second and third step of the analytical cycle wased between 1.5-4.5 and 2-5 mL
min, obtaining the best sensitivity at 2.25 and 4 i respectively.

The influence of chemical variables was also stlidre order to improve the
system performance. Firstly, the reagent conceotravas tested over the range of
4.625 x 10-4.625 x10” mol L™ and the best sensitivity was obtained with a 4.825
10 mol L™

The concentration and the pH of the borate bufferevalso studied for the zinc
determination. The concentration was studied with#%-0.5 mol [ and 0.25 mol X

was chosen, since for higher levels, the sengitikéimained constant. In literature,
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different pH values were referred for the zinc deieation. This colorimetric reaction

can be carried out at pH values between 8 and riGhe present study the best
sensitivity was obtained at pH 9.0. A batch studswwerformed by mixing the same
sample/buffer proportions (1:1) in a scaled up wwdy in order to prove that the
concentration chosen was high enough to ensum@gbdample solution pH around 9.0
units.

Regarding the chemical variables for the coppererd@hation, only the
concentration of the buffer solution needed to bsted. Thus, the effect of the
concentration of sodium acetate solution was stldiighin 0.05-0.5 mol [*. The best
sensitivity was obtained for a concentration of50r@ol L. At higher concentrations
the sensitivity of the system kept constant. Thegplthis buffer solution was set to 5.0

units to minimise the formation of the Zn-zincomyuex.

5.3.2. Interference studies

Several possible interference ions were testechéendetermination of zinc or
copper. Deviations higher than 5% of the absorbdacel of the respective standard
(20 pg L) were considered as interference. The ions stuidi¢tis experiment were
Fe™*, Cd*, P, AI*" and Mrf* at concentrations of 20, 40, 200, 1000, 2000 £80Q

ng L, respectively (Table 5.2).
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Table 5.2. Study of interfering species expresssdredative deviation from the
absorbance value obtained for the standard solofi@0 pg L of copper or zinc.

Copper Zinc
Species
Concentration Difference Concentration Difference
tested
(ug LY (%) (ug LY (%)

Iron 40 +5.3 200 +3.6
Aluminium 2000 -4.9 200 +4.9
Cadmium 20000 +4.8 40 +5.1
Manganese 200 +4.8 20 +3.3
Lead 20000 +5.1 1000 +5.4

Sodium citrate is referred in the literature as asking agent used in buffer
streams with the aim of avoiding interferences frimam, aluminium and manganese
(Richter et al. 1997). Therefore, the use of soduitnate was tested: it was incorporated
in the buffer solution for the zinc determinatiamdathe interference of several ions was
significantly reduced although the sensitivity dsed a lot. Therefore, it is not an
efficient solution to reach low concentration lessahd so the use of sodium citrate was
discarded. For copper determination, the majorf@tence was from iron at a level two
times higher followed by manganese at a level iimeg higher. The iron interference
can be masked by the addition of ferrozine. Mangankevels in fresh, river and
seawater samples are lower than the tolerated ntaten for copper determination
(Ward 2000). For zinc determination, manganeserfares at the same level of
concentratiorand cadmium at a level two times higher. Aluminiand iron interfere at
a level hundred times higher. Copper determinatias less susceptible to interference

from the species tested than the zinc determination
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5.3.3. Analytical figures of merit

The overall features achieved for both determimatiare summarised in Table
5.3. The limit of detection (LOD) and limit of qui#ication (LOQ) were calculated as
the concentration corresponding to three and tevedithe standard deviation of the

blank, respectively (IUPAC 1976). The linear rangdsained for both species were

similar.

Table 5.3. Figures of merit of the developed method

Values
Parameters
zZinc Copper

Detection limit (ug [) 2 0.1
Quantification limit (ug %) 4 0.8
Working range (ug ) Up to 100 Up to 100
Determination rate (} 43 43
Reagent consumption per asspmol)

Zincon 0.01 0.01

Sodium acetate 140

Boric acid 18

Potassium chloride 7

Sodium hydroxide 35
Waste produced per assay (mL) 3.75 3.75
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5.3.4. Application to water samples

The developed system was applied to the deterromatf zinc and copper in

different types of water samples in order to asgessccuracy.

Firstly, recovery tests were prepared using botkcigs in different types of

water samples: surface (sea), ground (well anchgpwaters. Table 5.4 summarizes the

results obtained at three levels of additions (4add 20 pg ) for both species.

Table 5.4. Results obtained for recovery tests wittic and copper in different types of

water.
Recovery (%)
Sample
Analyte Concentration added
number
4 g L 10 pg L 20 pg L
1 102+6 96 +4 103 +£6
2 96+ 6 93+2 104 +6
Zinc
3 94 +7 107+ 9 104 £ 3
4 104 +£4 107 £5 1051
1 97 +2 100+ 2 102 +1
2 102 +1 102 +1 103+1
Copper
3 102 +3 99 +1 104 +1
4 99 +5 95+3 94 +1

1 -Well water; 2 -Spring water; 3 -GroundwaterS¢awater? Mean and standard

deviation of 5 replicates.
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The recovery results obtained are very acceptabtbough for zinc
determination the standard deviations are highean thior copper. During the
experiments using the proposed method some diffesenvere noticed between the
behaviour of the two species. For example, in the ealibration curves the absorbance
signal obtained for consecutive injections of camiions higher than 50 pg'Lwas
constantly increasing, and when the blank solutiees injected once more, the
absorbance signal was higher compared to thelimjiection. However, after cleaning
the LWCC with HCI solution 0.5 molt the blank signal was reduced to the initial
value. This effect could be explained by the foioraof precipitates in the solutions
and their accumulation at the LWCC walls. We musek in mind that the buffer
solution used for zinc determination has pH 9.0 tedinternal diameter of LWCC has
0.6 mm. At this reaction pH, in natural water sagsplsolubility problems may occur
due to metallic hydroxide species and the repddtabf the analytical signal can be
deteriorated (Richter et al. 1997). Before analysiertified reference water samples,
studies were carried out on the reaction respomsbet presence of both analytes. As
above mentioned, at pH 9.0 zincon reacts with laotalytes, therefore a comparison
study using equal molar concentrations of zincdaaas and copper with zinc standards
(mixed standards) was performed. The equation édtawith zinc standards and with
zinc and copper standards (mixed standards) ig.fas= 0.502 (x 0.063) &, + 0.272
(x 0.052) and Absonm = 0.471 (= 0.049) &cu + 0.286 (£ 0.041), respectively. The
equation values obtained for the two standard cusl®w no significant difference,
indicating additive behaviour. At pH 9.0 when segped standard solutions of zinc and
copper are analysed equivalent sensitivities webtaimed. When zinc standard

solutions were analysed at pH 5.0 the absorbancevabtained for all the standards
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are equal to blank absorbance value, demonstrétiagthere is no reaction between
zinc and zincon at this pH.

Therefore, when the two analytes are simultaneopsigent in the sample,
Cu(Il) concentrations can be assessed directly frafibrations performed at pH 5.0,
while the quantification of zinc has to be based tbe already defined copper
concentration and on the calibration curve estabtigor Zn at pH 9.0.

The developed system was applied in the quaniidicadtf Zn and Cu in three
certified reference water samples: NWRI-TM-24.2,STHSRM 1640 and ERM-

CAO021a. The results obtained are summarised ineTabl.

Table 5.5. Results obtained for the determinatibnopper and zinc in three certified

reference water samples.

Copper (ug ) Zinc (ug LY
Sample MSEIA-  Certified MSFIA-  Certified
LWCC valué' LWCC value

ERM-CAO21a 2028 +50 1975+54 669+23F1 514+9
NIST-SRM 1640 87+2 852+12 67+% 532+1.1

NWRI-TM-24.2 82+0.2 7301 228+28 20+05

2 standard deviation (n=20), dilution 50 tim&sstandard deviation (n=10), dilution 5
times;° standard deviation (n=10), no dilutidhmean and associated uncertainty.

Two out of the three reference materials analysad dertified concentration
values higher than the upper limit of applicatiange, therefore dilution of these
samples was needed. From the results obtainedaseagrclusions can be pointed out.
First, the quality of the results (RSDs) obtained dopper determination is better than
the ones obtained for zinc determination and iughbe reminded that the errors in the
determination of zinc are affected by the deviaiobtained in copper determination.

Second, the copper determination does not seera &ffécted by the different degrees
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of dilution while in the zinc determination the mtkard deviations obtained are

increasing with the dilution.

5.4. Conclusions

The proposed work provides a good alternative fa spectrophotometric
sequential determination of copper and zinc atlwels in a simple and low cost way
with elevated throughput and low reagent consumpti@Green Chemistry”).
Comparing to other previous flow methods displaysimilar working ranges, the
manifold is simpler as it was not necessary toaupeeconcentration step to reach such
low levels of both metals. The present strateghésfirst one in the literature to use the
LWCC detection cell for the determination of theotwnalytes and underlines the
usefulness of this detection cell for the simultare determination, even at this low
concentration levels.

The developed work compared well with other spgttothometric flow
methods using the same reagent as can be condhetled able 5.6. It presents several
advantages as low detection limits achieved withaupreconcentration unit, low
reagent consumption, high sampling rate and it stacessfully applied to different
water types. Analytical characteristics of otheplagations, using different detection
modes, like voltammetry (Shams et al. 2004; Supsdesianon et al. 2002); molecular
spectrophotometry (Ayora-Cafada et al. 1998; Catlabt al. 2002; Callahan et al.
2004; Koupparis and Anagnostopoulou 1986; Pint@let2004; Rumori and Cerda
2003; Teshima et al. 2006; van Staden and Tlow&@2;2Vendramini et al. 2006;)
atomic absorption spectrophotometry (Anthemidis &ahnou 2009; Burguera-Pascu

et al. 2007), fluorimetry (Nowicki et al. 1994; Yget al. 2004) and chemiluminometry
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(Zamzow et al. 1998) are presented in a form aibéet(Table 5.7). The table allows us
to conclude that in those environmental samplesevtrace levels of these metals have
to be assessed only luminometric assays (Nowickaletl994; Yang et al. 2004;
Zamzow et al. 1998) give a comparable alternaiiveéefms of potential portability and

detection limits) to the one presented here.
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Chapter 6

Spectrophotometric system based on a liquid wavegie capillary cell
for the determination of titanium: application to waters, sunscreens

and a lake sediment

The fourth work of this PhD program was the devedept of an analytical procedure
for the spectrophotometric determination of titamiwat trace levels. The procedure
used a multi-pumping flow system coupled with aidiqvaveguide capillary cell, which
enabled to enhance the sensitivity of the deterwinaand thus avoid complex and
time-consuming preconcentration steps. The detatioim was based on the
colorimetric reaction of titanium with chromotropacid. The detection limit was 0.4 ug
L™, linear up to 100 pgt, with a sample throughput of 46 per hour and a teagent
consumption/effluent production. The developed gutace was applied to natural

waters, sunscreen formulations and one certifié@ Isediment sample.
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6.1. Introduction

Titanium is the ninth most abundant element in hesrtcrust, a natural
constituent of rocks, soils and sediments (Skrabdl Terry 2002). The levels of Ti in
rocks are lower than 2% (w/w) (Santelli and Aralii92). The Ti concentrations found
in riverine, estuarine and coastal waters rangen ffb005 to more than 4.8g L™
(Skrabal 1995) and from 0.2 to 17 ng in ocean waters (Skrabal and Terry 2002). The
Ti minerals are very resistant to chemical weattgerin soil and sedimentary
environments, allowing the common use of Ti as @eaelement to compare the
mobility of the different elements (Skrabal andrye2002).

In recent years, Ti has acquired growing importainceeveral industrial fields
because of its particular physical and chemicaladtaristics. The main commercially
available compound, titanium dioxide, is used itas@nergy cells (Shipway et al.
2000), as a photocatalyst in sterilization, airaoi@g and water purification processes
(Hund-Rinke and Simon 2006; Lovern and Klaper 2008 an ingredient of
sunscreens, cosmetics, toothpastes, paints anticpjaand in the manufacture of
building materials, aircrafts and missiles (Fedeet al. 2007; Kika and Themelis
2007). It also shows great promise in the developiné antitumor agents (Cai et al.
1992), and for drug delivery, environmental cleanapd computer manufacture
(Masciongioli and Zhang 2003). Titanium dioxidanoparticles also shows durable
photocatalytic activity, induced by UV-light, cangi photochemical degradation of
organic compounds (Caruso et al. 2001; Hund-Rimk @imon 2006), suggesting a
potential use in wastewater treatment plants (laikd Themelis 2007).

TiO in the form of nanoparticles is not considerecha® materials, as bulk

TiO, has been incorporated into various products asigewigment for decades; it is
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therefore categorized as a new form of an exiguigstance. Nanoparticles are ultrafine
particles with length in two or three dimensionsajer than 1 nm and smaller than 100
nm (Lovern et al. 2007; Masciongioli and Zhang 20@3espite the large scale and

increasing production of these materials, few stsidnave addressed the possible
environmental threat posed by nanopatrticles.

The nanoparticles toxicity differs with particlepty;, size, surface area and
functional groups attached (Hund-Rinke and Simor®620Lovern et al. 2007).
Oberdorster et al. revealed that the smaller the sef the nanoparticles, stronger the
exerted toxicity is (Oberdorster et al 2005), alijlo the relation between the
physicochemical properties of nanoparticles andr ttaxicity appears to be more
complex (Lee et al. 2009).

In a recent study (Kahru and Dubourguier 2010)ebtam the already existing
quantitative toxicity data (ex. lfg or EGyg) for the evaluation of the potential
hazardous effects of nanoparticles (EC 2003),,M@s classified as “harmful”. This
classification is based on studies that involvedfeddnt groups of organisms
(crustaceans, bacteria, algae, fish, nematodeyeamsts) and concluded that algae are
the most sensitive ones. In the case of bulk,Tike toxicity falls into the same
classification, showing a lowest k§value for algae, similar to the value found foe th
nanoparticles formulation.

The aquifers may be the principal receiver of neadwmbology industry
discharges. Therefore, ecotoxicology studies oremweablumn organisms and across
several taxonomic groups are of great interestfercomprehensive effect assessment
of the nanopatrticles in the aquatic environmentd@rei et al. 2007; Lee et al. 2009;

Lovern and Klaper 2006; Ramsden et al. 2009; Zledrad. 2007).
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The development of analytical methods focused ogerstanding the fate of
nanoparticles in the aquatic environment is impudrtaas the lack of
detection/quantification tools hampers the advamrgmon other areas related to its
toxicity.

In general, flow systems are very suitable for wad@alysis because of
increased accuracy, good repeatability, low equigneest, high sample throughput,
simplified sample handling, reduced contaminatisks; high degree of automation and
reduction in sample/reagents consumption and efflpeoduction (Cerda et al. 2007;
Segundo and Rangel 2002).

Regarding flow methodologies for the determinatmnTi, the majority are
based on molecular absorption spectrophotometrya(lind Themelis 2007; Kozuka et
al. 1990; Munoz et al. 1990; Santelli and Arauj®2p although there are some works
exploiting other detection techniques such as chmnmescence (Alwarthan and
Townshend 1987), ICP-AES (Hirata et al. 1986) a&id-MS (Yang et al. 1996).

The spectrophotometric procedures are simple, dadt robust and there are
some colorimetric reagents used for titanium deitegition as chromotropic acid, tiron,
sulfosalicylic acid (Santelli and Araujo 1992) a#dl’-diantipyrylmethane (Munoz et
al. 1990). However, to reach the determination itdntium at trace levels with
spectrophtotometric procedures, a preconcentratiep is necessary (Ruedas-Rama et
al. 2005), significantly increasing the complexd§ the flow systems manifold and
decreasing the determination rate.

To overcome these difficulties, in this work we pose the use of a liquid
waveguide capillary cell, a sample cell where tipgical path length is increased
without light attenuation (Fuwa et al. 1984), whiehables to significantly increase

sensitivity, in order to attain the direct deteration (i.e., without a preconcentration
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step) of trace levels of titanium in samples offatént types (as natural waters,
sunscreens and lake sediments). This approach meedy successfully used in the
determination of iron at low concentration levdPagcoa et al. 2009) as it is described
in Chapter 5. The characteristics of this devicempetotal internal reflection of the
light on the walls as the light conducting pathtrignsparent to the wavelength of
interest and has a refractive index higher thanwtalls material. Thus, light is kept in
the optically denser core.

To carry out the in-line sample reaction needed tf@ spectrophotometric
determination of Ti, an option was made for thdiasttion of a manifold based on the
recently proposed multi-pumping flow technique. sTts characterised by a pulsed flow
capable of producing an improved sample/reagentingiixand reaction zone
homogenisation (Lapa et al. 2002). Multi-pumpinguflsystems use multiple low-cost
solenoid micro-pumps strategically positioned ia thanifold, which, when controlled
by computer software, provide easy and versatiteraated fluid handling operations.
The solenoid micro-pumps require low-power supmitage to work and have a small
size when compared to peristaltic pumps, makingnitadvantageous alternative for

portable equipment/in-situ analysis.

6.2.Materials and methods

6.2.1. Reagents and solutions

A certified reference material (CRM), a lake sediingample ref.2 IAEA-SL-1,

was analysed in order to evaluate the accuradyeofiéveloped analytical procedure.
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Five sunscreen samples were also analysed by tredoped method and the
results obtained were compared with the alternd@®MS procedure.

The TiG, nanoparticles (< 100 nm) used in the recovery f@stirmed with the
CRM sample were from Sigma-Aldrich (Ref. 634662).

The solutions used in interference studies werpgyesl by diluting commercial
atomic absorption standard solutions (Spectros@HPB of Fe, Al, Cu or Pb by
dissolving the respective salts WHD3, K.Cr,O; and NaF (Merck), in the case of V, Cr
and F.

Chromotropic acid (1,8-Dihydroxynaphthalene-3,64tfnic acid disodium
salt, GoHsNaOsS; » 2 H,0O) colour reagent was daily prepared by dissolg@5 g of
the solid (Sigma-Aldrich) and 1.0 g of ascorbicda@/WR International) in 100 mL of
a 0.2 mol [* acetic acid-sodium acetate solution, resulting solution with 1.25 mmol

L and 0.113 mol L of chromotropic acid and ascorbic acid, respebtive

6.2.2. Apparatus

An Anton Paar (Graz, Austria) Multiwave 3000 miceowe oven, with a rotating
turntable (a 16MF100/HF100 rotor with sixteen PT¥&Ssels of 50 mL maximum
capacity), a 2455 MHz magnetron and a nominal govter of 1400 W was employed
for acid digestion of the samples.

A VG Elemental (Winsford, UK), PlasmaQuad 3 ICP-MStrument, equipped
with a Meinhard type A pneumatic concentric nelaili® quartz water cooled impact-
bead spray chamber, a standard quartz tube tocthiekel sample and skimmer cones,

was used in the comparison method. Both the sphaynber and sampling interface
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were cooled to 10 °C by circulating water. Argon98.9999% purity (Alphagaz 2,
supplied by Air Liquide, Maia, Portugal) was usesd @asmogenic gas. For ICP-MS
sample introduction and waste draining, a Gilsonipils 3 peristaltic pump was used.
The main operating conditions for the ICP-MS deteation of Ti are indicated in
Table 6.1. The isotopes (m/z rati§&)i (as analyte) antPSc (as internal standard) were
monitored. Both the ICP-MS instrument control aathdacquisition were accomplished

by using the VG Elemental Plasmalab software.
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Table 6.1. Main instrument and operating condititmndCP-MS equipment.

Instrument parameter

Condition

Detector
Detection mode
Acquisition mode
Pre-scan

Setup for ICP

Rf power (W)

Nebulizer gas flow (L/min)

Auxiliary gas flow rate (L/min)

Cool gas flow (L/min)
Setup for Main run

Acquisition mode

Sweeps

Dwell time (ms)

Channels per mass

Channel spacing

Replicates

Sequential

Pulse counting

Continuous

No

1350
0.91
0.96

12.9

Peak jumping
100
10
3

0.02
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6.2.3.MPFS configuration and procedure

The MPFS (Fig. 6.1) was designed to allow the deitgation of titanium in
waters, cosmetic and other environmental sampggests at very low levels.

For the solenoid valves, the exchange options wlessified in on/off lines. The
“on” line was assigned to the flow manifold and tioéf” line to the solutions flasks
(represented with a solid line and dotted linepeesively, on Fig. 6.1).

The spectrophotometric measurements were carriecdtod25 nm. Reference
wavelength for minimizing the schlieren effect vea$ at 800 nm (Zagatto et al. 1990).

The set-up included three solenoid pumps and twonmatation valves. The
volume of the sample introduced into the MPFS carsét by controlling the volume
dispensed in each stroke and/or the frequency efstiokes, however, the analytical
repeatability is affected by the variation of thepgnsed volume. Therefore, an option
for a volume-based sample injection was taken,eatwstof a time-based injection
approach. To implement this strategy, two commantatvalves were used and the
sample volume was controlled by the length of dra@e loop placed between them. A
confluence point was added downstream to promokenmibetween sample/standard

and colour reagent.
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Figure 6.1. Multi-pumping flow system for the det@énation of titanium. P pumps; V:
solenoid valves; SL: sample loop (200 pL); RC: teaccoil (50 cm); c: confluence;
LWCC: detector (100 cm optical path, 425 nm); P@nputer; W: waste; S: sample or
standard; R: colour reagent (chromotropic acid) lauifler solution (acetate buffer with

ascorbic acid).

The volumes dispensed by the micro-pumps in eaokesivere verified and are
shown in Table 6.2.

The operation sequence of the MPFS is listed inleT&3. The first step
consisted of the introduction of 500 pL of samphidard in the SL by pump 2.
Subsequently, the sample/standard and colour redjed pL) were propelled to the
confluence by pump 2 and 3, respectively. In tinalfstep, the resulting mixture was

propelled to the detector and the analytical sigvesd registered.
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Table 6.2. Volumes actually propelled by the MPFR&@apumps.

Nominal volume Actual volume per

Micro-pump
per stroke (uL) stroke (uL§
P1 20 14.0+0.1
P 20 17.2+0.1
Ps 30 20.4+£0.4

%Mean and standard deviation of 20 replicates.

Table 6.3. MPFS sequence of operations for themé@tation of titanium.

Valve
Volume  Flow rate
Step Pump position Action
(mL) (mL min™)

Vi V2
1 P, 0.5 5 1 1 Sampling
Propel sample with carrier to the
2 P 0.1 1 0 0
confluence
Prand 0.1C Propel sample with carrier and
3 1 0 0
Ps 0.1R colour reagent to the detector
Propel the mixture to the detector
4 P 5 5 0 0

and signal registration

C -carrier; R -colour reagertt;-off; 1 -on.
At the end of a working day, the LWCC was sequdgtiaashed in counter

current with HCI (0.05 mol ) and NaOH (0.05 mol ) solutions, and finally with

water.
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6.2.4. Microwave digestion procedure

The microwave digestion procedures used for eagie tpf sample are
summarized in Table 6.4. Samples were directly haginto the PTFE reactors of the
microwave digestion unit and, after addition of thgestion reagents, the mixture was
subjected to the following program: a pre-set tmeeiod to attain the maximum power
of 800 W, followed by a holding period at this paveed a 15 min cooling period at 0
W. After that, and to complex free fluoride, satathboric acid solution was added at a
ratio of 6 ml per each mL of HF used in the digmstiThe resulting clear solutions were
quantitatively transferred to volumetric flasks arafter appropriate dilution with

deionized water, they were analysed both by theldped and the reference procedure.
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Table 6.4. Microwave digestion procedures usedhedifferent kind of samples.

TiO, powder  Sunscreens Lake sediment

Sample weight (g) 0.5 0.3 0.25

Digestion reagent (mL)

H.SOy - 2 -
HNO3 - 3 1
HCI - - 2
HF 3 2 3
H20 3 - -

Digestion program

Ramp time (min) 10 10 5
Power (W) 800 800 800
Hold time (min) 20 30 30
Cool time (min) 15 15 15
Boric acid added (mL) 18 12 18

6.3. Results and discussion

6.3.1. Study of physical and chemical parameterste MPFS

The optimization studies included both physicabpagters (flow rate, plug size,
reaction coil length, sample and reagent volumesl) éhemical parameters (reagents
concentration and pH) of the whole analytical pcae. The results are summarized in

Fig. 6.1 and in Table 6.3.
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Initially, the volumes actually dispensed by thecmipumps were evaluated.
Two different flow rates (1 and 5 mL mithand two different volumes (1 and 5 mL)
were selected to perform this evaluation in eactraspump. The results obtained are
summarized in Table 2 and represent the mean aftyweplicates (five replicates for
each flow rate and volume).

As referred above, the sample volume introducethénsystem was controlled
by the length of the tube placed between the twmroatation valves (the “sample
loop”™-SL), since in preliminary experiments an imygment in the repeatability was
verified using this sampling mode.

The SL volume was varied within 100 and 400 puL 266 pL was the selected
value. The reaction coil length was studied inrdmege 10-150 cm and 50 cm was the
length that allowed better sensitivity. The flovweravas varied within 0.5 and 5 mL min
Lin all the steps of the analytical cycle (Tabl8)6In the first and fourth steps, the
sensitivity and the blank values were independétti@flow rate, therefore 5 mL min
was used in order to maximize the sampling ratethén second and third steps, the
sensitivity and the blank values increased for lofl@v rates. The best compromise
between sensitivity and blank values was achievddnal min™.

The analytical wavelength was evaluated in the eaingm 415 to 445 nm and
425 nm allowed the best compromise regarding seitgiand low blank values.

Following this study, reagent volumes from 60 t® 20_ were tested and 100
uL (corresponding to 5 micro-pump pulses) were ehoas this volume provided a
better repeatability (RSD <3%). The chemical patanseevaluated in the optimization
of the methodology included the concentration af tolour reagent (chromotropic
acid) and reducing agent (ascorbic acid), and tdreentration and pH of the buffer

solution (sodium acetate/acetic acid). Firstly, thagent concentration was studied in
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the range of 1.25 x 10to 2.5 x 16 mol L™ and the best sensitivity with a relatively
low blank value (0.030) was obtained for 1.25 % bl L. High blank values shorten
the application range of the methodology since CpBctrophotometers performance
deteriorates for absorbance values over 1.8 (Ga#diaah 2010).

The concentration (in the range 0.05-1 md) &nd the pH (in the range 4.2-5.0)
of the acetate buffer were then studied. The bessigvity was obtained for a
concentration of 0.2 mol'tand a pH of 4.6, and these values were used isesulent
experiments.

Finally, the ascorbic acid concentration was ewuallla Ascorbic acid was
necessary to assure the complete reduction of lifpri¢ iron(ll), since iron(lll)
interferes with titanium determination (Table 6.5he ascorbic acid concentration was
varied between 1 and 4% (w/v) and a concentratid®®showed to guarantee the total

iron(ll1) reduction at concentrations up to 2 mg. L

6.3.2. Interference studies

The interference of several ions on the deternonatf titanium was tested.
Solutions with a fixed concentration of titaniumO0(2ug L) and increasing
concentrations of the tested ions were prepares. ¢ausing deviations higher than 5%
in the absorbance value of the pure 20 iy titanium standard solution, were
considered as interferents. The ions studied wete P&*, AI**, F, C/*, V>* and CF*
at concentrations of 20, 40, 100, 200, 500, 104 2000 pg L}, respectively (Table

6.5).
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Table 6.5. Interferences study. Results expressethea relative deviation from the

absorbance value of a 20 pg titanium standard solution.

Concentration Difference
Species tested

(Hg LY (%)
Iron® 20 +5.4
Iron” 2000 -2.4
Aluminium 100 +4.5
Copper 500 +5.6
Lead 1000 +4.9
Vanadium 500 +5.6
Chromium 200 +2.9
Fluoride 200 +3.9

2 \Without ascorbic acid* With ascorbic acid.

The major interference was from Fe(lll) at the saeeel of titanium. This
interference was minimised by the addition of alsmoacid to the colour reagent as can
be seen in Table 6.5. The other main interferenmese from aluminium at a
concentration five times higher than titanium ardofine and chromium at a

concentration ten times higher than titanium.

6.3.3. Analytical figures of merit

All  the analytical performance characteristics ole#d for titanium

determination are summarised in Table 6.6. Thet lohidetection (LOD) and limit of
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quantification (LOQ) were calculated as the con@in corresponding to three and

ten times the standard deviation of the blank,eesypely (IUPAC 1976).

Table 6.6. Figures of merit of the developed metihagly.

Parameters Values
Detection limit(ug L) 0.4
Quantification limit (g C*) 0.8
Working range (ug t) Up to 100
Determination rate (h 46

Reagent consumption per asspmfl)

Chromotropic acid 0.125
Ascorbic acid 5.68
Sodium acetate 20
Acetic acid 20
Waste produced per assay (mL) 5.8

6.3.4. Application to water samples

Concluded the optimisation of all of the physicalachemical parameters, the
proposed analytical procedure was applied to diffetypes of water in order to assess
its accuracy.

Initially, recovery tests were carried out on diffiet types of water samples:
surface (sea and river) and ground (well and nvmaters. Table 6.7 summarises the

results obtained for three levels of analyte addifé, 10 and 20 pg1).
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Table 6.7. Recovery tests. Results (%) obtainedifierent types of water for three
different addition levels.

Concentration added

Water types
4 pg L+ 10 pg L 20 pg L
Well 95+ 3 106 £ 1 105+1
Polluted river not
89+2 94 +1 98 + 2
filtered
Sea 92+1 106 + 3 106 + 2
Sea 96 + 8 102 +6 96 +4
Estuarine 88+3 102 +1 107 +1
Mine 96 + 3 94 +1 99 +1
Polluted river 90 +4 96 +1 98 +1
Polluted river 91+2 93 +2 97 +1

% Mean and standard deviation of 5 replicates.

They suggest that the matrix of water samples doésppreciably interfere in
the determination of titanium.

Chromotropic acid reacts with Ti(IV). However, Ti@® the most frequent form
of the analyte present in environmental and cosnsatimples. Therefore, a comparison
study using similar concentrations of standardsTigfV) (prepared both from the
commercial standard solution and from the dissdbligdsted TiQ) was performed.
The linear relationship between the molar concéiotreof Ti (Grigv); Crio2) Obtained
using Ti(IV) standards or TiOstandards was Abgnm = 0.0121 (+ 2 x 10) Crigy) +

0.0026 (+ 0.0040) and Absnm = 0.0122 (+ 1 x 10) Crioz + 0.0052 (+ 0.0011),
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respectively. The equation parameters obtainedhertwo standard curves show no
significant difference (standard errors on the nested parameters are indicated
between brackets). These results demonstratenibaletveloped method is applicable to

the determination of Ti in both chemical forms.

6.3.5. Application to commercial sunscreens

Although the primary objective of the proposed roeltis to determine Ti(IV) in
waters, it was also applied to different commeragahscreen samples, previously
submitted to a microwave acid digestion. To astesgjuality of the results, they were

compared with those obtained by ICP-MS (Table 6.8).

Table 6.8. Comparison of the results obtained m dietermination of Ti@in five

commercial sunscreens products.

TiO2 % (w/w)

Sample
Developed methdd ICP-MS
1 2.33+£0.01 2.29+£0.13
2 1.77 £0.01 1.70+0.11
3 1.66 + 0.01 1.65+0.10
4 2.29 £0.02 2.33+£0.07
5 1.40+0.01 1.35+0.12

#Mean and standard deviation of 5 replicate analylsise same digestion solution;

®Mean and standard deviation of 2 replicate anatyisise same digestion solution.

The calculated t-values were below the criticaklize (6.31) and the linear

regression parameters showed no significant diffedoetween the results obtained by
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the developed system \&rsg and by the alternative procedureyses= 0.94 (+ 0.15)
Cicp-ms + 0.13 (= 0.29), where the values between brac&edsthe limits of the 95%

confidence intervals.

6.3.6. Application to a lake sediment

The developed analytical procedure was also apgledne reference lake
sediment material (IAEA-SL-1) with a certified valwf 5170 £ 430 mg Ti per kg of
sediment. When analysed by the developed procdtereesult obtained was 5155 +
113 mg kg This result corresponds to the average of 5 assay the half width of the
95% confidence interval. The solution obtained he sample digestion was diluted
1000 times in order to adjust its concentratiothtlinear response range of the MPFS
analytical procedure. The result shows a good acyuwf the developed procedure.

Additionally, recovery tests were performed on tertified lake sediment
sample, to which Ti@ nanoparticles were added in their solid form. Taeovery
results, presented in Table 6.9, are relative ¢oetkpected concentrations in the digests

after spiking the sediment sample.
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Table 6.9. Recovery tests. Results obtained waérafied lake sediment sample.

Assay Expected Ti
Recovery (%)
number  concentration (ugt)

1 41.1 97+ 1
2 29.7 105 + 1
3 18.9 97 +1
4 26.2 108 + 1
5 25.5 92 +1
6 37.6 93+ 1

& Mean and standard deviation of 5 replicates.

6.4. Conclusions

This work presents a reliable spectrophotometri@rd@nation of titanium at
low levels applicable to different water samplegiedted commercial sunscreens and
sediments. The proposed methodology is relativielpke and inexpensive, with a good
analytical throughput and low reagent consumptifinent production (“Green
Chemistry” approach). The employment of a LWCCwafidhe determination of Ti at
very low levels without using a preconcentraticgpst

When compared to previous works (Table 6.10), ahalytical procedure allows
titanium determinations in different types of saegplith a low detection limit, low

reagent consumption and high throughput.
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Chapter 7

Spectrophotometric determination of bromate: compaison of

different reagents and flow techniques

The last work of this PhD program was the develagiméa method able to determine
bromate in waters at trace levels. For this reasafiquid waveguide capillary cell was
coupled to a multi-pumping flow system. The dewslapethodology was based on a
colorimetric reaction and two colour reagents wetested, chlorpromazine and
trifluoperazine.The detection limit obtained with chlorpromazineldnfluoperazine in
the MPFS approach was 1.5 and 1.2 | tespectively and the determination was
linear up to 100 pg T for both reagents. This procedure presented a fmmp
throughout of 23 per hour and low reagent consuamptiThe developed method was
compared with a FIA approach because of the lackepkatability observed in the

MPFS approach.
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7.1. Introduction

Theoretically, drinking water for human consumpfitias a small amount of
pollutants and no pathogenic agents, as it goesudgfwr a purification process.
Ozonation is one of the most frequent chemicahéisiion processes. In the presence
of bromide, this process leads to the formatiorbafmate (Farrel et al. 1995; von
Gunten and Hoigné 1994). The concentration of bterfarmed depends on the ozone
dose and the level of bromide present in the w@emele and Achilli 1998). Bromate
is known to be a carcinogenic agent at very low ceotrations (Crofton 2006;
Kurokawa et al. 1990) causing different negativaltimeeffects such as hepatic toxicity,
renal damage (Ohtomo et al. 2009) and damageseiméivous system and thyroid
gland (Kurokawa et al. 1990). The World Health Gigation (WHO) has classified
bromate into group 2B as possible human carcin@iarokawa et al. 1990; Ohtomo et
al. 2009) and established the health based linlitevéor drinking water as g L™.
However, based on the instrumental difficultiesgach the desired detection limits and
on the technological difficulties in removing bramafrom drinking water, the
European Union Directive (CEU 1998) and the WHO thet limit of 10pug L™ for
drinking waters. Moreover, the Environmental Protet Agency (EPA) set the
maximum level of bromate in drinking waters au@ L™ as a future goal. Analytical
methods applied to bromate determination shouldapable of detecting at least 2%
L* with good accuracy and precision (Koscielna 2004).

For all these reasons, the development of analytiedthods able to reach these
features are imperative. Within existing methods Bvomate determination, ion
chromatography (IC) is commonly used and is a esiee method by US

Environmental Protection Agency (EPA) (Achilli aRdmele 1999; Almendral-Parra et
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al. 2008; Ingrand et al. 2002). Within IC methodsere are different detection
approaches such as conductivity detection (Borbal.e2005; Schminke and Seubert
2000), spectrophotometric detection after postioolureaction (Achilli and Romele

1999; Valsecchi et al. 1999) and inductively codgiasma-mass spectrometry (Divjak
et al. 1999; Yamanaka et al. 1997). However, thagproaches involve different

disadvantages related to the detection method udsedhstance the need for sample
pretreatment to remove interferences or to pre-@oinate bromate (Butler et al. 2005;
Koscielna 2004), long analysis times and complestlgequipment (Alonso-Mateos et
al. 2008; Mitrakas et al. 2010). These disadvargdieit their use for routine in-situ

monitoring.

Flow analysis techniques are very suitable foringutinalysis because, along
with increased accuracy and precision, elevated pamthroughput, good
reproducibility, low equipment cost, reduction metconsumption of samples/reagents
and production of effluents, allow in-situ deterations with simplified sample
handing and high degree of automation (Cerda é0fl7; Segundo and Rangel 2002).
Within flow analysis systems for bromate determorat different detection systems
were used such as spectrophotometric (Alonso-Mateas 2008; Gordon and Bubnis
1995; Gordon et al. 1994; Oliveira et al. 2011;islraet al. 2006; van Staden et al.
2004), fluorescent (Almendral-Parra et al. 2008tddto et al. 2009), potentiometric
(Ohura et al. 2004), chemiluminescent (Silva et2801) and ICP-MS (Elwaer et al.
2000).

In this chapter, we propose a spectrophotometracquure using a liquid
waveguide capillary cell with 1.0 m of optical platigth. The use of LWCC allows

reaching low levels of bromate with an elevatecedeination rate without the use of
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preconcentration step that would increase the cexitgl of the flow manifold. In the
LWCC, the optical pathlength is increased withagittl attenuation (Fuwa et al. 1984).

To carry out the spectrophotometric reaction, twgr reagents were tested
chlorpromazine and trifluoperazine. Both reagentsoxidised by bromate under acidic
conditions and converted to coloured compouiglér et al. 2005; Farrel et al. 1995;
Koscielna 2004) The two reagents were compared in the deterromatf bromate in
waters at low levels.

We tested the use of a multi-pumping flow systemh#mdle the reaction
chemistries. For comparison purposes, we also asknv injection system system for

the same purpose.

7.2. Materials and methods

7.2.1. Reagents and solutions

Chlorpromazine colour reagent was daily prepareddisgolving 44 mg of
C17H19CIN,S ¢ HCI (Sigma-Aldrich) in 25 mL of deionized water
Trifluoperazine colour reagent was daily preparsd dissolving 60 mg of

Co1H24F3N3S « 2HCI (Sigma-Aldrich) in 25 mL of deionized wate
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7.2.2. MPFS and FIA procedures and system configtioa

The MPFS (Fig. 7.1) and FIA manifold (Fig. 7.2) wedesigned to allow the

determination of bromate in waters at low levels.

HCI

Figure 7.1. Multi-pumping flow system for the detenation of bromate. ;Ppumps; V:
solenoid valves; SL: sample loop (450 pL); Reaction coil (60 cm); RL reaction
coil (125 cm); ¢ confluences; LWCC: detector (100 cm optical p&Bt and 505 nm
for chlorpromazine and trifluoperazine, respecyyelPC: computer; W: waste; S:
sample or standard; R: colour reagent (chlorprongazor trifluoperazine); HCI:

hydrochloric acid.

The set-up of MPFS (Fig. 7.1) included four solen@umps and two
commutation valves. For the solenoid valves, theharge options were classified in
on/off lines. The “on” line was assigned to thewflmanifold and the “off” line to the

solutions represented with a solid line and datitez] respectively, on Fig. 7.1.
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The volume of the sample introduced into the MPB&S loe set by controlling
the volume dispensed in each stroke and/or theuémezy of the strokes, however the
analytical repeatability is affected by the vaoatiof the dispensed volume. Therefore,
an option for a volume-based sample injection waeen, instead of a time-based
injection approach. To implement this strategy, temmutation valves were used and
the sample volume was controlled by the lengthhef $ample loop placed between
them. In previous studies (Pascoa et al. 2011j)m@novement in the repeatability was
verified using this sampling mode.

The volumes dispensed by the micro-pumps in eaokesivere verified and are

shown in Table 7.1.

Table 7.1. Volumes propelled by the MPFS micro-psmp

Actual volume
Nominal volume
Micro-pump propelled per stroke
per stroke (ML)

(N
= 20 13.8+0.5
P, 20 17.3+0.8
= 30 20.4+0.5
P, 30 255+ 1.2

4 Mean and standard deviation of 20 replicates.

The confluences {@nd ¢) were added downstream to promote mixing between
sample/standard with colour reagent and hydroahkacid. The reaction occurs in two
steps. Firstly, sample/standard were mixed withctileur reagent at confluence and

than this mixture joined the hydrochloric acid d¢mn at confluence csince the
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reaction involving bromate and colour reagent oobcurs under acidic conditions
(Butler et al. 2005; Farrel et al. 1995; KoscielGa42)

The operation sequence of the MPFS consists indtans and is listed in Table

7.2

Table 7.2. MPFS sequence of operations for themétation of bromate.

Valve
Volume Flow rate
Step Pump position Action
(mL)"  (mL min?)
Vi V2

1 P 1 5 1 1 Sampling

Propel mixture of sample with

Prand 0.3S 1 foreach
2 0 0  colour reagent at the confluence

Ps 0.3R pump

(c1)
Propel the final mixture of
05S+
P: and 1 for each sample/standard with colour
3 R 0 0
Ps pump reagent and hydrochloric acid at
0.51A
the confluence 4
Propell the final mixture to the
4 Py 3 2 0 0

detector and signal registration

S -sample/standard; R -colour reagent; A -hydraahkrcid;0 -off; 1 -on;

" theoretical volume based on the nominal volumeazh pump.

The first step consisted in the introduction of parstandard (50 strokes) in the
SL by pump 2. Afterwards, the sample/standard {t&kss) and colour reagent (10

strokes) were propelled to the confluence) foay pump 1 and 3, respectively.
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Subsequently, the resulting mixture (25 strokesmnpul) was propelled to the
confluence (c2) where it was mixed with hydroctdaacid (17 strokes, pump 4). In the
final step, the mixture was propelled to the dete@nd the analytical signal was
registered.

The set-up of FIA manifold (Fig. 7.2) included operistaltic pump and one
four-way injection valve. The volume of sample aaduced into this manifold was
controlled by the length of the sample loop pladedthe injection valve. The
confluences were added with the objective to prenedficient mixing of the solutions.
The flow rates were set as 1.9 mL fhifor hydrochloric acid and 0.9 mL mifrfor

carrier and colour reagent.

Hzo —>

R —»

HCl

Figure 7.2. FIA manifold for the determination ablmate. PP: peristaltic pump; IV:
injection valve; RE: reaction coil (60 cm); RE€reaction coil (125 cm);cconfluences;

LWCC: detector (100 cm optical path, 535 and 505 fam chlorpromazine and
trifluoperazine, respectively); W: waste; R: coloueagent (chlorpromazine or

trifluoperazine); HCI: hydrochloric acid.

The spectrophotometric measurements were carrieat @05 and 535 nm using
trifluoperazine and chlorpromazine solutions, resipely.

At the end of a working day, the LWCC was sequdlgtaashed in counter
current with HCI (0.05 mol ) and NaOH (0.05 mol ) solutions, and finally with

water.
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7.3. Results and discussion

7.3.1. Study of physical and chemical parametersted MPFS and FIA system

The initial study of physical and chemical parameteas performed in the
MPFS with the chlorpromazine reagent.

Several physical parameters such as plug sizetioracoil length and
sample/reagents volumes were varied.

The real volumes dispensed by the micro-pumps wstienated. Two different
flow rates (1 and 5 mL mi) and two different volumes (1 and 5 mL) were used
evaluate each micro-pump; this experiment was padd with deionised water and
with each micro-pump individually and not connectied the system. The results
obtained represent the mean of twenty replicaies (eplicates for each flow rate and
volume) and are summarised in Table 7.1.

The sequence of reagent addition (Fig. 7.1 anderaldl) was established based
on previous works (Farrell et al. 1995; Oliveiraakt2011), resulting higher sensitivity
with low absorbance blank values. To implementrdaetion sequence in the flow set-
up, two reaction coils (RCand RG) were introduced. The influence of the length of
both coils was evaluated one by one. The B@ RG were varied in the range of 50 to
85 cm and 50 to 150 cm and the higher sensitistyvell as lower relative standard
deviations were obtained with 60 and 125 cm, respdy.

Following this study, the influence of the sampt®g volume was studied
between 200 and 1000 uL; the values of sensitiaitg blank absorbance remained

constant. Based on these results, a sampling |6ofb® pL was selected, being a
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central value of this interval. The colour reagentl acid solution volume were varied
within 200-500 and 300-700 pL. The best comprorbiseveen higher sensitivity and
lower blank absorbance values were obtained with &@d 500 uL of colour reagent
and acid, respectively. It should be highlightedit tthe sample/standard, colour reagent
and acid volumes values referred here are relatedet nominal volume of the micro-
pumps.

Afterwards, the influence of the chemical paranseteas also evaluated.

The effect of chlorpromazine concentration wasestithin 2.1-21.1 mmol £
and the selected value was 4.2 mmdl Similarly, the concentration of trifluoperazine
was studied between 2 and 12 mmé! and the concentration of 5 mmol*lwas
selected. These values were set to obtain a gooditisgy and low the blank
absorbance values.

Finally, the acid concentration (HCI) was variecothe range of 1 to 4 mol'L
with both reagents. The best sensitivities wergrst with the concentration of 2 and 3
mol L™ of HCI for trifluoperazine and chlorpromazine, pestively.

During the optimisation studies, some problems vigeatified in the MPFS set
up. The major problem was the lack of day-to-dag even within day repeatability of
the system, and this behaviour was noticed witlh beagents. The sensitivity changed
under the same experimental conditions. Thereforagsess if this problem was due to
some physical reason, additional experiments wiarenpd.

This additional experiment consisted in using thentothymol blue instead of
sample () and reagents ¢Pand R) to test the repeatability of each micro-pump,
separately. This experiment was performed in twaseoutive days. The results

obtained are summarised in Table 7.3.
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Table 7.3. Repeatability study using a colour d&&€R) in each micro-pump.

Relative standard

Micro-
deviatiorf
pump
Day 1 Day 2
P, 2.8 % 0.8%
P; 1.2 % 1.3 %
Py 2.1 % 3.2%

2. relative standard deviation of ten replicates.

The results obtained (RSD < 5%) in this study destrate good repeatability
for each micro-pumpBio Chem Fluidics 2011pand it seems that the micro-pump
performance do not justify the lack of repeatapitittained with MPFS. However, the
results in Table 7.3 were obtained by the introidmcbf diluted BTB solution into a
carrier stream of borate buffer of 0.01 mot and not under the conditions of the
bromate determination where up to 4 mdiHCl is used.

During the optimisation of the MPFS, it was alse@tved that, when flow rates
higher than 2 mL min were tested, the volume delivered for each cytlhe end of
the tubing did not increase proportionally. Thewoé was measured using a graduated
cylinder at the end of the LWCC. This indicatest tt@ micro-pumps were not able to
deliver the solution due to the back pressure geedrby the LWCC at flow rates
superior than 2 mL mih It should be emphasized that the internal diametehe
LWCC is 0.55 mm and the entire flow manifold wasdmavith PTFE tubes with 0.8

mm id. This demonstrates an important drawbackerutilisation of micro-pumps.
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In an attempt to explain these results, an optias made to set-up a FIA system
(Fig. 7.2) for the same reaction chemistry and atete and subsequently compare the
features of both systems with the goal of undedstegthe lack of repeatability.

Several physical (reaction coil length, sample @y flow rate) and chemical
(reagents and acid concentration) parameters isestudied for this FIA manifold.

Firstly, the propelling Tygon tubes were selectetihthe objective of a mixture
ratio approximately of 1:1 in both confluences énd ¢). For this purpose, the tubes
selected allowed a flow rate of 1.9 mL mifor hydrochloric acid and 0.9 mL mitrfor
carrier and colour reagent, resulting in a tomhfrate of 3.7 mL mit.

Afterwards, the sample volume was studied withir850 uL, for both reagents,
and 25QuL was chosen, since for higher volumes the seiitsitigmained constant.

Following this study, both reaction coils lengthGQlRand RG) were evaluated.
With chlorpromazine, the R@Gnd RG length was varied over the range of 30 to 100
cm and 10 to 150 cm, respectively and the besttsesere obtained with 30 cm for
RC, and 75 cm for RE With trifluoperazine, the Rand RG length was varied in the
range of 30 to 100 cm and 75 to 150 cm, respegtividie results obtained showed no
significant difference. The 30 and 75 cm for.R@d RG, respectively was adopted for
further experiments with both reagents.

Finally, the influence of the reagent and acid emtiation were also evaluated.

The chlorpromazine and trifluoperazine concentrati@re tested between 2 and
10 mmol L. Surprisingly, there were no variations of neitdensitivity nor absorbance
values in all the concentrations tested. A conegioin of 5 mmol [* was selected for
both reagents.

Finally, the acid concentration (HCI) was variedhivi 1 - 4 mol I and 3 mol

L was selected since for higher concentrationsehsisvity remained constant.
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7.3.2. Figures of merit of the MPFS and FIA system

The analytical features achieved for the MPFS ane FIA system are
summarised in Table 7.4 and 7.5, respectively. lirh# of detection (LOD) and limit
of quantification (LOQ) were calculated as the @ncation corresponding to the

intercept value plus three and ten times the statig, (Miller and Miller 2005).

Table 7.4. Figures of merit of the MPFS with bathgents.

Values
Parameters
Trifluoperazine Chlorpromazine

Limit of detection (ug [) 1.5 1.2
Limit of quantification (pug [} 5.1 4.0
Analytical working range (ugt) Up to 100 Up to 100
Analytical throughput(H) 23 23
Reagent consumption per assay
(Hmol)

Colour reagent 1% 1.3

Hydrochloric acid 1000 1500
Waste produced per assay (mL) ®2.5 2.5

#.values estimated based on the nominal volumeseofiicro-pumps.

In the MPFS, chlorpromazine reagent presents lowletection limit,

quantification limit and colour reagent consumptiaith higher consumption of

hydrochloric acid.
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As referred above, the major problem in this MPFRS the lack of repeatability.

Table 7.5. Figures of merit of the FIA system wbtith reagents.

Values
Parameters
Trifluoperazine Chlorpromazine

Limit of detection (ug [) 1.0 0.7
Limit of quantification (pug [Y) 3.4 2.4
Analytical working range (ugt) Up to 100 Up to 100
Analytical throughput(t) 60 60
Reagent consumption per assay
(umol)

Colour reagent 4.65 4.65

Hydrochloric acid 5550 5550
Waste produced per assay (mL) 3.9 3.9

By using the FIA system, the only difference naficeith the use of the two
reagents was the lower detection and quantificdtiom observed with chlorpromazine.

Using the FIA system, no stability problems wereedtd along all experiment,
presenting a good repeatability with both reagenltss might lead to the conclusion
that the problems encountered while using the MB&Sup were related to solenoid
pump functioning.

The solenoid pumps deliver a pulsed flow whichharacterized by a short go

period corresponding to the sudden delivery of sbé&ution stroke, followed by a
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relatively long stop period. During the go periddtbulent mixing is noted, and the
feature leads a fast homogenization of the invok@dtions (Bio Chem Fluidics 2011).
The manufacturer (Bio Chem Fluidics) refers tha¢ aricro-pump can generate around
5 PSI pressure. The applied pressure and fluid fle through the LWCC obeys the

Hagen-Poiseuille relationship described:

(sp-340)
T

where (AP) is the difference of pressurd., ) is the length of the tube()) is the flow
rate, (i) is the dynamic viscosity and | is the internal tube radius.

Therefore, the flow rate is proportional to pressaind to the fourth power of the
diameter of the fluid capillary, as well as recigabto the length of the capillary and
fluid dynamic viscosity. Based on the above equetmd according to the LWCC
manufacturer (World Precision Instruments 2011kdpson a one-meter length of 550
um ID waveguide requires approximately 1.5 PSI faatew flow of 1 mL mif.
Therefore, the difference in the fluid dynamic wisity can explain the difficulties

encountered in MPFS where up to 3 mdIHCl solution can be necessary.

7.4. Conclusion

The developed work presents interesting findingfsoalgh it is not concluded.
The LWCC offers a reliable alternative for achieyilow levels of bromate in both
systems without any complex sample pretreatmeng FIA system attained lower
detection and quantification limits for both reatgenwvhen compared with MPFS

without the lack of repeatability registered in th#°FS. Moreover, the FIA system
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presents a higher sampling rate although has saomeriant disadvantages such as high
reagent consumption and manual operation.

It is also important to point out that there isiiiculty of the micro-pumps to
overcome the back pressure generated by the LWCC.

An additional conclusion is that chlorpromazine gexat presents a lower
detection limit for bromate determination in bogtstems than trifluoperazine.

The developed work reveals some important featuaesely low detection limit
and high determination rate when compared withrdtbes methods described at Table
7.6.

This work is not finished since no interferencedgts were carried out and no

application to water samples for both systems vaasez out.
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Chapter 8

General conclusions and suggestions for future work

In this chapter, an overview of the developed naghwesented in this thesis is given.
This overview includes the analytical features & as the main contributions of each
developed work. At last, some future possibiligied perspectives using the LWCCs are

presented.
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8.1. General conclusions and suggestions for futumeork

In this thesis, the LWCC was applied to the sp@ttodbometric determination of
different analytes in several types of water samspldis type of detection cell proved
to be very effective when determinations of trameels are in focus, this way avoiding
complex and time-consuming sample pre-treatmentagadlyte preconcentration steps.
This cell provided good signal stability and readity, robustness as well as simple
working mode under flow analysis conditions. Conglof the long path-length cell to a
flow-based method can be a relatively straightfedvarocess and often does not
require modifications in the chemical or hydrodymarparameters of an existing
method. The work presented in this thesis was fedtum further improvement of the
spectrophotometric analytical methods and reacleéi@ranalytical features beyond the
simple physical replacing of the detection cell. B3ing the LWCC instead of the U
type flow cells, lower detection limits and reagenbnsumption (“Green Chemistry”)
were obtained.

The different flow approaches applied throughous tihesis contributed to a
better understanding of the real differences betveseh approach. It can be stated that
within all the flow approaches described in theddtuction Chapter, there is no single
perfect and universal flow approach; the choicthefflow system should depend on the
main objective to be achieved in the respectivehouilogy.

All the developed methodologies presented a reduoctin the reagents
consumption without compromising other analytiecsatiires and also presented a high
degree of automation (exception should be madeetd-IA system in Chapter 7).

In Chapter 3, a comparison between two colorimeteagents for the

spectrophotometric determination of low levelsrohiin natural waters was performed.
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For this reason, a SIA system coupled with a LWC&3 wsed. The developed system
allowed the reduction in the reagents consumptigh a high sampling determination.
Another very important feature was the low detectimits achieved for both reagents
in different types of water without the need of azgmplex preconcentration step.
Although with neither of theelagents was possible to reach the necessary detecti
limits for the determination of iron in ocean watethe objective of the determination
of iron in estuarine waters (where the expecte@lteare higher) was satisfied. The
comparison within reagents revealed that ferror@agent presents a higher sensitivity
for iron and that it is also more prone to intezfeze from other species when compared
to 1,10-phenathroline reagent.

In Chapter 4, the main objective of the developedrkw was the
spectrophotometric determination of iron in oceaatess. With this in mind, a
preconcentration unit was added to a MSFIA systeopled with a LWCC. The use of
the MSFIA approach allowed the application of premantration units since MSFIA is
able to work under moderate back pressure. In #eeldped system, two colour
reagents and two preconcentration resins were U$edlow detection limit and reagent
consumptions achieved with a considerable analyttbeoughput when using a
preconcentration unit are the main features ofrtieghod. A lower detection limit could
be reached by increasing the sampling load but svithwer analytical throughput. The
comparison of the performance between the resuealed that the NTA Superflow had
better operational stability without the need faraalditional conditioning solution. The
ferrozine method presented a lower sensitivity tthenammonium thiocyanate method.
It should also be emphasized that this developetihadewas the first to combine a
LWCC with a preconcentration resin in a MSFIA systélhe major drawback of this

method was the high absorbance blank values obtaifieese high absorbance blank
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values were related to high reagent concentratidnswning the attention to the
importance of using high purity reagents as one waydiminish the high blank
absorbance value.

In Chapter 5, a multi-parametric spectrophotomeadgtermination of zinc and
copper at low levels in natural waters was accoshpli. Both analytes were determined
using the same colour reagent. This approach, wthaot new in flow analysis
applications, allowed to exploit the versatility thie MSFIA set up in liquid handling.
The low detection limits and reagent consumptiatseved with a high sampling rate
are the principal features. The copper determinagpieesented a lower detection limit
and a lower RSDs when compared to the zinc detatiom The higher RSDs in the
zinc determination were expected since these dengmtre affected by the deviations
obtained in copper determination. This method, wé@mpared to other previous flow
methods displaying similar working ranges, is sien@ince it was not necessary to use
any preconcentration step. It should also be meeatidhat this method was the first one
that involves the use of LWCC in a multi-parametigtermination.

In Chapter 6, a MPFS was coupled with a LWCC wiité gjoal of determining
titanium at trace levels. The determination wastam a colorimetric reaction, known
to have low sensitivity in batch analytical proceski This methodology was
successfully applied to different types of sampiesluding waters of different origin,
digested commercial sunscreen formulations andka kEediment. This analytical
procedure presented as principal features, a lowectlen limit, low reagent
consumption and a high analytical throughput. Aditahal important feature of this
procedure is the low-power supply voltage requicédthe micro-pumps (important

aspect for portable units) and the application vade variety of samples.
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The work developed in Chapter 7 was the spectragphetric determination of
bromate in natural waters at low levels using a BMPFhe same spectrophotometric
procedure was later applied to a FIA system. Ireotd attain low levels of bromate, a
LWCC was coupled to both flow systems and two fmsstolorimetric reagents were
tested. The FIA system provided lower detectiontéyma higher sampling rate with a
very good repeatability for both reagents when careg with the developed MPFS.
Moreover, the micro-pumps in the MPFS revealed x@reme difficulty to overcome
the back pressure generated by the LWCC. Howelier FtA system presents some
important disadvantages such as higher reagenticgoieon and manual operation. The
chlorpromazine reagent presented lower detectiont than trifluoperazine reagent in
both flow systems. The FIA procedure is not fullptimmized at this stage of the work
since the interference studies were not carriedaadtno application to water samples
was done. Nevertheless, it reveals some importadt @omising features when
compared to other alternative flow methods desdribditerature.

The major drawbacks detected for this cell were hilgh blank absorbance
values obtained with some reagents and also thi&ation of using very concentrated
acids/bases (at concentrations superior than 4 M) the purpose of protecting the

fused silica layer.

The flow systems used in this thesis are attradideds for several analytical
procedures. The remarkable degree of automatiaeftion should be made to the FIA
system in Chapter 7) and large versatility presetambined with the simple working

mode and the low cost of the equipment are the nma@mesting features. The in-situ
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application of these systems is an interestingoopaind the future works should exploit
this field.

The application of the LWCC in fluorescence deteations represents an
attractive possibility since this equipment is mearsatile and has a low cost when
compared to other commercial fluorimeters.

The possibility to use the LWCC coupled with prememtration or separation
units is another interesting option in the futuoebie exploited to reach even more
attractive analytical features and with this, theltrparametric determinations at trace
levels become easy and simple.

The determination of other analytes and the apjbicato other matrices are

other possible alternatives.
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