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ABSTRACT

This work gives a thorough insight into the objectivity of adapting the sequential injection
analysis(SIA) technique as a tool fathemical speciation. The use oltraviolet visible
spectrophotomey as a single dector greatly simplified the analysis pra® This work
further ascertainethe versatility of the SIA system and broadened its scope of application
This was exemplified throughhapters 3, 4, and 5 which focused on cloaispeciation of
heavy metals. In Rapter 6 a nometallic speciation was done with special reference to
bromine/bromide. The application spectrum of SIA was furthermore displayetthei
chemical s paentyi | aat si earmaaseds ex@lthples of biological substances in
Chaptes 7. Chapter 8concludes this research by extending this procedure into organic
chemial species through speciation @ and $-penindopril. Chapter 9 gives an overall
conclusion of the chemical speciation proj@able 34 shows the recovery of the developed
method and for Fe(lll) the % recovery was 100 % and fol E#tat was + 98 %. From Table

3.5 the %relative standard deviatiorRED) was 0.58 and 0.73 for Fe(ll) and Fe(lll)
respectively by the proposed method endas in comparisonAtomic Absorbtion
SpectroscopYAAS) methodhad 1.67 % andhe titration2.35 %. At the 95 % confidence
level tacuiatedO tatdbulated showing that the standard method and the proposed method yielded

similar results.

© University of Pretoria



Mn(Il)/ Mn(VIl) speciationgave similarresults as shown ifmable 43 by statistical
evaluation of the resultsf the proposed method and the standard methalle 4.4 shows

the results of theecoveryuponspiking with 0.2 mg Mn (VII) and thaverage % recovery
was 98. Table4.5 shows simultaneous determination of Mn(Il) and Mn(VIl) fregmthetic
samples by SIA methliband the % recovery was = 98. The % RSD was 0.27 and 0.34 for
Mn(ll) and Mn(VIl) respectively whib shows great precision. Table.35displays
simultaneous determination Gk (l1l) and Cr(VI) fromsamples by the proposed SIA method

in comparison with the titrimetric and AAS methods and there was no significant difference
for all three methods. TabE4 showsthe results of theecoveryuponspiking with 0.4 mg
Cr(lll) and there was a 98 % recoveifyeble 6.4 shove recovery results and in all cases the
average % recovery was 98 %. The % R&ilues weré.8 and 0.7% for bromine and total
bromine respectively Table 6.3. Using theproposed systepone carmonitor both bromine

and total bromine at@samples per hour withweery low sample carrover (~ 1.1%). Table

7.4 dsplays % Recovery after addition of 0.@thgal amylase uni(FAU)of bot h U an:¢
amylase and in both casgsvas 98 %. The proposed SIA method and the iodine diastatic
method gave similar resules shown in Table 7.9he calculated % RSD was lower than
0.80 showing excell ent p r -eamylasa determinafion avas d et e ¢
calculated to be 0.@® FAU within a working range of (0.01% 0.049 FAU and the
correspondi Rragylaseawene eatculated out td be 0.0043 FAithwhe same
working range Table 83 shows the results obtained for the assay-péi@ndopril(S-pdp)in

the presence dR-perendopril (Rpdp), andthe recovey was above 98 %lable 84 shows
resuts obtainedfor the assay of fpdp inthe presence of-8dp and with98 %recovery.This

work highlighted the broad spectrum of Sdédapted t@hemical speciatian

© Universityof Pretoria
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CHAPTER 1

I ntroduction

1.1 Advances ofanalytical chemistry.
fAnalytical chemistry is the science of applying appropriate techniquesiéasuring the
nature and quantity of chemical composition within a sample art at that instant and denoted

spaceo [1].

Analytical chemistry is activeand forever changing to adapt aoeas of modern chemical
researchAll scientific fields are in one wagr the otherdependent othe results of chemical
analysesThe study of analytical chemistipgrovides an avenue for teaching and emphasizing
the truly quantitative thinking and quantitative approachsolve problens within the

chemistryfield [2].

Hyphenatedaind nordestructive methodsave becomé&ey fundamental aspects of analytical
chemistry Analytical chemistsstrive to improve thequality of existing techniquesndto
innovate better chemical measuremerits our ever changing worl@3]. They carry out
researchfor new principles of measuremeahd make important contributions ta wide

spectrum of fieldkeeping abreast with technical and medicinal innova{i8hs

Figs. 1.1 and 1.2 show interdependence of all fields to analytical dhenaisd its
classification as either basic or applied sciencesgectively. The importance of
incooporating quality assurance and quality control into all analytical prockasesen

schematically represented iilgFl.3.
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Figure 1.1. (A) An abridgedscheme showing how the different stiéc disciplines interconnect

(B) Showshow chemical analysis is achieved throegtietailed structural approach [2].
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1.2.Flow systems enhancing chemical analysis.
The advancement of analytical chemigtigooporatediow technique with an appreciable

automationThey aredependent othe pattern of flow dynamics employsdch as

a) Segmented continuous flow analysihich areair segmentedand flow injection
analysis,

b) Unsegmented continuous flomhich is ®quential injection analysis.

The automated analyzer was the first recorded automated instrument; it operated through a

special flow process namedntinuous fbw analysis (CFA), as shown imgF1.4.

RC

Figure 1.4. Continuous Flow Analyser syste{@FA) [4].

P71 pump,RCT reaction coil Di detector, Q carrier, Si sample, A and B reagentsandW i waste.

In CFA the concentration of the analyte is measured uninterrupte@dystream of liquid or
gas. In Airsegmented flow analysis (SFAlsplayed inFig. 1.5 a continuous stream of

material is divided by air bubbles into discrete segments in which chemical reactions occur.



Figure 1.5. Air-segmented flow analys{SFA) system [3.

Fig. 1.6 showsflow injection analysi FIA) characterized byhe sequential insertion of
discrete sample solution into unsegmented continuously flowing stream with gebkeq

detection of the analyte 4

P S

RC

Figure 1.6. Flow injection andysis system [}
P - pump, V- injection device, RG reaction coil D - detector, G carrier,S - sample, R reagent, W waste, H

- peak heightT - residence time.

Fig. 1.7 belowis SIA (sequential injection analysiskhich is based on microfluidic

manipulation of samples and reagents.



PUMP

CARRIER
STREAM

Figure 1.7. Sequential injection syste(®IA) [5].

HC - holding coil, Rreagent solution, -Ssample solution, bdetector, RE reaction coil, SV

selection valve, PGcomputer for data readout and control software

1.3.Chemical speciation.

Internation& Union of Pure and Applied Chemistry (W) stateghati Speci ati on an;
is the process leading to identification and determination of the different chemical and
physical forms of an e[b]l.ebaeh marticuéax Spexiesi forrg isi n a
controlled bychemical and physical parameters and is tdependentThe importance of

speciation mges on its pathway, backgroumahd distribution Fig. 1.8 is a scheme of

different metal coordinates

M - Inorganic

M ¢ Humic acids

M - Organic

Maqn+ -
M- Pores < ——, — <———— > M- Colloids

|

Figure 1.8. Distribution scheme of various specighere M represent met].
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Figure 1.9. Techniquesind methodologiefor speciation analysig].

Fig. 1.9 shows single instruments independeusigd for direct abmical speciation analysis
Hyphenated tdmiguesare those Wwere two or more instrumentge coupled together dn

will be discussed further inl@&pter 2.

1.4.The aim of the study.

Recent developments hasikownthe need for interdisciplinagpproacto solve the myriad
challenges that the modern worldfaging. This has revealdatie role ofchemical species in

both flora and fauna health. Disease control and nutritional aspects are also dependent on the
chemical specief5]. The chemicaform of these elements or compounds determihes
bioavailability and mobility within the environmenTher toxicological effecs tend to
correlate more withchemicalforms than with the total concentratid®], thus requiring

accurateand specifidechniques for their analysesch as sequential injection analysis



The critical significance of monitorgn inorganic and organic contaminants in the
environment, biota, food, wateair, soiland aquatic systems is of prime importance for both
developing and developed countri¢g]. A rapid, economical, reliable and sensitive

methodology with as low detection limitssthus required

The SIA technique has the hall marko satisfy this role, wh its inherent simplicityJow
need for maintenana@nd simultaneous multiple chemical arsaly [5] The fact that there is
no need to change the flow manifold to perform parallel analysis is best suited for

multianalyte determination and fparticular chemical speciation.

Reduced consumption of reagents, ease of versatility for varying chematahstrumental
operating parameters, ease of system calibration, single marnifatthel, and the reverse/

forwardflow processes makalA ideal for chemical speciatioi].

Theaim of this work was exaplified by speciatiorf thefollowing elementsvhich were all

publishedexceptf or U /. b amyl ase

1. Speciation of F&/Fe™,

2. Speciation of GIO;"/CrOs*,
3. Speciation of MA"/Mn",

4. Speciation of ByBr,

5. Speciation of § R-perindopril,

6. Spei ati on of U / b amyl ase.

SIA gaveresultswith no significantdifferences taconventional analytical methodsnly that
it was moreaccurate whictare commonly used with improved detection limits and detection

range.



1.5.0utline of the Thesis

The outlay of the dissertation follows a four prong approach with ehapter smoothly
intergrating ino the successive on€hapter 1 introduces the analytical approach f@meral
chemical analysis. Ti& is then followed byflow systems asautomatedanalytical tools.
Chemical speciation is thentroduced and brieflgiscussed and thenamged intasequenal
injection analysis to showhe aim of the dissertation. The cordilig chapteroutlines the
success o$equential injection analysis technique to enhance chemical speditmpter 2
gives an expanded analysis ftdw systems and the culmination into sequential injection
analysis. Chemical spedian is then comprehensively discussed starting from the definition,
types, and techniques to achieve thigally, how flow systems can be exploited to enhance
chemical speciationFrom Chapter 3 to Chapter 8 are examples othe experimental
chemical speciation through sequential injection analysipeasaim of theresearch. The
divisions of the research output ar@s follows; Chapter 3 (Fe'/F&’), Chapter 4
(Mn®*/Mn*"), Chapter 5 (Cr**/Cr’"), Chapter 6 (Br/ Br,), Chapter 7 ( J)pamylase and
Chapter 8 (S/R)-perindopril Chapter 9 gives the conclusion about the research
highlightingthe success of achievintpe aimthrough the positive attributes of the objectives
as set out in the desigri the project. Rsults fromboth real and synthesized samples gave
conclusive evidence that tihesearctproved the versatility of the SIA technigaad its ease

of adaptability
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CHAPTER 2

Literature review

2.1. Introduction

SIA was developed frorRIA andhas slotted very wetb alleviatethe demand of the modern
analytical need§l]. Although the principle oSIA is based ora definedpattern of sample

and reagent aspiration, it follows tieandom walk model[2]. The effect of stopping and
reversingin SIA is well documented2]. The quality of results obtained from SIA is
dependent on controlled dispersion and synchronised reagent sequencing [3]. These two
parameterdiave a great influence dhe degree of penetratidhat influenceshe type of

dispersion

SIA makes use of a single fleghannelat all times,througha synchronized action of the
multi-position selection valve and thedirectional pump. The sample and reagent zones are
sequentially stacked but as they are propelled forward digpetakes place which results in

product formation.

2.2. Design and setip of the Sequential Injection System

The design and amgement of SIAvas earlierepresented ifig. 1.7 with the following
parts

2.2.1.Pumps.

Commomnly usegoumpsare yringe and peristalt types A high quality pumpshould have
precisionover long periodsThe pump that was used throuths research project was a
Model 321, Gilsa (Villiers-le-bel, France)with specifications as per manufactueerd is

representedby Fig. 2.1 [4]. It is a single channel pump with-tirectional action. These are

11



propulsion (forward) and aspiration (reverse) of sample and reagent sollititasa remote

controlswitch contacts that enable immediategpsttart, forward, and reverse.

Figure 2.1. Peristaltic pump4].

1 - flexible tube,?2 - rotor, 3 - rolls, 4 - semicylindrical plate 5 - screw 6 - frontal plate 7 - stoppers8 -
cylindrical axes.

2.22. Pump tubing

The most common tubing materials that have been so far us@ééflos, stainless steel, and
other polymersThe most ideal tubings are those that are pliable and retain their physical
characteristic for longer periodBiff erent tubings aresupplied by various companiegth

clearly indicatedspecifications Stainlesss steel would require a different type of pumping
system as they are not pliable. The sequential injection manifolds are connected by the
transport conduits commonly madip of PTFE (polytetraflouroethylene) tubjmgsistant to

a variety of solutions

Belowis Hg. 2.2where (A s hows the effect of tube radius
inverse response of peak height against tube radius and gliopcirtionality between peak

width and tube radius.
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Figure 2.2. Influence of tube radius on response sigbal

2.2.3. Selection valve

The selection valvéFig. 2.3)is complementary to the Hlirectional pump as theoreof the
SIA. The selection valve has several ports through which specific reagents could be

sequentially aspirated.

Port

- |
Valve Head Common central

Port

Figure 2.3. A 10-port selection valv§3].

The selection valve used for this research was-potOValco valve (Model ESCD10Q/3],
Valco Instruments, Houston, TX, USAactuated by a computer signal. The valve is designed
to move only in an antlockwise direction. It can bdirected to move from any poany
number as denoted iAg. 24, to the home or central common port in anegle step. Its

operational technique waisoroughly discussel®].
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2.2.4. Reactor geometries

Fig. 2. 4 gives the physical patterns of the different coil pattefiifee geomety of the
reaction coilhas a profound influence on dispersion andsequently othe performance of
the flow analysis systeras displayed in i§. 2.5. The coil geometryis more sensitive and

was usedor this project, and is generally preferredheknotted geometri6].

AAPRAPITRRP AP P WS SIAAST VIS @

Figure 2.4. Reactor geometry patterfj.
(a) straight tube, (b) coiled tube, (c) knotted (knitted) tube, (d) sinusoidal shaped tube,

(e) sinusoidal bead impregnated tubes.

3000
Serp 1 (1.1 %) 0il (0.7 5)%
2500 ——
= traight 2.2%
=Y i)
‘S 2000 ——
_—
=
& 1500—Serp IV (2.3% erp 11 (1.9 )%
=
= 1000 ——
= erp 111 (0.5 % )
500 ——
’ R R
0 20 40 60 0 100 120 40
Time (s)

Figure 2.5. Comparison of signal output in respect of reactor geonp@try
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2.2.5. Detect®:

An ideal SIA detector should be denoted by special attributes that are in line with the aims

and objectives of the SIA procg$g. Several detectors can beupled taSIA [3].

2.3.The operation of the systems is as follows

2.3.1. Zone Injection profile

I R

Figure 2.6 Sequential injection processé Startposition,(ii) sectional zones reagent and sangaeking,(iii)
forward positiomproduct sandwiched between unreacted sample and produdhecsteuctures of sequenced

and injected zones (bottom). S, P, and R are the sample, product, and reagent zones. Note that flow reversal
occurs during zone injectid].

SIA was dicussed fullunderChapter 1in section 1.4with all its benefitsFig. 2.6 showsthe
sequence of events withthe conduits with timeThe interdispersionis controlledby the
sequene of aspiration and forwardingf the zones within the conduits of the Séfstem
Fig. 2.7 illustrate the peak heightith the passage of timeith Fig. 2.7 (2a) no reaction, igs.

2.7 (2b, 2c, 2d) asceling peak height with time arfelg. 2.7 (e) product decomposition.

Fig. 2.8 is the overall representation of peak height indicating the base line and isodispersion
and all related representatioi®e isodispersiorflp) is the point which indicates the area

where the sample and reagent zones have identical dispersion.
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Analytical signal

Figure 2.7. Shape of the signal recorded in the case of the stejppedechnique bygradients. 1 Signalshape
for the case of continuous functioning of the pump; 2a chemical reaction takes place, 2b, 2¢, Gukemical
reactions with different rates, 2alecomposition of the reactid8].

Signal =—p

W 3\
— = - S-——\

Time (s)

Figure 2.8. Peak profile of actualane penetration representati@j.
R-reagent zone,-Sample zondp-dispersion coefficient, Wbaseline width of reagent zone Jaseline width

of sample zore ndW,-baseline of overlap.

2.32. Regent:sample ratio and sequenakaspiration.

van Staden et a[7] evaluatedthe influence of reagent: sample ratio and the order of
aspiration betweethe sample and amgagent The results were shown inidg: 29 and are

dictated uporby the stoichiometric relationship based on the reaction.
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Figure 2.9 Influence of different sample: reagent ratios in a total constant volume, in the order of metal
followed by ligand7].

2.4.Specific Operational Techniques

Different operational techniquesr single doubleand threezoneswere fully explained7].

For multizones operation where six zones were used in auto analysers was successfully
carried out §]. Dilution and mixing chambers wasirried out automaticallihroughcoupling

of several devices to the SIA syst¢dn 10]. Peterson et alemonstrate@xtraction and flow
reversal using organic and aqueous solutiony. [Calibration dialysis, titration and

preconcentratiomavealso been used in SIA2 - 15].

2.4.1 Device contral

Computes control the different partaithin SIA. Several researchers have develotresr
own individual specialised softwar&or example, Turbo C++ [16], Visual Basic [17],

Windows 95 envonment{18], LabVIEW [19], DARRAY [20] andFIALab [1].

2.4.2. Data output

In this research the software packageployed was the FlowTEKLH] where he signal
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outputis displayedaspeak height, peak width, peak time or concentration.

2.4.3. Interface board

For the interface of the software and the hardware (individual physical parts) t{8B>C
EagleElectric, Cape Town, South Africa) was usatl the manufacturer includes relevant

specifications. §].

24.4. Distribution board

A distribution board (assembled at Mintek, Randburg, South Afiiasinserted between

the computer and the instrumentahgonentg$5].

2.5. Chemical speciaton.

2.5.1. Historicd background

The ter m Avagpfest usedtby ©.;h €odRl] stemming from the the pioneering
work of Darwin et al [22] about species descriptiofrace element analysisecame
prominentthree decades following World Warfor ecological sustaability, environmental
rehabilitation andeconomic developmenR3]. In the chemical field the is inconsistency
about themeaningo f s pfie ¢ i 24]. ilndiadl the[ study wadimited to selected species
[25]. This was extended foa variety ofheavy metals R6]. Fig. 2.10 shows interlink of

chemical speciation to other disciplines.
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Forensic Analysis Environmental

Analytical Chemistry

i Chemistry

Transport processes
Chemical reactionand biological uptake
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Geochemistry Biology and biochemistry

Pharmaceutics

Figure 2.10. Interdisciplinaryflow of speciation analysis [2.

2.5.2. Finding common ground for terms related to Speciation and Fractianation

(A) Different meaning of Speciation:

1 Evolution or development of different genetic traits in an isolateepsillation,
leading to a species distinctly different from tireginal parent populatiof21].

1 Indicates the analytical activity of identifying chemical species and measuring
their distribution[25].

i Indicate the distribution of species in a particular sample maBix

i Distribution of an element amongst define@ctical species in system[25].

1 Partitioning of trace metals among solids, colloids, surfaces, dissolved free ions,

complexed with dissolved inorganic ligands in the dissolved phase, and
complexed with organics in the dissolved phaG.

1 Description ofthe abundance of species of an elenf2@t

i Reactivity and transformation of a given species into anda4gr
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(B) Chemical species Specific tiemical form of an element defined as to isotopic

composition, electronic or oxidation state, and/anptex or molecular structuf@5].

(C) Speciation analysis: Analytical Chemistry, the activities of identifying and/ or
measuring the quantities of one or more individual chemical species which together make up

the total concentration ia samplg26].

(D) Fractionation: Process of classification of an analyte or a group of analytes from a

certain sample matrix according to jgigal or chemical properti¢27].

Bernhard et al. suggested the term speciation should either be totally avoided or thoroughly

defined when use®f], and thd UPAC definition was given in section 1.3,

2.5.3. Types of chemical species.

This was introduced in section 1.3, below follows some of the common types available within

the environment in appreciable concentrati®$.

Redox systems which are'§s&e”, As"/AsY, sd'/snY, c''/cr!, Mn"/Mn™Y),

=

1 Alkylated forms: Methyl (Hg, Ge, Sn, Pb, As, Sb, $&hyl Pb),

1 Bio-molecules: Organo: (As, Se, Cd, Li, chlorides),

1 Metalloproteins and metalloenzymes,

9 Colloidal,

1 Morphological forms.
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25.4. Impartance of Chemical Speciati¢a8].

Some important aspects were explained in sectioritis3an integral part of risk assessment
and the toxicity ban element hinges aspeciaion typeandor on specific orgaf27]. This

relationship can be represented as a following chain:
Risk Y ConcentrationY speciationY Sensitivity of target organ or biofluid

The National Research Council (NRC) 2002 review on bioavailabiégplained

fiBi oavail abi thiouglythdollowing éhee keyR&],

1 Contaminant interactions between phases
(AssociationDissociation/BouneReleased)

1 Transport of contaminants to organisms.

1 Passage across physiological membrane.
Individual chemical species analysis provides comprehensdnsiceligal effects [28]

2.5.5. The role of speciation in legislation

This field has shed light on the far reaching impact of element speciation and its role in both
fauna and floraThe revelation of the exact mode of action of the different cherspzdies

on the orgaisms helps imrafting the relevant legislative control mechanisiitss was also
important for Food and Agriculture OrganizatiogFAO) and WHO) World Health
Organizationto establish the Codex Committee (CCFAGP][ Environmental Protection
Agency (EPA) aided inas well for export market§31]. Supported byEurope, North

America, Asia and Australif29, 37.
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2.5.6. Important application of speciation

This isbriefly discussed in Chapter 1, and tlemmaisedin Fig. 2.11, which is outlined as
a flow of different steps that indicate the chemical environment that influences the form in

which the chemical species will exist as and their impact oorthenism.

environment< > emission of species

natural species background
emission of new species

Alteration of natural species

Pattern of equilibria

Transformation of species
Changes in environment
Complexation or release of species
Changes in mobility
Transport of species

Species dependent biavailability

U

Impact on the organism

Species dependent intake and transport in the organism
Species dependent metabolic turn over, participating in enzymes
Competition with other (essential) elements, accumulation or excretion
Loss or increased activity of enzymes
Essentiality or toxicity
(Speciedependent)

Figure211l.l nt err el ati on between fienvironme[@%. al speciati on/
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2.5.7. Techniques and methodologies for speciation analysis

Chemical speciation can learried out through one of the followifg0Q];

1 Screening speciation this targets only one analyte

1 Group speciation; in this is for compounds or elements existing in different
compounds and forms and at the specific oxidation level.

1 Distribution speciatiomnly for biological samples.

1 Individual speciation which relies on fractionation and separatlonovative
techniquedor speciation analysis rely on thsolation part of the targeted species
from the other constituents making up the sample and theddmong thedetector

bias thespecieof interest The generatommon methods af29]:

1 direct method of analysis,

1 hyphenated techniques,

1 separation techniques,

1 Modeling techniques.

Significant challenges for effective speciation analysis are as fo]gdys

i difficulties isolatirg compound(s) of interests from complex matrix

i generally almost all the available techniques disturb the equilibrium,
1 the great uncertainty of almost all known speciation methods,

1 the very low concentration of analyte sought,

1 The increased possibility of contamination.
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2.5.8. Direct methods of chemical speciation

These are the straight forward strategidsch use asingle step These speciaed methods
for species determination exist as a small fract®pectroscopy is the most prevalevith
very simple ample preparatiothat requireonly one or two stepsThese werealiscussed in

Chapter 1.

2.5.9. Hyphenated techniques

Integration oftwo or moremethods mainly arranged in sequence where the product from the
first technique subsequently becomes the sample for the next technique. These techniques
generally involve many analytical steps such as extraction, derivatization, separation and
detection with have to be carried out in such a way so that the egisatonserved during

the analytical proces3his is because dhelow concentration of thtrace element present

and the complexity of the matrj81].

Conventional methods could no longer cope with new analytes that wereiteauyced
into the environmentAdvancesin medicine and industries revealed more complex array of
analytes within equaly eoplex matrices. It became appat that to keep in pawith this,
more advanced methods andstinbments needed to be introducethese hyphenated
techniqguesrecomputer contraéd.
Advantages otheseapplicatiors are

1 higher degree of automation,

1 higher degree of sample throughput,

1 better reproducibility,

1 shorter time of analysis,

71 reduced contamination as it is a closed system,
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1 higher degree of information due to enhanced combined selectivity.

Chemical speciationanalysis

SlA/detector FIA/ detector @
\ 4

CID-MS (QQ, QqTOF)

Figure 2.12. Hyphenated technique37]].

Fig. 212 gives a comprehensive summary of the various hyphenated techniques that are

designed to deal with the new scopes of material to be analysed.

Hereunder is list of some examples given [33],
1 Mass pectrometermass spectrometer (M®S),
9 Inductively coupled plasmanass spectrometry (ICKMS),

1 Liquid chromatogrphy inductively coupled plasmaass spectrometry (L-GCP-MS),
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1 High resoluton inductively coufed plasma rass spectrometry (HRCP-MS),
1 Gas chromatographgductively coupled plasmaamss spectrometigGC-ICP-MS),

1 Capillary electrophoresis inductively coupled plasma sector field rpasgremetry
(CE-ICPS)

1 Collision induced masmassspectroscopy (CIEMS/MS),
1 Inductively coupled plasma atomic emission spectros¢R-AES), and

1 Gas chromatography microwave induced plasma/Gas chromatography atomic
absorption spectroscopC-MIP/GC-AAS).

2.6. Speciation by(FIA).

FIA has a higtversatility that allows discrimination of the various chemical speEiéscan
be adapted for use in other related oxidireduced paiwith eithera single or double beam
photometric spectroscopy89], Reversed FIA configurations and opensed systems are
generally applied with great successs. Sometimes reversed asymmetric mergiagvith

either potentiometric or photometric detectoasve beempplied[36].

To extend the range of chemical spedetectors may be put in series or in paradiedithe
different injection valvesised as wellManipulation of the sample either -tine or off-line
has also been us¢89]. Some case studies for FIA speciatltavealreadybeen used40-

44).

2.7. Sequential injection analysis (SIA)

SIA haspotential to perform multiparametric analy$45]. Just altering the sequence or type
of reagentswvith the same manifoldnd use of different detectonsill widen the scope of

analysis.An additional advantage &lA is the ease of coupling of separation devices to the
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valve A few examples of chemical speciation by SIA have been reported from litefré@uire

48]

2.8. Chemical speciation through computation

The physical separaticemd determination of the various forms usually disturb the chemical
state of the sampleven thought is necessary to do s®his limitation is bypassed by the
use of chemical mode[49]. Thermodynamic data from such models only yield meaningful
and relable results when significant complexes are all encoedtésr. This leads to
computer simulation which uséseoretical chemical concepts to predict tbacentratiorof
chemical specie§49]. The 2f' century has seen a wide array of new technologies being

introduced more especialtfose which areomputer basednd models.

Modeling is only valid when numerical constantsre from equilibrium reactions. The
Analytical Chemistry Division Commissioprovides theequilibrium data50]. Advantages

of computational speciation methods elearly outlined51]

The choice of a particular model for speciation is based on prior knowledge for the speciation
technique used. The adaptation of using complicatecedprlibria computer program and
predetermined data for pH, total ionic concentrations and equilibrium constants, trace

element speciation can be calculated] |

Ball et al [53] used theWATEQ2 program.PHREEQE was developed fotueinum

speciation $4]. A few of the recent speciation modeised werg59]:

1 Regional Lagranian Model of Air Pollution (RELMP)

1 Law of Mass action (LMA),
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1 Windermere Humic Thermodynamic Database for Environmental Modeling. Model
(WHAM),

1 Joint European Thermodynamic Database for Environmental Modeling (JETDEM),

1 Chemical, Joint Expert Speciation System (JESS),

1 Multicomponent chemical equilibrium computer program (MICROQInyd

1 Chemical equilibrium modeling systemrfwater chemistry (MIEQL).

2. 9. Quality assurance and quality control inchemical speciation analysisg6].

Quality assurance and quality contre¢reintroduced inSection 1.1 Quality controlis not

strictly practisedin chemical speciation as yet. Those usedrfreanalysis can be adapted

for chemical speciation analysi§€, 57]. The community b Bureau of Reference (BCR)

deals with accreditation and production of certified referencematerial (CRM) [58].
International Organization for Standardizatid8@ orCent r e of Excel |l ence

standard CEN) maybe sourced [59

Some of the more specific reference material used for speciation are provided by different
companies and specific for particular species analysis, for example CRM 544 used for
lyophilized solution m the speciation analysis for (@)/Cr(VI). CRM 2108 for Cr(ll), and

CRM 2109 for Cr(VI) BQ].
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CHAPTER 3

On-line Speciation ofIron (1) and Iron (1ll) using aSpectrophotometric

Sequential I njection AnalaysisSystem

3.1. Introduction

3.1.1. Basic information

Iron (Fe)is a group 8 elementiscovered around 5000 BC wi#lm average atomic mass of
55.845 + 0.002 jandan electron configuratioaf [Ar] 3d°4<’[1]. It is namedrom (ferrum)a
Latin word and assigne@n atomic number o26. It has a melting point of 1811 Knd
boiling point of 3134 K[1]. It is a metal in the first transition serieharacterized by
oxidation states ranging betweehto +6, with +2 and +3 being the most common ones. Its
normal colour is lustrous silv@rey but display a rusty colour upon oxidation. It has a cubic

crystal structure with a density of 7.86 gfcan 293 K[1].
3.1.2 Natural occurrence

Table3.1. Isotopesof Fe[1].

Isotope | Atomic mass | Natural abundance Stable
54 Fe 53.940 5.84 % Stable
56 Fe 55.940 91.754 % Stable
57 Fe 56.935 2.119 %, Stable
58 Fe 57.933 0.282 %. Stable
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Naturally occurring iron consists of four isotopes given in &ble 3.1.The most abundant

isotope is°Feand makessp 5% of t he Earthoés crust

3.1.3 Applications of iron

Iron contributes to 95 % of worldwidaetal production. This is because of ltav cost and
strength, making it ideal to be used in engineering applications such as comnstafctio
machinery, machine tools, automobiles, hulls of ships, and structural comprfer
buildings. Its formaalloys with otherelementg2]. It hasmanyother roles in industry3] and

biology [4].
3.14. Iron and its speciation

Several FIA techniques have been exploited @ffect chemical speciation[5], such as
reversed injector loading techniq& and sandwich technique§7]. A combinationwith
atomic absorption spectroscoffAS) was also demonstratd@]. Another methoduseda
redox reagenin one stream and no redox reagent in andi®lerin othercasesa selective
indicator for each ironspecies was usefl(]. Also, it should be noted that the use of
automatic preconcentratiorhas been reported for the determinatioranfmonia sulphate

and Fe ion$11].

Kurodo et al [12] reported thensultaneous determination of Fe(lll) and total iron by flow
injection analgis. Oliveira et al.L3] were able todetermire Fe(ll) and Fe(lll) using
spectrophotometric metho@hemiluminescencavas used to dermire Fe(ll), Fe(lll) and
total iron [14]. Differential pulse anodicstripping voltammetry in a flowhrough

configurationwas used forron speciatioron a glassy carbon electrofdi).

Bermejoet al.[16], reported the use of techniques suckias exclusion chromatographpd

electrothermalAS for the speciation oiron speciationThe theoretical background behind
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(SIA) has been thoroughly discussed imapter 2 with its benefit clearly outlined@his
chapter attempts to explore the possible adaption ofsgttem that allows for a reliable,
simple, and fast speciation of irorin this SIA system, Fe(lll) is first determined using the

tiron, then the total iron, including the Fe(lll) obtained via the oxidation of Fe(lll)Js.H

3.2. Experimental

3.2.1.Reagents solutions

Every reagent used here was prepared using puretiaabigagent gades unlessotherwise
stated Also, every analyticasolutionwasprepared fromde-ionised wate{Modulab system
Continental water systems, San Antonio, TX).

3.2.1.1 Fe(lll) stock solution

A 500 mdL Fe(lll) stock solution was prepared by dissolving 2.1575g of
FeNHy(SQy).12H,0 (Merck) in the minimum quantity .01 molL HCIO,4. This was made
upto 500 nL with the same acid. Working standard solutions in the range 0.05 to YP0 mg

were prepared from the stock solution by appiade dilution using a 0.01 nfalHCIO,.

3.2.1.2 Fe(Il) stock solution

A 1.755 g of Fe(NR(SO, )..6H,O were dissolvedin a solution containing 10 Im
concentrated 50O, and 25 nb of deionised water this was made up to 250 ml with de
ionised waterto give a500 mgdL Fe(ll) stocksolution. This solution was freshly prepared

just before use and the standards were prepared in the range 0.20 tdlL.00 mg
3.2.1.3 Tiron solution(4.5- dihydroxy1. 3-benzenedisulfonic acid)

A 0.1 molL tiron solution was prepared by dissolving 3.142 dimin in 100 nL of 0.07

mol/L HCIO,. A 2.5 x 10° mol/L tiron solution was prepared by dilution fincthe stock tiron
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solutionof 0.07 molL HCIO4. The HCIQ, was always freshly prepared before it could be
used. This was to ensure that the quality of the overall results is guaranteed and should not be

compromised by the decomposition of the critical reagents.

3.2.1.4 Hydrogen peroxide oxidising soluti¢H,0O,).

A 1 % H,O, was prepared by diluting 3.33 ml of 30 %@ to 100 nL. total volume byde-

ionised waterThis was also freshly prepared before it could be used.

3.2.1.5 (Perchlorate)HCIO, carrier solution

The 0.07 HCIQ mol/L wasprepaed from34.23 ni of the 70 % HCIQ were diluted to 3.

with de-ionised water

3.2.2. Apparatus

The system for this projecvasassembled th components as described imapterl Hg.
1.7.anda Unicam 8625 UW/is spectrophotometer (Cambridge, UK) equipped a&ittOmm
Hellmatype (Hellma GmbH and Co., Mulheim/Baden, @any)with a flow through cell
(volume80pL) [17]. The use of a valve to switch between the streams or the exploitation of
the sandwich technique has been used. Fe(lll) forms a complex withrtieof:1 ratio that

was monitored with a UWis spectrophotometer at 66¥m. The proposed SIA system

operated according feg. 3.1 for the speciation of iron includes fiedlowing procedures

) determination of Fe(lll) using valve ports31

(i) theoxidation of Fe(ll) to Fe(lll) involving valve ports@, and then

(i) valveports 7-9 for total iron determination.
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sample [ Tiron detector | wash sample | H,0, ¢ tiron detector
carrier mixing
¢ ¢ o ¢ ¢ ¢ c ¢ c
3s 3s 25s 4s 3s 3s 7s 3s 119s

Figure 3.1. Sequence of pump direction and time of operation for the Fe(ll) total Fe speciation.

Fig. 3.1 abovegives analridgedversion of the programmed sequence of the Fe speciation
steps which arealso given in arexpandedorm in Table 3.2 The optimizedparametersre
expected taneet thaequirementsgor the speciation of F&€areful attention was giveo this

and all the data given (relative peak heights) in the optimisation of both physical and

chemicalparameters theelative standard deviation (% RSD) computed. Fig.3.2 displays the

results in the form of independent and well resolved peaks fdaRdtotal Fe.

RESPONSE

1800 T
1600 T
1400 T
1200 +
1000 T
800 T
600 T
400 +
200 Tt

Total Fe

Fe(lll)

20

40 60 80 100 120

TIME (S)

Figure 32 Graph depicting the jaé profiles forthe Fe species
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3.2.3. Procedure

Table 32. Sequence of pump action and direction for iron speciation.

Time (s) Pump Valve Description

0.0 Off Sample pump stop, select sample stream (valve position 1)
2.0 Reverse draw up sample solution

5.0 Off pump stops

6.0 Tiron select tiron stream (Advance valve to position 2)
7.0 Reverse draw up tiron solution

10.0 Off pump stops

11.0 advance valve to position 3

12.0 Forward forward mixture (tiron & sample)

36.0 Off pump stops

37.0 Carrier advance valve to position 4

38.0 Reverse draw up carrier solution

42.0 Off pump stops

43.0 Sample select sample stream (advancealve to position 5)
44.0 Reverse draw up sample stream

47.0 Off pump stops

48.0 H,0, select HO, stream (advance valve to position 6)
49.0 Reverse draw up H,O, solution

52.0 Off pump stops

53.0 advance valve to position 7

54.0 Forward automatic mixing of H,O, and sample

61.0 Off pump stops

62.0 Reverse automatic mixing of H,O, and sample

72.0 Off pump stops

73.0 Off pump off, select tiron stream (valve position8 )
74.0 Reverse draw up tiron solution

77.0 Off Stops

78.0 advance valve to position 9

79.0 Forward forward mixture ( tiron & oxidised sample ) to detector
120.0 Off pump stops
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3.3. Optimization, results and discussion

The results were obtained byhe meanof ten repetitions for eachdetermination.The
optimum wavéengthwasfound to be 667 nmafterrunning the complex solution of iretiron
over the300-700 nmwindow to make are that the two species are catered fnis would
help with finding solutions and making the necessatgrventions to the negative effect of
interferencesConsidering that some of the physideemical propertieare mutuallyshared
between theguantification ofFe(lll) and total iron,it is necessary to be cautious the

optimisationstepto cater for bth.

3.3.1. Physical parameters

From the plsical parameterst is possible to establishoth the degree of dispersion and
zone penetratiosincethe zones of theeagent, sampler productare drivento the detector
viathes y s t #om @anduits The system relies on absorbency, whishconverted into
peak heightsand so any factor thatayaffect either thenatureor the size of the peahould
be deemegivotal to the optimum performance of the systdinis very important that these
these parameters armeibjected to fulloptimization with the viewto obtainng the most

suitablemixing of the zones anabtain the rightjuantityof the detectable species.

3.3.1.1. Holding coilphysical parameters

The holding coll is the region where different zone stacking occurswagen which these
zones are stacketktermines the mixing as well as thenetration of these zonsmcethey
arepushedo the reaction coilyltimatelyimpacting on the final regmseof the system [18].
Theimpactof this parameter idepictedin Figs. 3.3 (a) and 3.3 (b), and the internal diameter

chosen was 1.02 mm as it displayed the lowest % RSD with a good relative peak height.
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Optimization for internal diametér.d) andlength(L) holding coil(HC)

Peak height | i.d (mm) | % RSD Optimization of internal diameter holding coil for Fe
(II) determination.
2.768 1.65 1.835 e 3 25
2025 2
- 15 2
2.57 1.6 1.98 = 15 , ==
: 1 =S
2.3019 1.14 0.8614 £ os o2
< o0 o
= 0 0.5 1 1.5 2
2.1168 1.02 0.4361 internal diameter (mm)
1 836 0 76 O 731 —o—Relative peak height —m-% RSD
Figure 33. (a) i.d optimization for [Fe (II)] determination
Peakheight | i.d (mm) | % RSD Optimization of holding ?oil internal diameter on total
3.4811 1.65 1.032 E 4 1'2
3.2679 1.6 0.674 22 06 2
E . 04 ®
2.9885 1.14 0.884 < 0-2
=] 0
o 0.5 1 15 2
2.886 1.02 0.2318 Internal diameter (mm)
2 6934 0.76 09431 —+—Relative peak height -8 % RSD
Figure 3.3. (bYHC) i.d optimization fortotal (F€) determination
; Optimization of holding coil length for Fe(II)
Peak height | Length (m) | % RSD determination
- 25 1.5
0.870 15 1.010 En 2
=15 " g
2.06 2.0 0.880 2 1 os &
.E 05
1.980 2.5 0.880 g 0 0
0 0.5 1 15 2 25 3 3.5 4
Coil length (m)
2.1168 3.0 0.436
—e—Relative peak height —#-% RSD
2276 35 1.360 Figure 3.4. (aJHC) L optimization for Fe(ll)determination.
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1.54 1.50 0.97 Optimization of holding coil length for Fe(ll)

3.096 200 1.02 determination as displayed ings. 3.4. (a) ang.4. (b)
gave the best
2.781 2.50 1.60 Optimization of holding coil length for total iron
results for the determination.
2.9885 3.00 0.88 >
coil length as| 22° m
3.163 3.50 0.84 2 15 -
3am. £
0.5
0 1
0 0.5 1 1.5 2 2.5 3 3.5 1
Figure 3.4.10)) (HC) L optimization for total Fe&letermination. Holding coil length (m)
—o—Relative peak height —#—% RSD

% RSD

3.3.12. Physical parameters foreaction coil(RC).

The physicalparametes should beregarded as crucial part d the SIA systemsince it
determinestte SIA region where chemical reactiomscursand produce the main colour
which is uilized in monitoring the targetinalyte. Indeed, the reaction coil shoulde

sufficienly long to permit the development of the colour aegtrictexcessive dispersion.

The optimization ofeaction coili.d and length.

Peak hEIth i.d (mm) % RSD Effect of reaction coil internal diameter on Fe(II)
determination.

2.3019 0.025 |0.1614 £

E2s
2.4985 003 | 1.36 ..

£ o
2.9811 0.64 2.4 é 0

0 01 02 03 04 05 06 07 08
Internal diameter (mm)
3.014 0.76 1.6
—+—Relative peak height —m-% RSD

Figure 3.5 (a) Optimization of (RG) on Fe (Il) determination.

Figs.3.5(a) and 3.5 (bwereevaluated fooptimum internal diametdor the reaction coibnd

0.76 mmwas identifiedas the bednterna diameter

Peak height | i.d (mm) | % RSD
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3.4811 1.65 1.032 Figure 3.5 (b) Optimization of reaction coil internal diameter on total
Fe
3.2679 16 0.674 Optimization (RC) | _ 12
= 1
i.d total Fe | 2° .
2.9885 114 | 0.884 vaon TR e / j oo 8
determination. ;’1 04 *
2.886 1.02 0.931 £ . :2
L. B é 0 0.5 1 1.5 2
2.7322 0.76 0.458 Optlmlzatlon Of Reaction coil internal diameter (mm)
——+—Relative peak height -8-% RSD
reaction coil |ength Optimization of reaction coil length on Fe (IT)analysis.
- iy
= 1.2
Peak height | (RC) % RSD =15 12
§_ ) 08 &
length(m) 2 oe Ei =
E 0.2
2.3019 0.6 0.161 * o o 04 o8 o8 1 12 14
Reaction coil length(m)
1.9804 0.8 1.33 —+—Relative peak height —#-9% RSD
1.7658 1 1.36 Figure 36. (a) Optimization (RC) LonFe (ll) determination
1.58 1.2 0.8
Peak height | Length (m) | % RSD
Figure 3.6. ) Optimization (RC) L on total Fe
2.441 0.6 0.361
determination.
1.896 0.8 0.974
Results fom Figs.3.6. (a) and 36 (b) 1685 1 102 gave 0.6 m
asthe optimumlength for the reaction 7 553 12 0.81 coil.
3.3.13. Oxidationcoil (OC) lengthand internal diameteoptimization
Optimization of reaction coil length on total Fe
analysis.
The oxidation coil is importantor total iron (oxidised 5. '
E l) 08 ;
Fe(ll) + original Fe(ll). The coilmust é’f 7Q 06 f
‘E 0.5 0.2
;: 0 0
provide sufficient internal area to permdufficient C Y Reaction coillongth @
oxidationandlimit dispersion of the oxidation product t T Reladve peakhelght —=% RSD

the detector after colour development.

Peak height | i.d (mm) | % RSD
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3.4811 1.65 1.232 Figure 3.7. Effect of oxidation coil internal diameter on total iron
determination
3.2679 1.6 0.967 | Effectof(0C)id | 4 14
o0 1.2
. 'S 3 1
2.9885 114|108 | O 0@ on g 0 2
determination. ;‘1 04 =
2.886 1.02 0.944 - 0.2
w 0 0
& 0.5 1 1.5 2
2.856 0.76 0.411 Flg 3.7 gave Oxidation coil internal diameter (mmj)
—+—Relative peak height —m-% RSD

0.76 mm as the best ifdr thisanalysis.

Peak height | L (m) % RSD Effect of oxidation coil length on total iren
determination.
2.71 1.20 0.61 = 7 3
oo 3 25
2 25 2 a2
2.72 110 |0.63 32 15 &
; 1 1 =
3.23 1.00 0.51 = 0-; :5
2 0 0.2 0.4 0.6 0.8 1 1.2 1.4
3.14 0.90 0.68 Oxidation coil length (m)
208 0.80 096 ——+—Relative peak height —-8-% RSD
312 070 053 Figure 3.8Effect of (OC) L on total iron determination.
3.31 0.60 0.47
2.53 0.50 2.48

0.6m was the bestength of the oxidation coil for total Fe téemination, this was shown in

Fig. 3.8

3.3.14. Flow rate

The flow rateplays the role of controlling theate of chemicaleaction by spplying the
reactants at gredeterminedrate. The reactiortiron-Fe(lll) reaction occurs very fast
resulting in animmediatecolour developmen At a very high flow rate> 8 mL/min) the
flowing stream of reagents is sapid that the timerequired forfor complex formation is
restrictedand consequentlhe final @mplexproductobtainedis insufficient, this leading to

low sensitivity of the systenThis is why a slowllow rate was chosen.

44



The oxidation ofFe(ll) is the ratdimiting stepfor this system andeeds enougtime for all

the available Fe(llpr at least a highgrercentag¢o be oxidizedIt was then decided to use

flow rate ranging from 1 to 7 mL/min to establish an optimum flow rate forgiisgem. The

flow rate of betweemd and6 mL/min competed for the optimum flow rate. These two flow

rates did not differ very much in terms of performancevds decided to use 4 mL/min as

this would also save the reageassper kjs. 3.9 (a) and 3.9 (b)

Effect of flow rate on Fe(ll) determination

Peak Height | Flow rate | % RSD
(mL/min)
2.2409 1 1.1
2.5897 2 1.3
2.8585 3 1.42
3.1337 4 0.613
3.377 5 1.02
3.7011 6 0.59
4.098 7 0.78

optimizedflow rate

Influence of flow rate on total iron determination

Peak Height | Flow rate | % RSD
(mL/min)

2.8787 1 13

3.1986 2 0.97

3.3642 3 0.88

3.6985 4 0.387

Relative peak height
L =) W -3 w

(=]

Effect of flow rate on Fe(II) determination.

1 2 3 4 5 6 7
Flow rate (mL/min)

—+—Relative peak height -#-% RSD

8

% RSD

Figure3.9. (a) Effect of flow rate on Fe(ll) determination.

Figs 3.9. (a) and 3.9 (bshowthat4 mL/min is the
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3.9014 S 0.945 Influence of flow rate on total iron determination.
-2 1.4
4.3886 6 0.988 =, 12
= L.
= 3 =
] 08 @«
4.6849 7 1.01 2 oe &
@ ? S
= 0.4
s1 0.2
) ]
0 1 2 3 a4 5 6 7 8
Flow rate (mL/min)
—+—Relative peak height -#-% RSD
Figure 3.9. (b) Influence of flow rate on total iron determination.

3.3.15. Reagent and sample volusne

The sample and reagent volumes are very important for the successive exploitation of the
method. Thebjective was simply to determine tleast consumption of the reagenishout
compromising on théest sensitivity and theidestpossiblelinear range. The best setup is
achievedwhen the colour reagent is in excess to ensuliereaction of all the waailable

analytes.

Effect of sample voluméd-igs.3.10 (a) and 3.10 (lave 25& Las optimum

Peak Sample % RSD Effect of sample volume on Fe(II) determination.
= 35 3
Height | (V)lume(uL) 23 2.5
= 2 a
15117 | 180 0.209 .. 1s &
2 . =
= 1
1.8559 | 240 0.583 Zos 05
’ 0 100 200 300 400 500O
2.2133 | 300 0.870 Sample volume (uL)
2 7064 360 1.800 —+—Relative peak height -m-% RSD
Figure 3.10 (a) Effect cdample volume on Fe(letermination
3.2022 | 420 2.800
Peak Height | Sample % RSD
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volume (uL)
1.7223 180 0.234
2.4785 240 0.518
2.6436 300 0.921
2.8751 360 1.031
3.5118 420 1.705
determination
Peak Height | Tiron % RSD
volume (LL)
1.51 150 0.22
1.65 200 0.38
2.28 250 0.31
2.81 300 0.87
3.28 350 1.38
3.53 400 0.79
Peak Height | Tiron % RSD
volume (L)
1.73 180 0.26
2.53 240 0.18
3.12 300 1.31
3.31 360 2.43
3.73 420 1.42

Influence of sample volume on total iron
concentrations
Influence of sample volume on total iron
. ) concentrations determination
determination | _ 4 2
=
rE 15 o
. =) 1 2
Figure 3.10 (b) g =
g1 05
=
Sample volume = 0
= 9 100 200 300 400 500
total Fe Sample volume (uL)
—+o—Relative peak height —8-% RSD
Figure 3.11. (a)Tiron volume on Fe(ll) determination.

. Effect of tiron volume on total iron determination
Figure . R
3.11. (b) :EI 35 2.5
Tiron £ 3 ,

= 2.5 =
volume on g 2 15 2
total (Fe) 215 1 &
E 1
= 05 0.5
= 5 0
0 100 200 300 400 500
Tiron volume (uL)
———Relative peak height ~—#-% RSD
——4—Relative peak height —#—% RSD
determination
Effect of tiron volume, from igs.3.11 (a) and
3.11(b) 250 €L was the optin

3.3.2. Chemical parameters

3.3.21. Colour reagent (tiron)

In general,when the concentration of the reagent increasesk pegght (sensitivity)

increasesHowever, at a ®ry high concentratigrthe linear range and sensitivity Fe(lll)

are reduced
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The concentration chosen should improve sensitivity, so that just the minimal change in the

volume orconcentration shoulesult in a response that could be of analytical significance.

Effect of tiron concentratian

Peak helght Tiron % RSD Effect of tiron concentration on Fe(Il) determination
o 25 0.7
(mg/L) E” 2 W 0.6
:E 0% o
1.3024 1.0x 10° [ 0.613 g™ o
o 1 =
£ 02 °
1.6311 1.5x 10° | 0.581 é 03 01
0 0
3 0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035
2.2011 2.0x 10 0.431 Tiron concentration mg/L
2.3117 2.5 x 103 0.588 ——4—Relative peak height -#-% RSD
2.2425 3.0x10° | 0.611 Figure 3.12 (a) Tiron concentration on Fe(ll) determination.
Peak helght Tiron % RSD Effect of tiron concentration on total iron
concentration determination
(mg/L) z 3-: ;3
B 25 '
1.4833 1.0x 107 | 0.722 z o :::><.’.7Fﬁ‘ 05 g
2 1.5 0.4 2
@ 1
1.7481 1.5x10° | 0.691 £ 05 02
- g ° 0  0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.000305
2.4028 2.0x10 0.564 Tiron concentration mg/L
2.7296 25x 103 0.759 —+—Relative peak height —#-% RSD
3.0977 3.0x10° | 0.821 Figure 3.12 (b) Tiron concentration on total Fe determinations.

Figs.3.12 (a) and 3.12(b) gave 2 x1Mg/L tiron concentration as ideal to be used.

3.3.22. Carrier type and concentration

Theability to form a complex with anetal ionand conventionadpectrophotometric reagents
mostly depend®n the pH of the reaction mediuamdthe nature and¢oncentration of th

ligand, and this is prevalent witprotonated ligandsThe complexation oTiron depends on
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the type and concentration of the aerdployed in the reactiofror this system, the effects of
the acids at different concentrations were thoroughly investightegs found thatH,SO,
and HNQ a 1molL and Znol/L gave low sensitivity compared toHCIO, at similar

concentrations. Thus, in this wotkCIO,4 (0.07 molL) wasused

3.3.23. Hydrogen peroxide

Hydrogen peroxide is thexidant orreagent that isesponsible for th&e(ll) oxidation tothe
Fe(lll) species which is then detect@thus, it is very critical that eveifye(ll) species present
is completely oxidisedby usingan excessoxidant As shown in Fig. 3.13, the oxidant was
optimized with1 % adopted as theptimum concentration fooptimum peformanceand

lowest % RSD.

Effect of HO, concentration on total iron determination

Peak height | H,O, (mol/L) % RSD Effect of H, O, concentration on total iron
determination
1.4258 0.5 0.861 Figure 3.13. H,0, = 25 4
%‘ 2 3
1.9347 1.0 0.662 concentration on % 15 ) 2
a1 =
total i 3 :
1.9441 15 1.02 otatron £ ;
determination. = o 05 1 15 2 25
1.9533 2.0 3.64 H,0, concentration (mol/L)
—+—Relative peak height -#-% RSD

A 1 % H,0, concentration as derived IByg. 3.13 was chosen.

3.4. Evaluation of the SIAmethod.
The list of the different validation processes are as follows: linearity, sample frequency,

accuracy, precision, detection limit and major interferences.

3.4.1. Linearity
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The linearity studies for the system for both Fe(ll) and Fe(lll) wereedaout. The
solutions were prepared by keeping the concentration of one species constant while varying
the concentration of the other specielse €quations of the cdlration for Fe(ll) and Fe(lIl)

are follows: (a) Fe(lll): Heqny = 0.0487¢ + 0.3616; r = 0.9998,= 1Q

Where H = peak height and ¢ = Fé(koncentration in mfy

Fig. 3.14 gives thealibration curve for the proposed systemiah islinear within 10.00 to
50.00mg/L. However,this range could be greatly improved by appropriate manipulation of
the system. For the samples that were analysed this range was quite sufficigre(IThe

concentration has to be slightly more since the oxidation step introduces some form of

. _ : dilution.
Concentration| Peak Height | Peak Height
(mg/L) Total Fe Fé Figure 3. 14 Linear curves for Fe(III) and total Fe
10 1.71 1.23 Linear curves for | %’
24
=
20 2.223 1.61 Fe(lll) and total | 5° /%
P!
Z
30 2.81 1.96 Fe. ¥
&

=1

40 3.38 2.37 0 10 20 30 20 50

Concetration mg/L

50 3.96 2.74 —o—Total Fe —m-Fe(III)
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Table 3.3Regression outputs for Feand total Fe.

Regression Output Fe't Total Fe
Constant 0.9586 1.235
Std Err of Y Est 0.0230 0.047

R Squared 0.9993 0.998
No. of Observations 5 5
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Degrees of Freedom 3 3
X Coefficient(s) 0.049 0.052
Std Err of Coef. 0.001 0.001

3.4.2. Accuracy and precision

Results from proposed SIA method were compared with thosed from standard mékieods.

results for this step agven in Tables8.4, 3.5and3.6with % RSD included

Table 34. Recovery studies fdfe (lll) and Fe (ll) from synthetic mixtures

Added mgL Recovered mfy

Fe (1) Fe (II) | Total(Fe) Fe (1) Fe (1) Total (Fe)
0.00 50.00 | 50.00 0.00 49.96 49.96
10.00 40.00 | 50.00 10.00 39.88 49.88
20.00 30.00 50.00 20.00 29.95 49.95
30.00 20.00 |50.00 30.00 19.98 49.98
40.00 10.00 50.00 40.00 9.97 49.97
50.00 0.00 50.00 50.0 0.00 50.0

Table 35. Results from effluent watexamples

Effluent

Water samples

Concentration in mfgy

Proposed method

Standard method

Fe(11)

Total (Fe

Titration

AAS!

Fe(111)

Fe(11)

Total(Fe)
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Fe(111)
Sample A 30.00 2.00 32.00 29.58 1.85 31.88
% RSD 0.58 - 0.73 1.64 2.16 1.34
Sample B
35.00 3.00 38.00 34.60 3.00 38.20
% RSD 0.84 - 0.64 1.81 2.35 1.67
Sample C 19.00 0.85 19.85 19.00 0.90 20.00
% RSD 0.56 - 0.48 2.53 2.01 1.36

Sample A (First processirgite Iscor plant), Sample A (Second processsitglscor plant)

Sample C (last refinery Iscor plam)dAAS! atomic absorbtion spectroscopy.

Concentration in mg /L

Proposed method Standard method
Samples
Fe(lll) | Fe(ll) | Total Fe | Fe(lll) [19] Fe(ll) [20] | Total Fe by AAS [21]
Weetol 13.00 | 50.00 | 63.00 13.40 49.65 64.00
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Iron extract | o psp | 0.81 | - 0.63 1.34 1.66 1.14
Vital for 200 |450 |650 1.60 4.00 6.00
women

%RSD | 1.24 |- 0.76 1.84 0.98 1.13
Vital for 200 |7.30 |930 1.95 7.00 8.98
pregnant

%RSD | 0.66 |- 0.56 2.33 218 1.10
women
Bettaway iron 12.00 | 40.00 |52.00 |11.87 39.79 52.00
extract

%RSD [ 091 |- 0.75 2.18 3.11 2.14
Bettaway 12.30 | 30.00 | 4230 |12.18 30.05 42.8
sports man

%RSD | 0.38 |- 0.84 2.33 1.35 1.22
Sample A 30.00 | 2.00 |3200 |2958 1.85 31.88

% RSD | 0.58 - o3 1.64 2.16 1.34
Sample B 35.00 | 3.00 |38.00 |34.60 3.00 38.20

% RSD | 0.84 - 0.64 1.81 2.35 1.67

19.00 | 0.85 |19.85 | 19.00 0.90 20.00
% RSD | 0.56 - 0.48 253 2.01 1.36

Table 3.6 Results from real samples.

Sample (A) and Sample (B) obtained from Pharmaceutical chemistry honors pregangéon

3.4.3. Detection limit

The detection limit for this system would mean the lowesicentration of each iron species
that the proposed method can distinguish from the-lo@sewnith a 97 % certainty. The
detection limit can be calculated from the following equation :

(3s +K)(K - ¢)
m

Detection limit =
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w h e rrepresents the RSf the baseline, K is the average signal value of the baseline
the intercept while m is thdope of the calibration curve. Thabtained linmits of detection

were0.10 mdL for Fe(Il) and0.20 mdL for Total Fe

3.4.4. Sample interaction and frequency

SIA is a highly automatedsystem,and the incorporation of the wash solutisnaimed at
reducing thecarry-over effect. The was solutiogreatlyincreases the rate ahalysissince
rinsing can be automatically performbedtween the consecutive analysis. The SIA system
proposed in this work can simultaneousignitor both Fe(lll) and Fe(ll)species a# rate of

30 samples per hour.

3.4.5. Major interferences

Theeffects of he various ions (botbations and aniofisvhich are commonly associated with

the Fe werestudied.Various ynthetic samples were spiked with knoamounts of théons
andthen their tolerance for these interferimgforeignions investigateTable 3.7 givesthe

results obtained) The level at which these foreign ions is tolerated (tolerance lesgel)
determined agts concentration o that causes a shift in the response of not greater than 2 %.
For this systennone of the foreign species showed drjectable intferenceexceptCu ion

that showed interefereneghen its concentratiowas more thamalf of theconcentration of
thetotal iron. Ti and Pb showed strong interference but it should be noted that neither Ti nor
Pd is known to c@xist with Fe However should the samplmatrix containthesetwo ions,

they can easily beliminated by appropriate maskingthem orpre-separating irorfrom

mixturesby the use ofnesityl oxide[13].

Table 3 7. Effect of interferencef20].
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1y a

lon Interferent (mg L) % Recovery
Cu (11) 100 104
Mg (11) 100 99.0
Zn (11) 100 103
Na 100 97.1
Cr 100 102
SO~ 100 98.7
COs” 100 86.1
OH 100 95.3

3.5. Statistical comparison between the two methods

The comparison was done between the proposed SIA method ahittraiien method to see
whether the two methodsae the same results at the 95% confidence level. -Tést with
multiple samples (paired differences) was applied to examirethehthe twanethods for

total iron determination differ significantly at the 95% confidence level. The results are
summarised in Tabld.4 for the first five pharmaceutical samples. The mean of the tabulated
differences was XD = 0.554 andhe sample standard deviation was=S1.4711. For the

Null hypothesig22] we can conclude that the two methods agree only when the population
mean difference isHo: 1 = . The alternative hypothesisg Hi [ [z, implies the twetailed

test. There are five determinations-§N therefore = 4. At the 95% confidence levelgbs 4

is 2.78. The critical-values are therefore +2.78. Finallyid,aiedWas computedo bel.68and

tratulated= 2.78. From observatioicuiated< tiabulateaWe thereforeaccept the Null hypothesis
and reject the alternativeonfirming thatthe two methods give resultgith no significant

difference.
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3.6. Conclusions

This thesiswork has successfully opened apwvhole new direction in speciation apbves

the versatility of the SIA technique. They objective b the proposed metholdas been
achievedasSIA system has been successfitifegrated into metal speciation. This approach

has the advantage of using a single detector, thus limiting the need for numerous calibrations.
The analysis time is highly reduced and the quantities of both the sample and the reagents are

economically used.

SIA is a simple and loveost system for thepgeciation of metalsThe simplicity of theS 1 A6 s
manifold makes itideal for application h process streams, effluent solasoand in
production lines. TaproposedSIA methodexhibited satisfactorgccuracyspeedprecision,

with very lowsample interaen.

The application of sequential injection analysis for metal speciation is presented. The
proposed method was used for the quantitative discrimination of the two iron species, Fe(ll)
and Fe(lll). Tiron was used as the chromogenic reagent fotl)Fae(tl total iron after Fe(ll)

was oxidised to Fe(lll) by D, .The linear range% RSD and detectiohmit show that the
analytical performance is gootlhe methal is fully computerized and able to run 30 samples
per hour. The method is rapid and hageay high precisionThe average % RSD for the

analysis results was55 for Fe(lll) and 0.75 fototal Fe.
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CHAPTER 4

Speciation of Mn (Il) and Mn (VII) by spectrophotometric Sequential Injection

Analysis.

4.1. Introduction.
Manganesestemsfrom the Greek termnfagney meaning magnetvas isolated by Johann

Gottlieb Gahn in 1774ndhas an atomic number of 2&th its symbol asvin [1]. It is a
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silvery-grey metal anés the 12"mo st abundant el emlehasamelting t he e
point of 1519 K and a corrpending boiling point of 2334 K with aretron configuration
of [Ar] 3d°45*[2]. It has 25isotopes ranging from Mn 44 tdn 69 with the most abundant
being Mn 55 followed by Mn 53[2]. The average atomic mass fraa these sotopes is

54.938 + 0.000008. The most prevalent oxidation states are Mn(ll) and Mn(VIl).
4.1.1. Application

It is used in cosmetic productanufacture of colourless glasand asa blackbrown
pigment in paintas filler in. It is used in steel production and a variety of alloys as in
aluminium for most beverage cans. Orgamanganese is used as an additive in gasoline to
increase the ocate content and prevent enginedak [3]. It also hasmportantbiological

roles @-6].
4.1.2. Manganese and its speciation

It is of great importance to determim@anganese in natural waters, domestic waters,
industrial effluents, food, beverages anddicine Ground and natural water bodiesntain
manganese asshe results of the c¢heaendiogdursiavabosis on o f

oxidation states/, g].

The undesirable effect of managenese even at low concentrefioses decolourisaticof
products, stains laundrglogs pipelines andkad to black depositd]. Permanganate has
several important industrial applications, for example as an oxidant in the organic chemical
industry and in the cleaning preparation for the metallurgichistry. It forms the basis for

classical qualitative and quantitative determination of mangdfgse

Several researchers have developed a variety of methods for the determination of manganese

that include titrimetry, spectrophotometry, anodic strippi§ferential pulse polagraphy,
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and chemiluminescence-[d]. Oxidation of manganese to permangarsseves ashe basis
for classical spectrophotoitne manganese determination [12lthough it is selective &
disadvatageis low sensitivity. Analytcal methods for manganese are ryoseédox with
photometric detectiobeing the most commofi3-16]. van Staden et alised a lead (IV)
oxide reactor in FIA17] for the determination of manganese in makwaters and effluent
streams 4-(2-Pyridylazo}resorcinol (PAR) and -f2-thialazo}resorcinol (TAR) are phenol

dyes frequently used for quantitativenganesanalysig18].

The aim of this chaptexasto develop a simple, easy, stable, reliable and cost effective SIA
system for the sxiation of Mn(ll) and Mn(VIl)with PAR & the colour regentThe
following sequence is followed in the procedure @ tiroposed SIA system. First Mn(ll) is
directly determined followed by the determination of the total manganese concentration after

thereduction of Mn(VII) to Mn(Il) by ascorbic acid.

4.2. Experimental

4.2.1. Reagents and standard solutions

All reagents were prepareahalyticallysimilarly to thoseasin Chapter 3.

4.2.1.1. [4¢2-Pyridylazo) resorcinol] (PAR) solution]

A 10 * mol/L solution was prepared by dissolving 0.0022 g PAR in 10(hosphate buffer
(pH 11.2) and 0.4199 g NaF (0.1 mglivas added to the PAR solution as a masking agent

for Fe and Al.

4.2.1.2. Mn(ll) solution
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A 100 mgL Mn(Il) solution was prepared by dissolg 0.0457 g Mn(NG),-4H,O (Merck)
in 100 nL of deionised water. This solution was standardised compleximetrically with

EDTA (Ethylene diamine tetra acetic acid)

4.2.1.3. Mn(VIl) solution

A 100 mgL Mn(VII) solution was prepared by dissolving 0.028&8INO,4 in 80 L of de-
ionised water boiled for an hour, filtered through glass wool (a quarter of the filtering funnel)
and quantitatively diluted to 100 Lmwith deionised water after it has cooled to room

temperature.

4.2.1.4. Buffer solution

Disodiumphosphate (0.1 mdl)j solution and (0.1 mdl) NaOH were appropriately mixed to

in relevant volume ratios to prepare a buffer solution of pH 11.20.

4.2.1.5. Ascorbic acid solution

The ascorbic acid solution was prepared by dissolving 0.1 g ascorki¢cnagD0 mL of de

ionised water with a solution of pBi62.

4.2.2. Instrumentatian

The SIAsystemused wasadapted from the one #g. 1.7 with appropriate adjustmeand
its exact operation and set up will be furthiéscussed in section 4.3All the data given
(mean peak height values) are the average of 10 replicak@ns4.1 displays an abridged

version of all the steps and timing for the speciation of manganese.
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Sample| PAR | Detector| Wash | Sample| AscorbiC | ¢mmmm | PAR | Detector
carrier acid

MIXING | qum— | oo—

)

3s 2s 25s 4s 3s 3s 15s 2s 119s
Figure 41.Summary of pump direction and period of operation.

4.3. Operation of the system.

Thedetaileddevice sequence of the proposed system is displayed in A.4blehe procedure
is carried out by using éhphosphate buffer with pH of 1120 as carrier. The sample is
drawn up into the holding coil via port 1 followed by the PAR reagent viazand the
product forwarded via port 3 to theeaction coil 2 then finally to the U\WVis

spectrophotomeit detectofor monitoring the MA* as the MA*-PARcomplexat 500 nm

The carrier streanis then drawn throughport 4, followed by the sample vigort 5, and
ascorbic acid as reducing agent via port 6 into the holding coil and then forwarding into a
reduction coil 1 via port 7. The mixte from the reduction coWas then drawn via port 7

into the holding coil, followed by the PAR reagent throught and forwarded to the
detector via port 9 where it was monitored as the total Mn concentvetich isMn(ll) and

the Mn(VII) reduced to Mn(ll)).

10

1 Total Mn
8§+ ! \

Il
Mn(II) I \

|
|

Peak height (mv)
.
I I
P
S

0 20 40 60 80 100 120 140
Time (seconds)
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Figure 4.2. Peak profile for both Mn(ll) and total (Mn).

Fig. 4.2 above clearly shows completely resolved peaks, with about 36 minutes as the first
peak representing Mn(ll) and the second peak which emerges at around 85 minutes for the

total manganese.

Tabe 4.1. Showsdirection and time operation of the pump.

0 Off Sample Pump stops, select sample stream ( valve position 1)
2 Reverse Draw up sample solution

5 Off Pump stops

6 Advance Select 4(2 pyridylazo-resorcinol) (valve port 2)

7 Reverse Draws up 4-(2 pyridylazo-resorcinol)

9 Off Pump stops

10 Advance Valve advances to new position (valve port 3)
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11 Forward Pumps stacks of zone to detector

35 Off Pump stops

36 Advance Valve advances to new position (valve port 4)
37 Reverse Draws up carrier stream

41 Off Pump stops

42 Advance Valve advances to new position (valve port 5)
43 Reverse Draws up sample

46 Off Pump stops

47 Advance | Valve advances to new position (valve port 6)
48 Reverse Draws up ascorbic acid

51 Off Pump stops

52 Advance | Valve advances to new position (valve port 7)
53 Forward Forward mixture (ascorbic acid and sample) through port 7
60 Off Pump stops

61 Reverse Draws up (reduction product) into holding coll
71 Off Pump stops

72 Advance Valve advances tanew position (valve port 8)
73 Reverse Draws up 4-(2 pyridylazo-resorcinol)

75 Off Pump stops

76 Advance Valve advances to new position (valve port 9)
77 Forward Forward mixture (reduction product and 4-(2 pyridylazo-resorcinol)
119 Off Pump stops

120 Home Valve moves to home position

4.4. Optimisation, results and discussion
Mn?* complexeswith PAR to form a red productinderalkaline conditions and this the

basis for the proposed spectrophotometric SIA system.

Preliminary studieshowed no considerable effect when different Mn(Mn(VII) ratios
were used and &1 ratio gavethe best resultAll the optimeation steps outlined here were

performed by mixing equal amounts of 0.4 imgblutions of Mn(ll) and Mn(VI11)
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The optimsation steps involve those parameters that affect both parts of the system. All the
data given (relative peak heights) and % RSD in the opdiion steps are the mean values

from 10 successive determinations.

4.4.1. Physical parameters

The performance of the system reaches its peak when the all the physical parameters of both

parts are optimised.

4.4.1.1. Holding coi{HC) optimum physical parameters.

Effectof holding coil length on Mn speciatiaetermination

Peak Height HC Iength(cm) % RSD Effect of holding coil length on Mn(II) determination.
o 25 16
0.791 150 0.986 I -
2 .
=15 1 2
1.985 200 0.797 i 3'2“\5
£0s o
1.877 250 0.801 C . 2-2
0 50 100 150 200 250 300 350 400
2.085 300 0.424 Holding coil length (cm)
2199 350 1.348 —+—Relative peak height -#-% RSD

Figure 4.3 § HC length on Mn(ll) determination.

From Hgs.4.3 (a) and 4.3 (lghowedhat 300 cm (HC) length wdmestfor this analysis.

Effect of holding coil length on total manganese determination

Peak Height HC |en9th (Cm) % RSD Effect of holding coil length on total manganese
determination.
1.486 150 0.975 £ 2
gzs 15 A
2.985 200 0.987 y . Z
v 1 ®
2.674 250 1.583 £ o0 ”
zT 0 0
~= 0 50 100 150 200 250 300 350 400
2.668 300 0.816 Holding coil length (¢m)
2968 350 0933 —+—Relative peak height -m-% RSD
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Figure 4.3 Ip) HC length on total Mn determination.

Effect of holding colil internal diamet¢lp) on Mn(ll) andtotal Mn determination

Peak Height | HC (i.d) (mm) | % RSD
2.635 1.65 1.796
2.481 1.60 1.855
2.297 1.14 0.848
2.098 1.02 0.422
1.822 0.76 0.728
Peak height | HC (i.d) (mm) | % RSD
3.4334 1.65 1.019
3.2745 1.60 0.698
2.7757 1.14 0.848
2.5284 1.02 0.342
2.4465 0.76 0.857

Ly iyl
now

I
(=T T T

Relative peak height

0 0.5

Effect of holding coil internal diameter on Mn(II)
determination.

Holding coil internal diameter (mm)

—4+—Relative peak height -m-% RSD

1 1.5 2

Figure 44. (a) HC (i.d) on Mn(ll) determination

From Hgs. 4.4 (a) and4.4 (b) the internal

diameterfor the holding coil chosen was 1.02

mm.

Figure
44. (b)
HC (i.d)
on total

Mn

Relative peak height

o

-

w

N

=

o

Effect of holding coil internal diameter on total
manganese determination.

05 1 15
Holding coil internal diameter (mm)

—4—Relative peak height -m-% RSD

1.2

0.8
0.6
0.4
0.2

% RSD

determination.

4.4.1.2. Reaction coil optimum physical parameters

Effect of reaction coil lengtfL) on Mn(ll) and total Mndetermination

Peak height

RCL (cm)

% RSD
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0.7314 20 0.9788
1.6895 40 1.2364
2.2317 60 0.5976
2.0239 80 1.1097
1.9877 100 1.1988

the lengthof the reaction coil as 60 cm.

Figure 45 (@)

RC L on Mn(l) | §
e
=

determination. i
o

Figs. 4.5 (a) and £

4.5 (b) confirmed

Effect of reaction coil length on Mn(II) determination

2.5 1.4
5 1.2
! =]
15 0.8 &
06 =
! TR
04
05 02
0 0
0 20 40 60 80 100 120

Reaction coil length (¢m)

—4+—Relative peak height -m-% RSD

Peak height | RCL (cm) % RSD
1.021 20 1.041
2.221 40 0.988
2.835 60 0.478
2.146 80 1.014
1.745 100 0.978

—+—Relative peak h
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Figure 45 (b) RCL on total

Mn determination

Effect of reaction coil internaliameter(i.d) on Mn(ll) and total Mndetermination

Peak height | RC i.d (mm) % RSD
2.094 0.025 2.029
2.695 0.03 0.957
3.11 0.64 1.33
2.878 0.76 0.815
Peak height | RC i.d (mm) % RSD
2.763 0.025 1.963
2.941 0.03 1.021
3.054 0.64 0.947
2.855 0.76 0.581
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Figure 46 (a) RCi.d on Mn(ll) determination.
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0.76 mm was computed to lamidealinternal diameter for the reaction coil for this analysis

as shown irFigs. 4.6 (a) and 4.6 (b).

4.4.1.3. Effect of sample volume.

Figure 4.6 ) RC (i.d) on total Mn determination.

Effect of sampl€S) volume on Mn(ll)and total Mndetermination

Effect of sample volume on Mn(II) determination.
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¢ . S
Z 0.68 0.4
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—+—Relative peak height -8-% RSD

Figure 47 (a) Sample volume on Mn(ll) determination

Peak height | (S)volumepL | % RSD
0.654 60 0.98
0.674 120 1.15
0.719 180 0.76
0.733 240 0.43
0.768 300 0.82
Peak height | (S) volume pL | % RSD
1.259 60 1.051
1.275 120 0.974
1.284 180 0.73
1.311 240 0.497
1.290 300 0.811

Effect of sample volume on total manganese
determination.
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1.31 1
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=
oo
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Relative peak height
° ©°
= o
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o o
N

—+—Relative peak height -8-% RSD

The ideal sample volume identified for this analysis @40 pl and was computed frongs.

4.7 (a) andt.7 (b).

4.4.1.4. Effect of colour reagent volume.

Figure 4.7 (b) (S) volume on total Mn determination.

Effect of colour reagent volumes on Mn (@ind total Mndetermination
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Peak height PARvolume | % RSD Effect of colour reagent volumes on Mn (II)
determination.
(|J.L) 0.69 1.4
%: 0.68 12
5 0.67
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g 065 i 0.8 z
5 0.64 - 06 =
0.635 120 0.87 £ oes o
Z oa
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0 50 100 150 200 250 300 350
0.685 240 0.926 —+—Relative peak height -m-% RSD
Figure 4.8 § PAR volume on Mn (Il) determination
0.666 300 1.224
Peak hEIght PAR volume| % RSD Effect of colour reagent volumes on total manganese
determination.
(U'L) ] 1.5 12
= 1
2 08 o
0.988 60 0.586 2 2
Zos 0.4 &
1.143 120 0.984 Z 0.2
< 0 0
= 0 50 100 150 200 250 300 350
1.226 180 0.367 Colour reagent volume (pL)
1.316 240 0.935 —+—Relative peak height —#-% RSD
1.336 300 0.748 Figure 4.8 (b) PAR volumes on total Mn determination.

FromFigs. 4.8 (a) and.8(b) it was concluded the the most appropriate volume for the

colour reagentPAR) tha sould be used is 180 pl.

4.42. OptimumChemical parameters

It is important tooptimize the chemical parametdysaring in mind the economical use of
reagentsThe effect of PAR concentration was studied over the randad @0 ®> mol/L. 1 X

10° mol/L wasidentified from Fgs. 4.9 (a) and 4.9 (b)The ascorbic acidoncentratiorwas
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evaluated ovethe rangg0.02- 1.02) % wherel% was the optimum concentratishown in

Fig. 4.11.

4.4.2.1. Effect of colour reagent concentration

Effect of colour reager{PAR) concentration on Mn(lland total Mndetermination

Peak helght PAR (moI/L) % RSD Effect of colour reagent concentration on Mn(II)
determination.
0.568 1X 10° 0.957 =08 1.2
Sb 1
‘s 0.6
0.659 1X10° 0.234 : 0o 2
c 0.4 X
0.733 1X 10° 0.724 e 02
= 0 0
é 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
0.748 1X 103 1.065 Colour reagent concentration (mol/L)
—4—Relative peak height -#-% RSD
Figure 49. (@ PAR concentration on Mn(ll)
determination.
Peak helght PAR (mOI/L) 0/0 RSD Effect of colour reagent concentration on total
manganese determination.
0,957 0.000001 | 0.698 5 14
'g 15 1
1.235 0.00001 0.241 g 0o &
?0‘5 04 =
1.818 0.0001 0.921 - o
= 0 0.0002 00004 0.0006 0.0008 0001 00012
1246 0001 1298 Colour reagent concentration (mol/L)
—4—Relative peak height —#-% RSD

Figure 49. (b) PAR concentratiolon totalMn determination.

4.4.2.2. Influence pH.

Effect of pH on Mn(Il) determination

70



Peak height pH % RSD Effect of pH on Mn(II) determination.
- 25 1.4
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1778 110 0985 10.2 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8
pH
2.148 11.2 | 0.796 —o—Relative peak height —#—% RSD
Figure 4.10 4 Effect of pH on Mn(ll) determination.
2.024 11.4 | 0.974
1.867 11.6 | 1.221

The buffer pH was varied from pH 10.5 to pH 11.5 and a pH 11.2 was chosen for this system

as displayed in Figs. 4.10 (a) and 4.10 (b).

Peak height pH % RSD Effect of pH on total manganese determination.
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2.664 11.4 1 0.971 Figure 4.101§) Effect of pH on total Mn determination.
1.776 11.6 | 1.235
4.4.2.3. Ascorbic acid concentration.
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Peak height| Ascorbic acid | % RSD Figure 4. 11 ascorbic ac@ncentrationsn total Mn
determination.
(% m/V)
1.2386 0.02 1.08
1.2402 0.04 1.62
1.2425 0.06 1.49
1.24207 0.08 0.43
1.2431 1.00 0.23
1.2429 1.02 0.40

Fig. 4.11 shows the ideal ascorbic acid concentration as 1%.

4.5. Method evaluation

In this work, theproposed method wasubjected to criticakvaluation with respect to
parameters such as precisidmearity, accuracy, limit of detectiorsample interaction,

interferenceswith foreign ions, frequency of sampling, aretovery. The response for the
spectrophotometric speciation of Mn(ll) and Mn(VII) wabtained usingthe optimum

conditionsby employing thestandard working solutions of Mn(Il) and Mn(VII), respectively.

4.5.1. Linearity

The linearity of the proposed SIA system was determiA#dhe other preliminary exercises
yielded results that wheocomputed couldbe determined t@dhee t o |8nebertla® s

within the rang€0.20' 1.0) mg/L for bothMn(ll) andtotal Mn. This is displayed irfrig.4. 12

Linear curve for totaMn and Mn(ll).
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Peak he|ght Peak he|ght Concentration linear curve for total manganese and Mn(IT)

e 3
Mn (1) (Total Mn) | (mgL) s

';_" 2
0.6011 1.1671 0.2 21 %

21
0.8023 1.4721 0.4 Foo

’ 1] 0.2 0.4 0.6 0.8 1 1.2
1.0431 1.7698 0.6 Concentration (mg/l)
1.245 20711 0.8 ~4=Mn(Il) -#-Total manganese
Figure 4.12 Linear curve for total manganese and Mn(ll)

1.4544 2.4109 1

The regression output indicating the relationship between the response amhdbentration

is given by theollowing:

Table4.2. Regression output for Mn(IBnd total Mn

Mn(l1). Total Mn

Constant 0.38439 0.8522
Std. Err. of Y- Estimated | 0.0110 0.0145
R squared 0.9992 0.9994
No. of observations 5 5

Degrees of freedom 3 3

X. coefficient 1.0737 1.5433
Std. Err. of coefficient 0.0174 0.0224

4.5.2. Accuracy, recovery, precision and detection limit

The accuracy of the proposed SIA system was first evaluated and validated by determining

the

recoveryof Mn(ll) and Mn(VIl) from known quantity ofMn(VII) to real samples with

predetermined Mn(ll) and Mn(VIl), this was done in essence to follow the recovery
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percentage of spiked samples (Table 4.4ntlsetic samples with known concentrations of
the two manganese specias shown in Table 4.8re also determined. Both these trials

yieldedvery good recovergver 99 %.

As can be determined from the results in Tah&the results of the proposed SIA system
compare very well with those obtained a standard titration method for both speciesass well
AAS for total Mn. The ¥RSD was 0.27% for Mn(ll) and 0.34% ftotal Mn. The detection
limit (DL) for both Mn(Il) and total Mn was calculateas from Qapter 3.The detection

limits were0.006 mg/L for Mn(ll) and 0.008 mg/kor total Mn.

4.5.3. Sample frequency

The sample frequency was 119 s per cycle.

4.54. Interferences

If any chemical species was to complex with PAR then there will be less concentration of

PAR available to react with thén (II).

Chemical masking of Fe and Al was acl@dvbya 0.1 molL NaF in the PAR reagent
solution. Potential interferences from the other ions (T4 were negligibleas their

cocentrations were very loiw the real water samples under investigation

Table4.3 Comparison of results from proposed SIA method, AAS, and the titration method

Sample Proposed SIA method AAS Titration
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Mn(ll) mg/L Mn(VIl)mg/L Total Mn mg/L | Mn(ll)mg/L Mn(VIl)mg/L

Mutshedzi | 0.020 + 0.002 | 0.063 + 0.004 | 0.085 + 0.002 | 0.017 +0.049 | 0.060 + 0.038
Blesbok 0.018 + 0.003 | 0.054 + 0.006 | 0.076 £ 0.008 | 0.020 + 0.041 | 0.052 + 0.042
Crocodile | 0.022 £ 0.001 | 0.083 +0.002 | 0.110 + 0.006 | 0.021 + 0.032 | 0.080 + 0.042
Grootvlei | 0.031 £ 0.007 | 0.096 + 0.003 | 0.133 £ 0.004 | 0.028 £ 0.038 | 0.091 + 0.031
SE1 0.411+£0.005 | - 0.415+0.011 0.395+ 0.032] -

SE3 0.635 +0.003 | 0.038 +0.002 | 0.0675+0.052 | 0.625 + 0.041 | 0.035 + 0.022
SE4 1.022 £ 0.003 | 0.027 £ 0.002 | 1.050+0.002 | 1.022 + 0.019 | 0.026% 0.018

SE1, SE3 and SE4 asample obtained from the pharmaceutical research laboratory from

University of Pretoria.

Table 44: Recovery results after spiking with 0.2 mg Mn (VII).

Sample Mn(VII) mg/L Expected Mn(VII) mg/L | Recovered Mn(VIl) mg/L | % Recovery
Blesbok | 0.054 0.254 0.252 99.21
Grootvlei | 0.096 0.296 0.295 99.66
SE1 - 0.200 0.198 99.00
SE3 0.038 0.238 0.236 99.16
SE4 0.027 0.227 0.226 99.56

Table 45. Recovery studies from synthetic samples by Skthod.

Added mg/L

Recovered mg/L
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Mn(ll) Mn(VI1I) Mn(ll) Mn(VII)

0.02 - 0.021+ 0.004 -

0.06 1.20 0.059 + 0.003 | 1.198 + 0.004
0.12 1.00 0.198 + 0.003 | 1.001 + 0.002
0.16 0.16 0.160 + 0.002 | 0.161 + 0.004
1.00 0.12 1.001 + 0.003 | 0.120 +0.003
1.20 0.06 1.198 + 0.003 | 0.058 + 0.002
- 0.02 - 0.020 + 0.003

Table 4.6 interferencd49].

Species Interference factGr
Ni(l) |1

Cui(ll) |1

Hg(ll) |1

AI(IIT) |0.99

Zn(ll) |0.96

cd(ll) |0.97

Felll) | 0.93

Co(ll) [1.11

®An interference factor of.00 meanshiere is no interference within%, and anything above

this valueshave a marked influence dme finalvalue of the analyet.

4.5.5 Statistical evaluatian
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From the statistical evaluation it was conclddeat there isa very goodcorrelation between
the prgosed SIA metho@nd thetwo standard methods being AASor Mn(lIl) the teacuiatec
2.20, andapulated= 2.447while for total Mntcaculated= 0.036 andtapuiaed= 2.571. Therefore,

in both instances tcacuiated < tabuaea MeANINGthere is no signicant difference between the
proposed SIA and AAS methodEhe Inear rangavas0.20' 1.0 mg/L for both Mn(ll) and

total Mnas per data frortable of Fig. 4.12

4.6. Conclusions

An ortline sequential injection analysis system with spectrophotometric detection ugng 4
pyridylazo)resorcinol wagarried out for thespeciation of Mn(Il) and Mn(VIlas computed
from total Mn The sampling frequegas 30 determinations pé&our. Chemical masking of
Fe and Al was achieved by -tine addition of a 0.1 mol/l NaF solutiomere necessarf20].
The proposed system yielded results that compare very well with standard mé8thds.

is very economic for reagents. There is no need for agparof the sample prior to the

analysis rendering it a convenient procedure.

The proposed SIA method can be accepted as an analytical method for the spetiation
Mn(ll) and Mn(VII) with its good analytical performanadisplayed in Table 4.3, with

comparable results to AARecovery studies gave a high percentage Table 4.5.
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CHAPTER 5

Simultaneous determination ofChromium (llI) and Chromium (IV) by

sequential injection analysis system

79



5.1.Introduction .

Chromium(Cr) hasan atomic numbewof 24 and wasdiscovered in 1797 by Louis Nicolas
Vauquelin it is a steely gray, lustrous, hard and brittle mei#h its namederivedfrom the
Greekwor d fAc hr oma 0 [lmdtaoes mogoccoio latora as a free metal, but
only as chromite ordt has oxidation states in the range@rCrF* and the most abundant
hastheatomic mass 051.941 at 83.8 %t has aStandard atomic weiglaf 51.996 p with an

electronconfiguration [Ar] 3d4s', melting point 2180K, andboiling pointof 2944K [2].

5.1.1 Application

It is mainly used in the manufacture of stainless staafface coatingnd preservation of
wood[3-5]. Chromite and chromium oxide are used in blast furnaces, cement kilns and metal
casting[5]. Many of its compounds are used as catalysts and widely used to produce
magnetic tapes for audio tapes and cassettes. Various chromium compounds are used as dyes

ard production of synthetic rubig¢6].
5.1.2 Biological role

Cris an essential elemewhile Cr®* is carcinogenig7-9]. It also helps in the treatment of
depression and polycystic ovary syndrofd€]. It has several biological roles such as

growth, cholesterol control, and sugar level controt1B].
5.1.3 Further chemistry of chromium and its speciation

Chromium isnaturally abundant, in other words, it is found in plants, water, soild, rocks,
volcanic dusts and gases, and soTdre chromium specigbat is commonly found iwater
include thechromate(CrO4? ), cationic chromium (lI1) hydrox@ompoundgCr(OH),") ard

organically bound ocolloidally sorbed Cr (lII) [Di 12].
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Elmahadiet al. used algae for chromium speciation analy&3]. Several techniques for
chromium speciation were carried out #wough human erythrocytesSaccharomyces
cerevisiagandby microbore anion exchange colurfid-16]. Some of the common rieds

for chromium speetion and the use ofchemiluminiscence dettor have been clearly

outlined [17 20]. FIA chromiumspeciatiorhasalsobeen demonstrated [21]

In this work, SIA with a single detectorwas proposed. The system operates by first
measuring the amount &fr (V1) speciespresent, then followed by oxidizing ti@r (IIl) to

its Cr(VI) via Cr (IV) to be determinedstotal chromium. Theehosen spectrophotometric
method rekes on the specific reaction afiphenylcarbazide (DPC) with Cr (V[R3]. The
reaction is best conducted in acidic media where it givesitense redsiolet colour due to
the formation of acomplex cationwhich can be monitored at a wavelengthrbdB nm. The
reliability of the reaction is further enhancas theligand can onlyreactvery slightly with
other transition metal® givea different colour to the Cr (VI) complethereby minimizing

therisk of interferences.

5.2. Experimental.

5.2.1. Reagents argblutions

A stock standard Cr (VI) solution (1000 my was prepared by dissolving 2.8288 g of
potassium dichromate (Merck) in-@nised water and quantitatively diluting tio with de-
ionised water. A stock standard Cr(lll) solution waspgred simarly from 5.1123g of
chromium(lll) chloride hexahydrate (Merck). Working stand@rdIl) solutions in the range
0.50'30.00mgL and working standard Qrl) solutions between 0.10 and 25.00/ingvere
prepared from th standard stock solution88 % H,SO, (Holpro Analytics) was used to

prepare the 0.20 mfl carrier solution. A 0.025/4 CglV) solution was prepared in 0.20
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mol /L H,SOy. A solution of 2.5 ¢ was prepared by first dissolving in the minimum amount

of ethanol and diluting witl 0.20 molL H,SO, to a litre of solution.

5.2.2 Sample preparation

Each of the liquid samplessed here was directly analysed withoytreor preparationA
minimal amount of 6% (v/v) HCI wastilized to dissolve 10 tablets frorie pharmaceutical
formulationusingcontrolled heatingWWhen needed, mocid was addethto the solution to
allow for completedissolutionof the sampleA 50 nL of chloroform (CHC4) wasemployed

for the extraction of the organic phasengsa separating funnednd this step was repeated
twice. To achieve a complete separatiom additional 50 mLCHCI; was added to the
agueous layer and lefivernight The aqueous layer was collectadd made up to volume
with 0.20 mol L H,SO, in 2100 mL standard volumetric flasks. These solutions were diluted

to the working ranges with0.20 molL H,SO,.

5.3. Instrumentation.

The sequential injection system ushr this work wasassembld as in Fig. 1.7 with
appropriate adjustmenthe desigrof this system allows the suttaneous determination of
Cr(VI1) and total chromium. In essence from this set up it is then possible to calculate the
concentration of Cr (lll).Port 1 is the sample, port 2 diphenyl carbazilen port 3 to the
detectorThis is followed by carrier (b6Qs) port 4, then sample at port 5, Ce(IV) port 6, port

7 oxidation coil, port 8 diphenyl carbazide and port 9 to the detector.

sample | DPC | detector | Wash carrier sample | Ce(Vl) | € DPC detector
¢ ¢ Cc ¢ ¢ ¢ mixing | ¢ C
c
3s 2s 25s 4s 3s 3s 15s 2s 19s
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Figure 5.1 Summary of pump action and period.

4 Total Cr

Relative peak height

20 40 60 80 100 120
Time (s)

Figure 52. Peak profile of Cr(VI) and total chromium

Fig. 5.1 shows the summary of pump action and period for this speciation and Fig. 5.2 clearly
shows the well resolved and the distinct peaks for Cr(VI) and total Cr respectively. The two
different peaks emerge at different times which are consistent to tlgs @déshe system as

displayed in Table 5.1.

Table 51. SIA sequence for Cr(lll) total chromium speciation for one cycle

Time (s) Pump Valve Description

0 Off Sample Pump stops, select sample stream (valve position 1)
2 Reverse Draws up samplesolution

4 Off Pump stops

5 Advance | Select DPC (valve port 2)
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6 Reverse Draws up DPC

9 Off Pump stops

10 Advance | Valve advances to new position (valve port 3)
11 Forward Pump stacks of zones to detector

35 Off Pump stops

36 Advance | Valve advances to new position(valve port 4)
37 Reverse Draws up carrier stream

41 Off Pump stops

42 Advance | Valve advances to new position (valve port 5)
43 Reverse Draws up sample

45 Off Pump stops

46 Advance | Valve advance to new position (valveort 6)
47 Reverse Draws up Ce(1V) solution

50 Off Pump stops

51 Advance | Valve advances to new position (valve port 7)
52 Forward Forward mixture (Ce(VI) and sample) through port 7 into oxidation coil
59 Off Pump stops

60 Reverse Draws (oxidation product) into holding coil

70 Off Pump stops

71 Advance | Valve advances to new position (valve port 8)
72 Reverse Draws up DPC

75 Off Pump stops

76 Advance | Valve advances to a new position (port 9)

77 Forward Forward mixture (oxidation product and DPC) to detector
119 Off Pump stops

120 Home valve moves to home position

84




5.4. Optimisation, results and discussion

All the data given (relative peak heights) and % R.S.D. in the ggtifon of the physical
and chemicaparameters are the mean values from 10 successive determinations. All the
optimisation steps were carried out with a cimoSe (VI): Cr (I1l) ratio of 1:1 as10 mdL for

each

5.4.1.Physical parameters

5.4.1.1. Flow rate

Optimisation of flow rates foCr(VI) and total Cr

Peak height Flow rate | % RSD Optimisation of flow rates for Cr(VI).
L 12 1.4
mL/min 5 1 1.2
2 1
% 0.8 08 a
0.4476 2.70 1.114 g o6 06 ﬁ
2 o4 oja
0.5896 3.00 1.240 3 02 02
0 0
o 1 2 3 4 5
0.7735 3.30 0.645 Flow rate mL/min
0.8147 3.60 0.897 ——+—Relative peak height —m-% RSD
Figure 53 (a) Optimisation of flow rates for CK(1).
0.9964 3.90 1.138
Flow rate | % RSD Optimisation of flow rates for total chromium.
25 1.4
Peakheight | mL/min £, 12
] 1
0.7089 2.70 1.213 $° 0s 2
0.8786 3.00 1.033 g 0 0.4
(=" 0.2
0.9224 3.30 0.722 0 o . 5 ) . . o
1.2344 3.60 0.897 —4—Flow rate —8-% RSD
1.9679 3.90 1.277 Figure 5.3 (b Optimisation of flow rates for total Cr.
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Figs.5.3 (a) an.3(b) displays the optimisation of the flow rated 3.30 mL/min.

5.4.1.2 Sample and reagent volumes

The stoichiometric mole ratio for the reaction between Cr (VI) and DPC [24.Different
sample and reagent volumes were tested to establish the one that will be optimal for this

analysis.

Optimisation of sample volursdor Cr (V1) and total Cr

Peak Height | Sample volume | % RSD Optimisation of sample volumes for Cr (VI)
(ML) ;:-f i; 1_2
% ! 0.3 §
0.4866 60 1.096 §§j§ 0 2
'E 0.4 04
0.7338 120 0.583 2 02 0.2
’ 0 50 100 150 200 250 300 3500
10983 180 0870 Saml)le volume (p,l_,)
1.2334 240 0.588 —4—Sample volume ~#-% RSD
Figure 54 (a) Optimisdion of samplevolumes for Cry!1).
1.3485 300 1.201
Peak Height | Sample volumg % RSD Optimisation of sample volumes for total chromium.
! 2.5
(WL) Bas 2
z 15 2
0.5124 60 2.342 215 B
2 1 &
1.2422 120 1.472 3 os 00
’ 0 50 100 150 200 250 300 3500
1.5348 180 0.870 Sample volume (uL)
1 9634 240 0 632 —O—Samp]e volume —m-% RSD
Figure 54 (b) Optimisation of sample volumes for totat
2.4651 300 1.195

Form Figs. 5.4 (aand 5.4(b) computation®f results showed that the ideal sample volume

for thisdetermination is 240 pL.
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Optimisation of colour reagefPC)volumes for Cr(VIl)and total Cr

Optimisation of colour reagent volumes for Cr(VI).

-

Relative peak height
e o oo
=T -

0 50 100 150 200 250
Colour reagent volume (pL)

~4—Colour reagent volumes  -8-% RSD

Peak height | DPCvolume (uL) | % RSD
0.4221 40 1.932
0.7459 80 2.02
0.8352 120 0.998
1.2384 160 0.658
0.9232 200 1.021
Peak height | DPC volume | % RSD
(ML)
0.5346 40 2.114
0.8738 80 0.895
1.3668 120 1.233
2.0627 160 0.864
1.8652 200 1.021

A volume of 160 pL for DPC as observedm Hgs. 5 .5 (a) and 5.5(b) was the one chosen

for this analysis.

Figure 55 (a) Optimisation ofDPCvolumes for Ci{/1).

Optimisation of colour reagent volumes for total

chromium.
o 25 25
=
2k 2 2
-
= a
= 15 15 7
8 o
a 1 1 )
& -
Z 05 0.5
=
= 0 o
- 0 50 100 150 200 250

Colour reagent volume (uL)

—+—Relative peak height —m-%RSD

Figure 55 (b) OptimisationDPC volumes for total Cr

5.4.13. Holding coil internal diameter and length

A holding coil with a length of 3.0m and an internal diameter of 1.02mm was the one that

was chosen for this analysis after several lengths and internal diameters were evaluated. This

combination was quite sulike forthis analysis as shown kigs. 5.5 (a) and5.5 (b).
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Optimisation of holdingoil internaldiameters for Cr(VIjand total Cr

Optimisation of holding coil internal diameters for

Cr(VI).
- 2.5 2
=
E 2 1.5 -
= 1.5 @
5 1
s ! =
= 05 0.5
= 0
=
A 0 05 1 15 2

Internal diameter (mm)

—+—Internal diammeter —m—% RSD

Peak height | (HC)i.d | % RSD
2.1227 1.65 1.635
1.8226 1.6 1.898
1.5133 1.14 0.7614
1.2011 1.02 0.3861
0.9836 0.76 0.7481
Peak height | (HC)i.d | % RSD
3.1207 1.65 1.585
2.6136 1.6 1.877
2.1285 1.14 0.7584
1.6255 1.02 0.4634
1.2184 0.76 0.8112

Figure 56 (a) Optimisation holding cadii.d for Cr(V1).

Optimisation of holding coil internal diameters for
total chromium.

[

r
T T W |

Relative peak height
o

=1
=1

i} 0.5 1 1.5 2
Holding coil Internal diameter (mm)

—s—Relative peak height —m—% RSD

Figure5.6 (b Optimisationholding coili.d for total Cr.

Figs. 5.6 (aand5.6 (b) for optimisation holding coihternal diameter was 1.02 mm.

Optimisation of holding length@d.) for Cr(VI) and total Cr

Peak height | HC L (m) | % RSD
0.884 1.5 0.998
2.116 2.0 0.894
1.789 2.5 0.918
2.0858 3.0 0.458
2.1763 35 1.360

Relative peak height
o = N
wm b w %] wn

o

o 0.5 1 1.5 2 25

Optimisation of holding lengths for Cr(VI).

Holding coil length (m)

—+—Holding coil length —m-% RSD

16
1.4
1.2
12
08 &£
06 =
0.4
0.2

Figure 57 (a) Optimisdion of holdinglengths for Cr{/1).
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Peak height | HC L (m) | % RSD
1.2085 1.5 0.887
2.3251 2.0 0.924
1.8491 2.5 0.949
2.1132 3.0 0.464
2.2481 35 1.385

[
n

Optimisation of holding coil lengths for total
chromium.

Holding coil length that was optimised from Figs7 (a) and 5.7 (b) is 3m.

5.4.1.4. Influence ofoxidation coiltemperature

The reaction between Ce(1V) and Cr(lll) is temperature dependent. This oxidation product

was directly proportionalo theincrease in temperature. A series of temperatures frot 25

to 90'C were evaluated. From 80 to 90 gas bubbles formed at suchate that results

became erratic. From 4€ to 65'C the increase in response was sligfthis led to the

choice of 45€ as the optimum temperature since it gave the best preasisnown irFig.

5.8

Optimisation of temperature on total chromidetermination

peak height| Temperature °C| % RSD
2.7781 40 2.115
2.8703 45 0.928
2.9986 50 1.977
3.0114 55 1.358
3.0235 60 1.767
3.1553 65 1.865

Figure 58.
Optimisation of
temperature on

total Cr.

=
= 1 a
= 1.5 e
B -4
B 1 05 £
= 05
Z 0 0
o
= 0 05 1 1.5 2 25 3 15 4
Holding coil length (m)
—+—Relative peak height —m-% RSD
Figure 57 (b) Optimisation(HC) lengthsfor total Cr.
Optimisation of temperature on total chromium
determination
- 32 2.5
b3 2
£ a
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: 29 1oe
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=
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5.4.1.5. Influence of diameter and lenghkbr oxidation coil

The dimensions of the oxidation coil play an important role in the residence time and

therefore oxidation efficiency of @HI) to Cr(VI) and thus the determination of total

chromium. The length of the oxidation coil should allow th@&ximum oxidation efficiency

of Cr(Ill) after complete mixing of Ce(1V) and Cr(lll).

5.4.1.6.Influence of reaction coil length and internal diameterCr(IV) and total Cr

The reaction coil has a more pronounced effect on zone penetration and gdrggerstion. A

reaction coil with a length of 0.6m and an internal diameter of infl gave the best

response angdrecision ashown in Figs5.9 (a) and 5.9 (b).

Influence of reaction co{OC) lengths on Cr (VIand total Cidetermination

Peak height | RC (L) (m) | % RSD
0.758 0.6 0.379
0.8984 0.8 1.285
1.0583 1 1.355
1.6116 1.2 1.190
1.5537 1.8 1.848
Peak height | RC (L) (m) | % RSD
0.9462 0.6 0.517
1.1224 0.8 1.311
1.3488 1 1.402
1.6526 1.2 1.887
1.5241 1.8 1.935

Influence of reaction coil lengths on Cr (VI)
determination.

Reaction coil length({m)

—B—-% RSD

—4— Reaction coil length

o 2 2
o

=14

S 15 15
i

=

g 1 1
a,

£os 0.5
=

=

S 0o 0
= 0 0.5 1 15 2

Figure 5.9 (a) RC lengths on Cr (VI) determination

Figure 5.9 (b) RC lengths on total Cr determination.

A reaction coil length of 0.60m was chosen from

results shown by Fig$.9 (a) and 5.9 (b).

determination.

-
- n L%}

Relative peak height
(=]
n

90

(=]
(=]

0.5 1

——+—Relative peak height

Influence of reaction coil lengths on total chromium

% RSD

1.5 2

Reaction coil length(m)

—-% RSD




Influence of reaction coil internal diameter on Cr (VI) determination

Peak height | RCi.d | % RSD
(mm)
1.2981 0.025 | 0.761
1.4876 0.03 |1.358
1.7611 0.114 | 0431
1.414 0.76 1.485
Peak height | RCi.d | % RSD
(mm)
1.6859 0.025 | 0.853
1.5966 0.03 1.225
1.9641 0.114 | 0.561
1.7522 0.76 1.654

importance to the dermination of the total
chromium The system would then be used
determine the concentration of total chromiu
(original Cr(V1l) + the product of Cr(lll)

oxidation andby appropriate calculation then

Cr(1ll) can be calculated.

Influence of oxidation coifOC) internal diameter o@r(VI) andtotal Crdetermination.

determination.

2

Influence of reaction coil internal diameter on Cr (VI)

Internal coil diameter (mm)

——o—Internal coil diameter ——% RSD

——
= —
E 1.5 —
3 1 ]
o
2 it \ o
g 05 —,
k=
é 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

2

- 1.5

1

05

o]

% RSD

Figure5.10 (a) Influence ofRC (i.d) on Cr (VI) determination.

Figure 5.10 (b) RCi(d) on total Cr determination.

A 0.114 mm diametergave the bestresults a per Figs.

5.10 (a) and 5.10 (k) waschosen.

5.4.1.7. Oxidation coil physical parameters

Thephysical parameters of the oxidation coil are of utmost

o
wn

—+
(@)

-

__—=

3
Relative peak height
SN N

] 0.1 0.2 0.3 0.4

—+—Relative peak height

0.5

V

0.6

0.7

Reaction coil internal diameter (mm)

—-% RSD

Influence of reaction coil internal diameter on total
chromium determination.

0.8

2

1.5

1

0.5

]

% RSD

Table 52 Preliminary evaluation of oxidation coil length and internal diameter.
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Oxidation Internal diameter of oxidation coil (mm)
Coil length(m) 0.025 0.03 0.64 0.76
Cr(Il Cr(Il Cr(Il) Cr(l
Peak height 0.386 0.409 0.635 0.663
0.2 % RSD 3.15 2.33 2.65 243
Peak height 0.411 0.532 0.656 0.717
0.4 % RSD 3.18 2.88 2.22 1.99
Peakheight 0.402 0.627 0.768 0.8911
0.6 % RSD 2.44 2.08 1.38 0.862
0.8 Peak height 0.433 0.735 0.832 1.191
% RSD 2.18 2.33 0.93 0.641
1.0 Peak height 0.565 0.668 0.798 1.089
% RSD 2.96 2.86 1.65 0.88
Peak height 0.448 0.598 0.777 0.978
1.2 % RSD 3.18 2.95 3.13 2.11

Table 5.2 gives preliminary results for the optimisation of coil length and diameter for the

speciation of chromium.
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Influence of oxidation coil internal diameter on Cr\dhdtotal Crdetermination

Peak height | i.d % RSD
0.443 0.025 | 2.27
0.724 0.03 2.18
0.832 0.64 |0.84
1.197 0.76 0.73

Figure 5.1 OC (i.d) on total Crdetermination.

Influence of oxidation coil internal diameter on total
chromium determination.

—_— Do

r

i

0.1

Boa BpR
BEowe R

e
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Relative peak height

o
o

0.2 0.3 04 05 06 0.7 LE:3
Oxidation coil internal diameter (mm)

~4—0Oxidation coil length -—=-% RSD

% RSD

=

0.5

Fig.5.11 confirms 0.076 cm as the feged oxidation coil internadiameter.

Influence of oxidation coil length on total @yetermination

Peak height | OC (L) (cm) | % RSD
0.386 0.2 3.15
0.411 0.4 3.18
0.402 0.6 2.44
0.433 0.8 2.18
0.565 1.0 2.96
0.448 1.2 3.18

Figure 5.12. OC
(L) on total Cr

determination.

Fig.5.12 gave oxidation coil length as 0.8 m.

5.4.2 Chemical parameters

Influence of oxidation coil length on total Chromium
determination.

-

= ) 2
S 03 =
g 15 o
g 0.2 1 @
= 0.1

£ 05

@ 0 0

= 9 02 04 06 08 1 12 14

Oxidation coil length (cm)

—+—Relative peak height —8-% RSD

The DOphenyl carbazidgDPC) concentration was optimized by studying its effect on the

sensitivity for the determination of chromium for both chromium (VI) and wtabmium

Thequest is to minimise reagents volumes yet achieving the best sensitivity.
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5.4.2.1.Influence of colour reagent concentration on chromium speciation.

Influence of colour reagent concentrations on Cr(VI) determination

Peak height | DPCg/0.1L | % RSD
1.1344 0.062 2.076
1.4865 0.124 1.965
2.3877 0.186 1.291
2.4246 0.248 0.675
2.4153 0.31 1.822

Influence of colour reagent concentrations on Cr(VI)
determination.

3 2.5
£
525 2
s 2 =]
3 1.5 =
215 , z
2 1 =
i
< 05 0.5
=

0 0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Colour reagent concentration g/0.1L

—4—Colour reagent concentration -#-% RSD

Figure 5.13@) DPC concentrations on Cr(VI) determination.

The best redts were obtained from 0.248QyAL as shown in igs.5.13 (a) and5.13(b)

Influence of colour reagent concentrations on total chromium determination.

Peak height | DPC g/0.1L | % RSD
0.4225 0.062 2.005
0.5386 0.124 1.684
0.7648 0.186 1.386
0.8114 0.248 0.664
0.9326 0.31 2.31

Influence of colour reagent concentrations on total
chromium determination.
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@ 0 Q0
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005 01 015 02 025 03 035
Diphenyl carbazide concentration g/100 mL

—+—Relative peak height -m-% RSD

% RSD

Figure 5.8 (b) DPCconcentrations on total Ceterm

5.4.2.2. Influenceof H,SQ, concentration on chromium speciation

ination.

Oxidation of Cr(lll) with Ce(IV) to Cr(VIl) occurs in an acidic medium. Ce(lV)

concentrations were studied over the rarf@#5i 0.30) g/L. The mostreliable with a

concentration 00.2 g/L as shown irFigs.5.14(a) and5.14 (b).

Influence of HSO, concentration on Cr(Ylandtotal Crdetermination
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Influence of H,50, concentration on Cr(VI)
determination.

—+—Relative peak height

[H,50,] mol/L

01

5 0.2

% RSD

0.25 0.3

=% RSD

Relative peak height

25

1.5

Influence of H,SQ, concentrations on

0 0.05 0.1 0.15 0.2 0.

H,50, concentration mol

—4—Relative peak height —m

Peak height | [H,SO,] | % RSD | Figure 5.4 (a) H,SO,
mol/L concentration on _ 2
L g 15
0.8971 0.05 0.985 Cr(VI1) determination. % 1
1.1931 010 |1.324 £
T 0
=4 c
1.5341 0.15 0.896 oo
1.8335 0.20 0.683 0.2 mol/L gave th
best results as observed iigF5.13 (a) and.13(b).
1.0981 0.25 0.935
Influence of HSO, concentrations on total chromium
0.8202 0.30 1.458
Peak height | [H,SOy] | % RSD
mol/L
1.2865 0.05 1.213
1.3562 0.10 1.482
1.78225 0.15 0.987
2.0972 0.20 0.732
) 1.3667 0.25 1.109
Figure 514 (b) [H,SOy] on total Cr.
1.1975 0.30 1.516

5.5. Method evaluation

First, acalibration graph was plotted for each specisl thdinear range wadeterminedo

be between ® and1.0mg/L for Cr(lll) andtotal chromiumFig. 5.15 shows theegression

output which indicatesthe relationship between the respongeak height)and the

concentratiorof the target analyte

Linear curvs for(Cr(VI) and totalCr.

Cr(VI) | TotalCr. | Concentration
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0.9331 | 1.1436 0.2
1.2017 | 1.6348 0.4
1.5011 | 2.1346 0.6
1.8106 | 2.6401 0.8
2.1009 | 3.1308 1

Figure

5. 15

Linear curve total chromium and Cr(IV)

~ w

= ! :
== n Ao Woen

Relative peak

0.5

(=]

0 0.2 0.4 0.6 0.8
Concentration mg/L

—4—=Cr(IV) ~—m=Total chromium

1.2

Linear curve (Cr(VI) and total chromium

Regression Outpu€r(VI) Regression Output: TotalrC
Constant 0.6016 0.655
Std Err of Y Est 0.0219 0.0463
R Squared 0.99993 0.99996
No. of Observations 5 5
Degrees of Freedom 3 3
X Coefficient(s) 1.503 2.453
Std Err of Coef. 0.001 0.001

Equation H, = 1.503[CIV)] + 0.6016

Equation H, = 2453[Total Cr] + 0655

whereH; and H, are tte relative peak heights for GH) and Cr(lll) with concentrations

given as mf.. To validate theaccuracy of the proposed SIA systetime SIA results were

compared with thosevell-establishedcand standard methods, includitifimetry and AAS.

Table 5.3 showed statistical comparison between the proposed SIA system and standard

methods to establish the reliability of the results from the SIA system. At the 95% confidence

level
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trabulated = (2.78) t calculated = (0.464) for Cr(VI) and for total Cr ttabulated = 2.78 with
tcalculated = 0.469). In both instances tcalculated < t tabulated, statistically, there is no
significant difference between the two techniques for total chmaonaind Cr(V1) meaning the
methods are highly comparableis seenfrom Table5.3 that the results depiet very good
correlation with those &m the standard methods, with a good precisio.7¥9. The %
recovery of Cr(lll) fromthe real samples was also determined by spiking samples with

Cr(lll) and then determining the total Cr(lll).

Table 5.4showed thata 99% recovery withow RSD (.64%). The proposed system was
further validated by recovery tests of different amounts of CihJ Cr(VI) from synthetic
agueous samples containing matrix species present in real samples and the results obtained
are given in Tabl®.5. As expected, goorkcovery and RSD value of 0.64% were observed.
The estimaed 3l limit of detectionwas 0.042mg/L for the Cr(lll) and 0.023 mi. for the

total Cr, while the sample interaction was +1.1% at a sampling rate of 30 samples/h.
Although the adopte®PC method iqquite sensitive and almost specific for Cr (Mihen
conventional manual procedureadopted, it should however be noted thatre are several

other chemical species thatould form acomplex with DPC [30].Interferencesare may

occur via two sources: where one species forms complexes with the DPC and where the
interferentreduces CiI) to Cr(lll) [31]. Andrade et al. [30pbserved anore pronounced
interference from some species for the direct Ci(®WPC reaction in FIA compared to the
manual method. To assess the level of interference, different complex with DPC and shows a
positiveinterference as indicated in Talil® that may pose a problem if the concentration of
iron(lll) in real samples rises too high. Howevaigomparison of the proposed SIA system

with standard methodgitrimetry and AAS shows that the effect of Fe(llfpr the real
sanples testedis negligible. For Hg(ll) and V(V) which may cause somergblens,

interstingly showed neglible or noterferences in theestedsamples
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5.6. Results

Table 53. Simultaneous determination of Cr(lll) and Cr(VI)rizalsamples.

Sample SIA method Standard method40,11]
Total chromium mg_

Cr(lll) mg/L Cr(VI) mg/L Cr(VIl) mg/L Titrimetric AAS
SE1 0.313+0.002 | 1.174 +0.007 1.160 £ 0.013 1.479+£0.017 | 1.495 + 0.008
SE2 0.132 +0.001 | 1.318 + 0.008 1.297 £ 0.014 1.434 £0.016 | 1.451 + 0.005
SE3 0.125+0.001 | 0.679 £0.004 | 0.668 + 0.005 0.790 + 0.006 | 0.812 + 0.004
SE5S 0.212 +0.001 | 2.683 +0.017 2.636 + 0.022 2.886 £ 0.024| 2.901 + 0.012
Bree river 0.851 + 0.005 | 0.643 +0.004 0.585 + 0.007 1.498 + 0.011 | 1.534 + 0.004
Chechassuer | 0.263 £0.001 | 0.234 + 0.001 0.108 + 0.014 0.488 + 0.007 | 0.542 + 0.002
Demiskraal- | 1.230 +0.007 | 1.066 + 0.006 | 1.086 + 0.013 2.276 £ 0.028 | 2.308 + 0.010
kanal
Driel barrage | 1.893 + 0.009 | 0.422 +0.002 0.396 + 0.005 2.328 £0.028 | 2.341 + 0.010
GBR-mond 0.708 + 0.003 | 0.266 + 0.001 0.273 + 0.009 0.978 +£ 0.009 | 0.981 + 0.004
Mutshedzi 0.892 + 0.004 | 0.586 +0.003 | 0.565 + 0.006 1.395 £ 0.015| 1.506 = 0.008
dam
Bettaway 49.3% +0.288 B _ 48.58 + 0.656 | 49.% + 0.214
adul t &s
Bettaway 24.276 £ 0.155 | 0.026 £ 0.003 | 0.026+£ 0.001 24.250 +|24.28 £0.103
family® 0.269

98




Table 54. Recoverystudiesfrom syntheticsamples with appropriate addition of Cr (lll) and Cr(VI) as

indicated.
Added mg/L Recovered mid

Cr(VI) cr(l) Cr(VI) cr(l)
0.00 1.00 0.00 0.98
% RSD - 0.61
0.20 0.80 0.19 0.79
% RSD 0.63 0.55
0.40 0.60 0.39 0.60
% RSD 0.64 0.52
0.60 0.40 0.60 0.38
% RSD 0.64 0.63
0.80 0.20 0.8 0.19
% RSD 0.59 0.56

1.00 0.00 0.99. -

% RSD 0.63 -
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Table 55. Recovery studiefrom real samplespiked with 0.4 mdL Cr(ll).

Sample i.d Cr(lll) (mg/L) Expected Recovered % Recovery
Cr(l11) (mg/L) Cr(l11) (mg/L)

SE2 0.1318 0.5318 0.5267 99.04

SE5 0.2123 0.6123 0.6088 99.43

Bree rivier 0.8512 1.2512 1.2479 99.74

Driel barrage | 0.1893 0.5893 0.5779 98.07

Chechasseur | 0.0380 0.4380 0.4307 98.33

Table 56. Statistical evaluationf SIA method and standard AAS method Cr (VI).

Cr(VIl) ppm
SIA Standard Method | Di Di-D | (Di- D)?
1. | SE1 1.1736 | 1.1598 0.0138 | 0.0081 | 0.000066
2. | SE3 0.0679 | 0.0668 0.0011 | -0.0046 | 0.000021
3. | Breeriver 0.0663 | 0.0585 0.0078 | 0.0021 | 0.0000
4. | Driel barrage 0.0422 | 0.0396 0.0026 | -0.0031 | 0.0000
5. | Bettawayf a mi | y ¢ 0.0132 | 0.0098 0.0034 | -0.0023 | 0.0000
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Table 57. Statistical evaluationf SIA method and standard AAS method for total Cr.

Total Chromium ppm

SIA AAs Di Di- D (Di- D)*
1. | SE1 1.4868 1.4788 -0.0080 0.2081 | 0.0433
2. | SE3 0.0804 | 0.0790 -0.0014 | 0.2147 | 0.0461
3. | Bree river 0.9175 | 0.8978 -0.0197 | 0.1964 | 0.0386
4. | Driel barrage 0.2315 0.2328 -0.0013 | 0.2148 | 0.0461
5.|Bettaway f al|2454 23.49 -1.05 -0.8339 | 0.6954

Table 58. Particular chemical species wittterference factor [19].

Species Interference factdr
Co(ll) 0.96
cu(ll 0.92
Fe(ll) 1.02
Fe(lll) 1.28
Hg(Il) 0.76
Ni(Il) 0.95
Mo(VI) 0.95
V(V) 1.27
MnO, 0.94

®An interference factor of 1.00 means no interference within 1%, a fageater than 1.00 means an

enhancement and a factor less than 1.00 means a depression of the expected value [21]
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Table 59. Influence of interferenc/peand concentratiofi9].

Species | Tolerance level Added interferent Interference factor Range in samples
mg/L mg/L mg/L
Co(ll) 200 10 0.96 0.0020.060
Cr(lln 100 10 1.26 0.008 0.045
Cu(ll) 100 10 0.92 0.03%0.078
Fe (1) 100 10 1.02 4.80-7.98
Fe(llN) 100 10 1.28 5.32 8.35
Hg (I1) 200 10 0.76 0.00%#0.014
Ni(ll) 150 10 0.95 0.0460.790
Mo(VI) 200 10 0.95 0.009 0.021
V(v) 100 10 1.27 0.016 0.058
*MnO, 75 10 0.94 0.3063.00

* Azide was successfully used fanasking MnO,.

5.7. Conclusions

The proposed SIA system for the speciation analys@ar@F) and Cr(VI) yielded results that
are comparable with those of the standard methods. Statistical evaluation showed that there
are no significant differencdsetween the proposed system and standard metB@damples
per hourare acceptablelnterferrenceof MnO, could be easily eliminatedby the use of

Azide. The linear range i€0.1-1.0) mg/L as showin Fig. 5.15. SIA method an8lAS yield

similar results from Table 5.6. There is also good recovery shown in Table 5.5.
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CHAPTER 6.

Bromine, bromide speciation by sequential injection analysis with

spectrophotometric detection

6.1. Introduction into bromine/ bromide chemistry .

Bromine (Br) wasdiscovered by Carl Jacob Lowig in 1825 with an average atomic
number of 34, anén atomic mass of 79.904. Its name bromine was derigefrom the
ancient Ghremesx meani mg s.titrisahe @nlysnomadtallid fuming
red-brown liquid with bleaching characteristics. Free bromdees not occur in nature, but
only occurs as colourless crystalline mineral salts. $tahaoiling point of 332.0 Kmelting

point of 265.8 Kand density 0f4050 kg m® [1].
6.1.1. Isotopes

There are aabout23 known radio isotopes known which range frofr to *®Br. The two
most stable isotopes aféBr and ®'Br at 50.69 % and 49.31 %espectively.The common

oxidation states ar¢HBr)°, (Br,) °, (BrCl)°, (BrFs) 2, (BrFs) “and(BrO,) ™.
6.1.2. Applications

Bromine isused asflame retardantsproduction of polyethylene, poly vinylchloridend as
antirengine knocking agentdt is also usedin the photographic industry, insecticide,
pesticide and water purificatiq@-4]. It is alsoplaysimportantrolesin the medical field. [5].

Many drugs are formulated as bromide or hydrobromide [€lts
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Several methods have been used for both bromide and bromine determination. Titration,
amperometry, inductively coupled plasma/masggectrometry; X-ray fluorescence and
neutron activation are some of the most common methods for total bromide determifation |
13]. An ion-selective electrode has been used for bromide determination [14]. Various
procedures have been used foeir speciationf15-19). A combination of separation and

elementselective detection is typically required for this kind of analysis

The aim of this chapter was to develop ardina method for thesimultaneousleermination

of bromine andromide (computed fronbromine+ bromide oidised to bromine) with SIA

and phenol redThe peak profile from this procedure displays two distinctive peaks, one for
the bromine and the other for thetal brominethis is shown inFig. 6.3. The bromide
concentration is then calculated by subtraction of bromine from total bromtiegorocedure

is carried out by sequentialy aspirating equal quantifiése sampleThe first aspiration was
executed for the determination of bromine and thermsda@spiration for the oxidatioby

chloramine Tand consequent estimation of total bromine.

6.2. Experimental.

6.2.1. Reagents and standard solutions

All solutions wereanalyticallypreparedvith deionised water

6.2.1.1 Bromine stock solution

A 1000 mg/L bromine stock solutiomvas prepared bgppropriatedilution of the 99 % By
(Fluka) bromine solution. This solutiomasstandardised by iodometric titration0j221]. The

stock solution was diluted accordingly to prepare solutions within the liaege.
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6.2.1.2. Bromide stock solution

A 100 mdL bromide solution was prepared by dissolving 0.1489 g of KBr (Analar) in a litre
of deiionised water. Standard working solutions within the linear range were prepared by

suitable dilution of the stockolution.

6.2.1.3. Sodium acetate/acetic acid buffer solution

A pH 5.2 bufer was prepared by adding 39 rof a 2 molL sodium acetate and fil. of a 2
mol/L acetic acid solution followed by appropriate adjustment of theupd finally diluting

to 500 nL with deiionised water.

6.2.1.4. Chloramine T solution

Chloramine T (sodiunchloro- p -toluenesulfonamide trinydrate; 0.1 g) was dissolved in the
minimal amount of déonised water andjuantitatively diluted to 100 mlwith buffer

solution to prepare a 0.1% (m/v) solution.

6.2.1.5. Phenol red solution

Phenol red solution (0.02%yas prepared by dissolving 0.g2of phenol red in ethanol and

finally diluting quantitatively to 10@nL with the acetate buffer solution.

6.2.2. Instrumentation

A schematic flow diagram of the proposed SIA system for the speciation of bromine and
bromide isthe adaptation of the orieom Chapter 1 with adjustments outlined in section 6.4
The length and size of the holding coil was @0with an i.d. of 1.02nm, the oxidation coill

was 80cm long with an i.d. of 0.76im and the reaction coil was 6fin length with an i.d.
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of 0.76 mm.A UV light source (Desaga, Heidelberg, Germany) supplyiid@2@3/V at 366

nm was used for irradiation.

6.2.3. Sample preparation

The effluent samples analysed contain no solid particles and were analysed directly without
any filtering or conditioning. The analysis of samples is donénenby the proposed SIA
process analyser, so there is no need for sampemedion. The redlme monitoring is one

of the major advantages of the proposed SIA system. The proposed SIA system also served as
a screening procedure, because if the concentration of any one of the two analyte species is
greater than the linear rangbe species is diluted into the linear range and feeds again into

the system.

6.3. Operation of the system

Table6. 1 gives the sequence of the series of steps that are followedsiiogle complete

cycle for the determination of bromine and tdtabmine, hence geiation of bromine and
bromide. This speciation analysis procedure weesried out by firstdetermining bromine

This was done by the aspiration of sample followed by the aspiration of the phenol red colour
reagent through port 1 and p@t respectively. These were stacked into zones within the
holding coil before the product was forwarded to the detector through port 3 for the

determination of bromine.

A wash solution (buffer) was aspirated through port 4. This was followed by thegsehse
aspiration of the same amount of the sample through port 5 which was then mixed with

Chloramine T (from port 6) to oxidise bromide to bromine through port 7 the oxidation
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product was mixed with phenol red (port 8) and determined as total brominepvadpatled

through port 9 to the detectdepicted as a summary kig. 6.1.

The product between phenol red and bromine was monitored at 590 n@\.2Kigsplays the
peak profiles for bromine and total bromine. The bromide concentration is givéime by
difference between total bromine and bromine. The reaction coil was irradiated with a UV

light source (to catalyse the bromination of phenol red to bromophenoldaicedingo:

Bromine + phenol red=s====pviolet product

0F
<] >
'\

UV radiation
sample [ Phenol red Detector | Acetate | sample | Chloramine T | ¢ Phenol red | detector
buffer solution mixing
¢ ¢ C ¢ ¢ ¢ c ¢ ¢
2s 3s 24 s 4s 2s 3s 15s 2s 119S

FigureFigure6. 1. Summary of the bromine, bromide speciation SIA system.

Total bromine

—
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—
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Figure 6.2. Peak profile of bromine and total bromine determination.
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Table 61. One cycle fobromine,total bromine speciation

Time(s) Pump Valve Description

0.0 Off Sample Pump stops, select sample stream (valve position 1)
2.0 Reverse Draws up sample solution

4.0 Off Pump stops

5.0 Advance select phenol redvalve port 2)

6.0 Reverse Draws up phenol red

9.0 Off Pump stops

10.0 Advance valve advances to new position (valve port 3)
11.0 Forward Pump stacks of zones to detector

35.0 Off Pump stops

36.0 Advance Valve advances to new position(valvport 4)
37.0 Reverse Draws up acetate buffer

41.0 Off Pump stops

42.0 Advance Valve advances to new position (valve port 5)
43.0 Reverse Draws up sample.

45.0 Off Pump stops

46.0 Advance Valve advance to new position (valve port 6)
47.0 Reverse Draws up Chloramine T solution

50.0 Off Pump stops

51.0 Advance Valve advance to new position( valve port 7)
52.0 Forward forward mixture [chloramine T and sample] trough port 7
59.0 Off Pump stops

60.0 Reverse Draws (oxidation product ) into holding coil
70.0 Off Pump stops

71.0 Advance Valve advances to new position (valve port 8)
72.0 Reverse Draws up phenol red

75.0 Off Pump stops

76.0 Advances Valve advances to a new position (port 9)
77.0 Forward forward mixture (oxidation product and phenol red) to detector
119.0 Off Pump stops

120.0 Home Valve moves to home position.
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6.4. Optimisation, resultsand discussion

The optimisation steps wecarried out using a sample containing equal amounts (R)rafy
bromine and bromide. Thaperation of thgroposed SIA system as depicted in FEg. can

be divided into three key sectioasd the final computation sectionhich are:

i. Determinatiorof bromine
ii. Oxidationof bromide to bromine
iii. Determinatiorof total bromine,

iv. Calculationof bromide concentration from total bromine.

A key factor of the proposed SIA system is the interdependence of the three sections on each
other for optimum performaec It is therefore of crucial importance that this should be taken

into account when shared parameters are optimised for higher sensitivity and precision.

6.4.1. Physical parameters

One part of the performance of a SIA system is linked toothtemisation of physical
parameters as these dictate the rate, period and extent of mixing of the reagents. Physical
parameters determine the degree of dispersion and penetration as reagent, sample and product

zones are propelled to the detector alondltve conduits of the system.

6.4.1.1 Influence of holding coil length and internal diameter

From Figs.6.3 (a) and 6.3 (b3howthe optimised holding coil length was computed to be

3m.
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Influence of holding c lengths on bromine determinatiand total bromine.

Peak height | HC (L) m | % RSD
Influence of holding coli lengths on bromine
0.5137 1.5 2.24 determination.
- 15 2.5
0.8346 2.0 2.02 e, 2
= 1 =
ﬁ 1.5 E
1.0231 2.5 1.84 2,5 e
£ 0.5
1.2543 3.0 0.64 = ° 0 05 1 15 2 25 3 35 4 °
Holding coil length (m)
1.3754 3.5 1.21
——o—Relative peak height —m-%RSD
Figure 6.3(a) HC (L) on bromine determination.
Peak height HC (L) m % RSD Influence of holding coil lengths on total bromine
determination.
0.7855 15 2.36 g -
‘S 1.5 -
= s S
0.9776 2.0 1.96 g ! v %
E 0.5 05 -
1.2434 2.5 1.74 z o 0
0 0.5 1 1.5 2 2.5 3 XS 4
Holding coil length (m)
1.5247 3.0 0.58
——+—Relative peak height —#—% RSD
1.8132 3.5 1.32 Figure 6.3(b) HC (L) on total brominaletermination.

Optimisation of (HC) internal diameter (i.d) for bromine and total bromine determination.

Peak helght (HC) i.d % RSD Figure 64 (a) Influence of holding coil internal diameters on
) bromine determination.
mm HC (i.d) on . 2
50
i ‘S 1.5
0.7778 1.65 1.85 bromine s . 2
determination. E‘ =
0.9646 1.6 1.08 £ 0>
< 0
e 0 0.5 1 15
1.1219 114 0.761 Holding coil internal diameter (mm)
1.3028 1.02 0.385 —o—Relative peak height —#-% RSD
The optimised
1.5933 0.76 0.831
holding coil internal diameter i5.02 mm displayed in

Figs.6.4 (a) and 6.4 (b).
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Peak height (HC) i.d | % RSD Figure 6.4 (b) Influence of holding coil internal diameters on total
bromine determination.
(mm) HC (i.d) on total )5 55
=2
. 22 2
0.9127 1.65 2.06 bromine 2., 15 8
determination. §. 1 1 ;
1.3556 1.6 1.13 £ os 0s
< o 0
1.5085 1.14 0.83 = 9 05 1 15 2
Holding coil internal diameter (mm)
17221 1.02 0.42 —+—Relative peak height —#-% RSD
1.9482 0.76 0.91 6.4.1.2. Influence of reaction cqiRC)length and internal
diameter

The length of the reaction coil was varied betw¢@r20 and 1.20m and the internal
diameter betweerf0.25 and 1.02 mm. This is where the produciotbe monitored is
generated. It must allow the maximum colour production to increase the sensitivity without

compromising the analytical performance of the system.

Influence of reaction coil lengths on bromine determination

Peak height | (RC) L (m) | % RSD Figure 6.5 RC Influence of reaction coil lengths on bromine
. determination.
0.6884 0.2 0.975 | (L)onbromine 1 2
L os .

0.7244 04 1.063 | determination. | 2 15 8

204 .
0.8021 0.6 0.546 %02 05 °

% 0 0
0.7996 0.8 0.799 Figs.6.5 (a) ® 0o 02 04 06 08 1 12 14

e Holding coil length (m)
.7011 1. 1.864
0.70 0 86 and 6.5 (b) —+—Relative peak height —m-% RSD
0.8552 1.2 0.988 . . )
gave optimised reaction coil length as 0.60 m.

Peak height | (RC) L mm | % RSD

0.9118 0.2 0.886
1.1922 0.4 1.244
1.5448 0.6 0.621
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Figure 6.5b)
(RC) (L) on total
bromine

determination.

Influence of reaction

Influence of reaction coil lengths on total bromine
determination.
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Figure 6.6(a) RC (i.d) on bromine determination.

Peak height | (RC)i.d mm | % RSD
0.8758 0.025 0.925
1.1083 0.03 1.283
1.3246 0.64 2.314
1.5977 0.76 0.582

Influence of reaction coil internal diameters on total
bromine determination.
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Figure 6.6(b) RC (i.d) on totalBr determination.

From Figs.6.6 (a) and 6®) the rection coil internal diameter determined to be ideal was

0.76 mm.

6.4.1.3. Influence of oxidation cdiéngth and diameter
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Evaluation of the parameters of the oxidation coil revealed that a len@8®im and an
internal diameter of 0.76 mm gave an optimum oxidation of bromide to bromine with the best
precision. The oxidation coil provides the area in which bromide is oxidised to produce the
bromine that is added to the initial bromine content tonftine total bromine. This has a
critical influence on the determination of the total bromine. It must allow sufficient

production of bromine for quantitative determination.

Influence of oxidation coi{OC) lengthsand internal diameteotal brominedetermination

Peak h6|ght (OC) L m % RSD Influence of oxidation ceil length bromine
determination
1.8509 0.6 1.331 £, ’
= 2 13 a
2.6542 08 0.543 2 < ; L N e
2 0.5
= 05
20644 1 1673 E ° 0 0.2 0.4 06 0.8 1 1.2 1,40
Oxidation coil length (m)
14965 1.2 0956 —o—Relative peak height -—m-% RSD

Figure 6.7 (aJOC (L) on Brdetermination.

Peak helght (OC) Lm | % RSD Influence of oxidation coil lengths on total bromine
determination.

=25 2

%L 2 15
0.6868 0.025 0.933 = 1s a2

g . ' E
1.0074 0.03 1.498 E 05 0s

= o 0

Re 0 01 02 03 04 05 06 07 08
1.4233 0.64 1.851 Oxidation coil length (m)
1.9854 0.76 0.618 —+—Relative peak height —m-% RSD

Figure 6.7(b) OClengthon totalBr determination.

Figs. 6.7 (a) and 6.7 (b) gives the optimised oxidation coil length as 0.8 m and as a length of

0.76 m would work well when computed to 0.8 to match with that for Br determination.

6.4.14. Influence of sample voluraad flow rate
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The flow rate determines the contact period between the sample and chromogen, sample and
the oxidising reagent and finally has an influence on the dispersion of the product zone. The
influence of the flowrate on all the above mentioned was evaluated for flow rates between 1
and 6mL /min and it was found that a flow rate of 3r8/min satisfied both the oxidation

step and the colour development stages for both species regarding response and precision.
With this study any flow rate lower than 3a8L/ min resulted in peaks that were not fully
resolved and samplearry overwas very high. Flow rates above 4fmhin limited oxidation

of the analyte to bromine, gave a lower response and together with a relikpeEdion a

decrease in precision.

In order to be economical with the use of the reagents it was essential to optimise the sample
and colour reagent volumes without compromising the quality of the results. This step was
done bearing in mind that the remgd volumes must still produce sufficient colour for
monitoring and still be within the confinement of the minimal detectable limit of both
speci es. Both volumes were evaluated bet weerl
displayed in Figs6.8 (a)and68 ( b) and 180 The pattemafdlowedhtm s e n
optimise these parameters was to keep the volume of one constant and then vary the other
one. This was done for five volume sizes. The optimum volumes that were chosen for further

wor k ar erbat8dampde land tolour reagent.

Influence of sample volumes on bromine determination
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Peak height | Svol. (uL) | % RSD Influence of sample volumes on bromine
determination.
0.8685 180 0.36 = ! 25
 0.98 5
Z 096 ~
0.9348 240 1.17 2 04 15 2
809 1 e
& 09 &
0.9556 300 2.13 £ oss 0°
E 0.86 0
0 100 200 300 400 500
0.9866 360 2.11 Sample volume (uL)
0.9932 420 118 ——+—Relative peak height -#8-% RSD
Figure 6.8(@) Sample volumes on bromine determination.
Influence of sample volumes on total bromine determination
Peak height | S vol(uL) % RSD Influence of sample volumes on total bromine
determination.
0.9574 180 0.41 = 1‘; 25
2P 2
S 1 -
0.9768 240 1.21 4 o 52z
=" 1 ES
w 0.4 -
1.0111 300 1.33 502 o
é 0 100 200 300 400 500
1.1347 360 0.97 Sample volume (u1.)
——o—Relative peak height —#—% RSD
1.2204 420 2.31
Figure 6.8(b) Sample volumes on total Bletermination.
Influence of phenol red (P.red) volume on Br and total Br
Peak helght (P reﬂ) (lJ.L) % RSD Influence of phenol red reagent volumes on bromine
determination.
0.8653 180 0.36 2 N
Zo0s =
0.8841 240 2.33 gos g
z ﬂlz 0s
0.9901 300 1.98 Z o 0
= ] 100 200 300 400 500
Phenol red volume (ulL)
1.0138 360 2.02
—+—Relative peak height -—m-% RSD
1.1212 420 1.68 Figure 6.9(a) (P. red) volumes orBr determination.
Fi gs. 6.9 (a) and 6.9 (b) gvlsich evas phe dowest red
investigated

Influence of colour reagent volumes on tdiedmine determinatian
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Peak helght (P.red (lJ.L) % RSD Figure 6.9 (b) Influence of phenol red volume on total bromine
determination.
0.9574 180 0.41 (P.red volumes on . i: -
= 2
21 a
09816 | 240 1| o B1) | Zos g
determination. g o4 s
1.0111 300 1.37 z "'z ,
& 100 200 300 400 500
1.1668 360 1.75 Phenol red volume (uL)
—+—Relative peak height —m-% RSD
1.3098 420 2.17
Influence of flow rates onBr and total Br
determination
Peak height Flow rate| % RSD Figure 6.10 (a) Influence of flow rates on bromine determination.
mL/min Fow rates on| = e !
b . 212 15
romine = 1 a
0.4096 1.4 1.1 Egg 1 2
determination. 206 X
1.2467 2.2 1.3 E 0.4 05
g o2
0 0
0.8585 3 1.42 0 1 2 3 4 5 6 7
Flow rate mL.min!
1.4221 38 0.513 —o—Relative peak height —#-% RSD
0.9017 4.6 1.02
0.7551 5.4 1.39
0.5898 6.2 1.78
Peak height | Flow rate| % RSD
mL/min
0.6113 1.4 1.26
1.0985 2.2 1.53
1.2325 3 1.42
2.5356 3.8 0.62
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1.2248 4.6 0.87 Figure 6.D (b) Influence of flow rates on total bromine determination.

w
LS}

0.9317 5.4 1.45 Flow rates on

ra

0.6113 1.4 1.26 total bromine

determination.

Relative peak height
o = "
=T R L N |

0 1 2 3 a 5 6
Flow rate mL.min"!

——4—Relative peak height —#-% RSD

Figs 6.10 (a) and 6.10 (b) confirmed 3.8 mL/min as the best flow rate.

6.4.2. Chemical parameters

Influence of phenol red, chloramine T concentrations, and buffer pH.

These are the parameters that will have a significant bearing on the detection limit and the
linear range of the method. Reagent concentrations must be such that they are not wasted
while striving to get the best sensitivity. Preliminary experiments shdhetdconcentrations

of 0.4% (m/v) for Chloramine T and 0.1% (m/v) for Phenol Red tended to compress the

linear range and decreased the limit of detection.

6.4.2.1. Chloramin T concentratioi©hloramin T]
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It was observed that the rates of colour development and subsequent decay are dependent on
the concentration of Chloramine T. Excess Chloramine T tends to bleach out the

bromophenol blue. The influence of

Influence of Chloramine T concentrations on total
Chloramine T was studied over the range bromine determination. g
-Ec 1.2 1.2
0.05 to 0.3% (m/v) and the results 2 , 1
-"a 0.8 0.8 2
obtained are outlined irFig. 611 A | &°° 06 ¢
= 04 0.4
z
. 202 0.2
concentration of 0.1% (m/v) was the most™ 0
0 0.05 0.1 0.15 0.2 0.25 0.3
consistent and reliable with a best —+—Relative peak height —m—% RSD

precision (RSD=0.51%) and this concentration was chosen for fuvtrkr

Peak height | [Chloramine T] | % RSD | 6.11[Chloramine T] on total bromine determination
(mv)
0.8798 0.05 1.09
09864 01 051 6.4.2.2. Phenol Red concentration
1.0113 0.15 1.33 .
The effect of the phenol red concentration for both
1.1635 0.2 1.17 o _ _
the determination of bromine and total bromine
1.2024 0.25 1.20
was studied over the rang®.005 and 0.025%

(m/v). The results obtained in Big6. 12 (a) and 6.12 (byevealed a best response and
precision with a concentration of 0.02% (m/v) and this concentration was used for further
work. The pH is very critical as it dictates and enhances the specificity of this method and

aids in eliminating interferences.

Peak haht | [P.red] | % RSD

0.6331 0.005 2.01
0.6609 0.01 0.98
0.6913 0.015 1.19
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6.12 (a) [P.red]on Brdetermination.

Figure

Influence ofphenol red concentratiofismol/L] [P.red]on Br and total Brdetermination

Peakheight | [P.red % RSD
0.7101 0.005 211
0.7511 0.01 1.98
0.8334 0.015 1.34
0.9645 0.020 0.47
0.9667 0.025 0.86

Figure 6.2 (b)
[P.red] on total
Br

determination.

6.4.2.3.In
fluence ofpH

Relative peak height
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Influence of phenol red concentrations on total

bromine determination.

0.005 0.01 0.015

0.02 0.025

Phenol red concentration (m/L).

—4—Relative peak height

——-% RSD

0.03

The pH should create an optimum environment to satisfy the criteria required for the

reactions in all three key sections of the proposed SIA system. The reaction between bromine

and phenol red and the oxidation of bromide to bromine with Chloramine To#rephbi

dependent. The influence of sodium acetate/acetic acid buffer pH was evaluated between 4.8

and 5.6 and a buffer pH of 5a& shown irFigs. 6.13(a) and 6.13 (byave the best response

and precision and was chosen for further work.

Influence of pH variations or and total Brdetermination

Peak height | pH | % RSD
0.7881 4.8 | 0.97
0.8135 5 0.61
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0.8426 5.2 | 0.36
0.8388 5.4 |1.35
0.8177 5.6 | 2.15
Peak height | pH % RSD
1.2087 4.8 1.35
1.2236 5 1.09
1.3568 5.2 |0.48
1.2559 5.4 1.01
1.2487 56 |0.89

6.5. Method evaluation

Figure 6.13a) pH
variation on Br

determination

Influence of pH variations on bromine determination.
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Influence of pH variations on total bromine
determination.
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Figure 6.13b) pH variations on total bromirgetermination.

The proposed method underwent rigorous tests with regard to linearity, precision, accuracy,

detection limit, sample frequency and interaction, interferences and percentage recovery. This

was done to determine its ajalbility and reliability for orline analysis. These tests were

carried out under the optimum operational conditions. Linearity studies were first carried out

for the individual species and then followed by studying their behaviour in the presence of

each other. The bromine and bromide solutions were prepared by keeping one species

constant while varying the other. The regression output for bromine and total bromine are

given as follows:

bromine

Total romide
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Constant 0.9474 2.0597
Std Err of Y Est 0.0198 0.0396
R Squared 0.9997 0.9996
Observations 5 5
Degrees of Freedom | 3 3

X Coefficient(s) 1.4190 0.1025
Std Err of Coef. 0.001 0.001

Horomine= 1.4190C + (9474; f= 0.9997(n = 10 and
Hiotat bromin= 0.1025C + 20597; = 0.9996(n = 10

Where H is the peak height in mV, C the concentration ifLnagd n is the number of
repetitions. The calibration curve for the proposed SIA system methsdownd to be linear
between (0.21.0) mgL for bromine and total bromine. The accuracy of theppsed SIA
system was first evaluated and validated by determining the recovery of bromine and
bromide from synthetic samples with known concentrations of the two species in varying

amounts.

Calibrationcurves for bromine and total bromine

mg/L | Bromine | total bromide | Figure 6. &. ‘
Calibration curves for bromine and total bromide.
peak peak Calibration _:E-;- 3-:
f =25
02 |09331 |11436 mes By
bromine and | £ l':
0.4 1.2017 |1.6348 £ os
total bromine. = o
0.6 1.5011 | 2.1346 © 0-2 o4 0-6 08 !
Concentration mg/L
0.8 1.8106 2.6401 —4—Bromine -—#-Total bromine
1.0 2.1009  3.1308 The results displayed in Tab®&2 show a recovery of
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better than 926 and indicates that the proposed SIA system is suitable for speciation of the
two species. Real samples from effluent streams were also evaluated for both bromine and
bromide and the results are given in Tah The accuracy of the proposed SIA sysisas
therefore also validated by comparing the results obtained for real effluent stream samples
with those from welestablished and standard methods [&}, B is evident from Tablé.3

that the results showed a good correlation with the standard dsetReal water samples

with predetermined bromide values were spiked with 0.500 fagomide, it is clear from
Table6.4 that the results matched with the expected valuesawiéitovery of between (B7

99.5 percent Repeating each determination ten timasd comparing consecutive
determinations tested the precision of the proposed methods. The % RSD was 0.8% for
bromine and 0.7% for total bromine. The calculated detection limits are lL&mgromine

and 0.4 mg_ for total bromine. This was improved byetirradiation of the reaction coil with

a UV lamp at 366 nm and 130W.

The proposed system is able to monitor bromine and total bromine at a rate of 30 samples per
hour with a sample cargver of less than 1.1%. The phenol red method is adopted as the
standard method for the monitoring lmfomine and bromide in water [R3caicuted 1.874.
tealculated((0.5673 < tapulatec= (2.26) At 95 % confidence levélacuiated< tabulated Thereforethe

two methods yield similar results.

Table 62. Results from synthetic samplasbromine: bromideatio.

Added Recovered

Bromine (mgL) Bromide (mgL) Bromine (mgL) Bromide (mgL)
0.00 1.00 - 0.9 £+0.003
0.20 0.80 0.17 +0.001 0.78 +0.006
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0.40 0.60 0.38 +£0.009 0.59 +0.004
0.60 0.40 0.61 +0.013 0.38 +0.004
0.80 0.20 0.77 +0.007 0.18 + 0.009
1.00 0.00 0.96 +0.005 -

Table 63 Comparison of results by SIA and standard method from effluent streams

Sample | Proposed SIA system Standard titration metho@3]
Bromine (mgL) | Totalbromide (mgl) bromine (mgL) | Total bromide (md!)
S1 31.02 + 0.002 634.69 + 0.013 30.68 +0.023 633.70 £ 0.020
S2 16.71 + 0.003 486.92 + 0.008 15.25 + 0.008 487.01 £ 0.011
S3 14.96 £ 0.012 476.99 £+ 0.005 13.05+0.017 478.04 = 0.007
sS4 43.96 + 0.003 1203.80 + 0.002 42.56 + 0.004 1204.58 + 0.012
S5 11.60 = 0.007 535.07 £ 0.003 10.86 = 0.006 533.96 + 0.005

Table 64 Recovery studies (Recovery after adding 0.500 mg brortadeal samples.

Bromide concentration (mig)
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Sample Original Recovered Expected % Recovery
S1 603.67 588.10 604.17 97.34

S2 470.45 + 468.60 470.95 99.5

S3 462.03+ 455.36 462.53 98.45

S4 1160.19 + 1147.69 1160.69 98.88

S5 52347 + 519.25 523.97 99.10

Table 65 Table(Influence d interferences added as 20 mddlr 4.0 mg/L of bromine)

Species Interference factGi 24,25
Cl 1.28

Ammonia 0.89

Bicarbonate 0.97

Organic material 0.96

Rhodamine 0.98

Hydroxylamine 0.94

Silver 0.91

lodine 095

126




% An interference factor of 1.00 means no interference, and a factor greater than 1.00 means an
enhancement and a factor of less than 1.00 means a depression of the expectEablalGeér shows

the extent of interferences lblyatmethod.

6.6. Conclusiors.

Statistical evaluation showed that there are no significant differences between the proposed
system and standard methods with a sample frequency of 30 samples per hour with a carry
over of less than 1.1%s displayed in Table 6.3. The methsaes time and reagent, and is
simple to assemble with very inexpensive instrumentation compared to other competing
methods.Recovery studies from Tablé.2 for synthetic samples and Table 6.4 for real

samples gave a high recovery of over 96 %.
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CHAPTER 7

Sequential injection analysis ofU-amylase andb-amylaseby spectrophotometric

detection

7.1. Introduction

Enzymes arbiomolecules responsible for céfsinction at normal temperature [1]. Thase

widely used in food processing and the manufacture of beverages. They are biological
catalysts used to control texture, appearance and nutritive value of food as wekasr&teg
desirable flavors and aromly. They have become very importantdlinical and industrial

uses [3]. Amylases are enzymes, which, in the presence of water, will convert large

molecules of starch to sugar units. There are mambettypes oamylaseshe alpha, beta
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and gammamylasg3].

Figure 7.1. alpha amylas@4].

Fig. 7.1 is the thre dimensional structoré -amylase.

The alpha amylase (EC 3.2.1.1410}D glucanglucanehydrolase, endoamylase) hydrolyzes

starch, glycogen, and related polysaccharides layn d o ml y ¢ | e-a4rglucogidici nt er n
linkages yielding glucose and maltdg¢. U-amylase is an important industrial enzyme. It is

used as an additive in @egents, the liquefaction of starch, and the proper formation of
dextrin in bakind5-6].

Alpha amylasgrodwesalcohol and alssaccharin and glucosehich areused in the sweet
factoryand brewerie$7-9]. It can be use for clinical diagnosisof, pancreatitis, parotitis and

occlusion of the pancre§%0, 1] and alsadental catiesareenhancedl12].
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Figure 7.2. Betaamylase 4].

Fig. 7.2 is the three dimensional structearé -anfyylase

Beta amylase (EC 3.2.1.2) is an exmzymeforms successive maltose units from the non
reducing end of a polysacadha de c hai n b yl4d-dlugad finkalges.sSinse it s f U
unable to bypass branch linkages in branched polysaccharides the hydroiys@riplete

and a macromolecular limit dextrin remains. The beta amylases are exclusively from
vegetable or are of microbial in origih3]. The technological importance of beta amylase is

in the brewing, distilling, and baking industries, where starators/erted into fermentable
sugarf14-17].

Because of the importance of amylase action in clinical and different industries it is important
to develop reliable methods thata n be used faomyltahseamgtsssddyb o f
large number of valuablmethods have been described for the astaynylasg18-24]. The

aim of this chaptewasto adaptSIA for ( Ub)-dmylase activit determinationThe method is

based on the adaptation of the method by Bernfeld for diastatic activity determinatof (U

/ Yeamylase 25] . This wil/ be achi e\amythselbySnGl[p6g ci f i ¢
then determire Uamylase. TheSpeci fi ¢ inhibition of U amyl
all owing the determi[B7pati on of b amyl ase act.i
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7.2. Experimental

7.2.1.Reagents and standard solutions

All solutions were prepared by using-ibmised water from a modulab system (Continental
Water Systems, San Antonio, TX). All solutions were degassed before they were used.
Chromogenic reagent, 1g of 3.5 dinitrosalysilmda(Fluka. Bucsh SG, Switzerland) was
dissolved in 20 ml of 2 mol/l NaOH solution, followed by the addition of sogdotassium
tartrate and diluted to 100 ml with-denised water. The solution was protected from, G®

fitting an air tight cap. If tte was not done the NaOH would react with eithep @QD, and

affect the quality of this solution. It was also advisable to use freshly prepared solutions to

avoid inconsistency.

7.2.1.1. Buffer

9.470g of NaHPO, and 9.208g of NakPO, (Merck, Germany) weréndividually dissolved
in sufficient deionised waterandthen eachdiluted to 1L. For a500 mL phosphatéuffer
(A) 200 mLof NaeHPO, were mixed with 300 ml of NadPO, and 2.3g of dried NaGhen
adjusted tpH 6.89. For a 500 mLhmsphate buffer (Bi} followed the same prepararion and
then adjustment tpH 4.80.

7.2.1.2. Starch

F o ramylaseD.270g of dry starch (Merck, Germarwgre mixed with 200 mL dbuffer (A)
and -Bmwylase buffer (Bwas used in the same amounts as G@mylase The two
solutions were then individually boiled gently for 1 min. The solutions were then cooled to

room temperature. The respective buffer was used for dilution and to make to thé. 400 m
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mark.

For 4amyjeadle wor ki ng s tamytasedrond (Bagilbus licheniformis, 2.0 U
U/mg) (Fluka, EC 3.2.1.1, Buchs, Switzerland) solution were prepared by addition of the
appropriate meanylase tod specificevolume of-@mised water to prepae
standard stock solution 0.05 FA(fungal amylase unit) The range (0.00.049 FAU

solutions were obtained by appropriate serial dilutions by deionised water.

The same range of -amylase activityrcancentmatioss were prepdred e
exactly in the same manner as fbramylase. FAU is the amount of enzyme that hydrolyses
5.26 g of starch per ho{28]. The conversion of starch by theamylase activity to maltose

is 0.95 and therefore the amount of maltose formed is 4.9921)/hl SIGMA unit liberates

1 mg of maltose from starch in 3 min at pt9; therefore 0.02g maltose per hour. The factor

between FAU and SIGMA units is therefore 1 FAU= 249.85

7.2.1.3. Experimental

Figs 7.3 and .4 displays the flow diagram aimultaneously analyzing both alpha amylase
and beta amylas€or Ua my | a s e -amylasethé samplsf@re prepared in 1 %SnChb

and1 %acarbosgrespectively.

Sample preparation is outlined in Figs. 7.3 and [22].

Sample in1 % SnGl

Starch + NHO e=====—==) Glucose + maltose

!
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3.5. Dinitro salycilic acid in 2 M (NaOH)

96°C

540 nm

Figure 7.3. Thisist h e p at hamyage hdolysis @t pH 6.8

| Sample in % 1 acarbose |

Starch + nHO L’ Glucose + maltose

3.5. Dinitro salycilic acid in 2 M (NaOH)

96°C

540 nm

Figure 74. Thisisthep a t h w a-gmylase hydrdlysis at pH 4.7

7.3. Instrumentation.
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Sample in 1 % acarbose Water baths

A Water 96 °C 25°C

Water || _/V\/\/\/\ 1])13 tector

540 nm
Reaction coil ‘ l \
Waste
Figure 75.Sequent i al i njection ananyylsa ssamglassd ebm f or si mul t a
Starch | Sample in | 3.5.dinitrosalycilic acid | Detector Starch Sample in 3.5. dinitrosalycilic acid | Detector
1 % SnCl, %1 acarbose
- - - é - - - é
1ls 1ls 1ls 47 s 1ls 1ls 1 sé

e. 47s

Figure 76.Summary of sequen-amyf as-amsymseddtebminatero us U

Fig. 7.5 shows the scheme followed fW /)-bmylase speciatiotis was adapted from Fig.
1.7 in Chapter 1Fig. 7.6 shows the summanf the steps involved with the timmirand

direction of the pump

Table 71 One cycle of the SIA system foka my | a s -amykase dpediation

Time(s) Pump Valve Description
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0.0 Off Sample Pump stops, select starch strearfvalve position 1)
3.0 Reverse Draws up starchsolution in buffer (A)

4.0 Off Pump stops

5.0 Advance | Select sample in 1 % SnGl(valve port 2)

6.0 Reverse Draws up sample

7.0 Off Pump stops

8.0 Advance | Valve advances to new position (valvport 3)

9.0 Reverse Draws up 3.5 dinitrosalysalic acid solution

10.0 Off Pump stops

11.0 Advance | Valve advances to new position(valve port 4)
12.0 Forward Forward mixture through reaction coil to detector
59.0 Off Pump stops

60.0 Advance | Valve advances to new position (valve port )
61.0 Reverse Draws up carrier solution

62.0 Off Pump stops

63.0 Advance | Valve advance to new position (valve port 6)
64.0 Reverse Draws up sample in 1 % acarbose solution

65.0 Off Pump stops

66.0 Advance | Valve advance to new position( valve port Muffer (B) starch)
67.0 Reverse Draws up 3.5 dinitrosalysalic acid solution

68.0 Off Pump stops

69.0 Advance | Valve advance to new position (valve port 8)
70.0 Forward | Forward mixture through reaction coil to detector
129.0 Off Pump stops

130.0 Home Valves resume first position

7.4. Operation of the system
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Table 7.1give the sequence of the series of steps that are followed for the single complete

cycle for the quantitative determination of b@th Yeamylaseactivity. This is carried out by

di

(A) and by s p e-anylase by acarbdsé (precose)anrbuffer {B). The profil

this determination is displayed Fig. 7.7throughd i st i nct-amg b & s-anfylased Ub

fferenti al

respectively.

Setup HMethod Once Repeated Calib History File HNote pad 0Quit

9.

==}
o o o Q

%]

= 3
o o o o o o

v

10.0

Response

i nhi biti onjimntle prederecefdaClaimhuffen s e

i i -amylase ,

M

EXF ND :0
DETECTOR 1

Peak Height
2.8052

Peak Tine
23.3

FPeak Area
138.5721

Peak Hidth
131.22

at 0.0000 Ht

Conc

0. 00

gy e .

1) 11 22 33 44 93 66 76 87 98 109 120 131

Tine, sec

Figure 7.7.Ua my | a s-amykse grofie

7.5. Optimisation, results and discussion

Pr

swapping them were carried o&or the optimization part of the enzyme ratio, the enzymes

concentrationrat® used was

el i minary

eqgual volumes to undergo the same chemi@alipulation.
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7.5.1 Physical parameters.

7.5. 1. 1. Effect of hol di ng camy!l aseeamgdadeds @ nd

determination

Figs. 7.8 (a) and.8 (b) show evaluation of this parameter and the results was 300 cm for the

holdingcaoil.

|l nfluence of h o-bnyiase deteaminatbn | engt h on U

Peak height | HC L (m) | % RSD
Influence of holding coil length on g-amylase
2 0039 15 273 . determination .
:E'-‘ 4 2
1.9985 2.0 2.02 x g
2, W
2.3862 25 1.84 g, s
% o ]
4.1876 3.0 0.58 o 05 1 15 2 25 3 35 4
Holding coil length (m)
3.6657 3.5 1.66 —e—Relative peak height —m-% RSD

Figure 7889 Ho | di ng c o ramylabeadeteggmiration. n U

Il nfluence of holanylasgdeterminationl engt h on b

Peak height | HC L (m) | % RSD Influence of holding coil length on B —amylase
determination.

1.9881 15 2.24 =5 25

2f g 2

2 =
1.7844 2.0 1.96 5’ 2
2.2918 2.5 1.87 ! ] .

= 0 0.5 1 1.5 2 2.5 3 35 4
3.8296 30 0.63 Holding coil length (m)

—4—Relative peak height —m-% RSD
3.5867 3.5 1.58
Figure 7.8p) Holdingc o i | | eamyglasédeterminakion.
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7.5.1.2. Influence of hydrolysis coil lengths and internal diameter

The parameters for the hydrolysis coil were evaluated 8€38he results of the hydrolysis

coil length and diameter optimization step are whkistrated in the table and figure below.

This is the most important part of the simultaneaus a | y sainsy | aafs -abykase.dt isb

the part where the actual breakdown of starch producing the maltose which is the biochemical

molecule that serves as the bases of the determination step. This exercise confirmed the

following values in that they yielded appreciable peaktitsigccompanielligs 7.9(a) and

7.9 (b) gave80 cmfor the hydrolysis coil length.

Influenceof hydr ol ysi $amyglase determipatiojpt hs on U
Peak helght HydrOIySiS % RSD Influence of hydrolysis coil lengths on a-amylase
determination.
coil L (cm) . 25
%“3 2
= =
1.7659 40 1.99 £, 1-5 )
2.9437 | 60 1.96 g 0
E ° 0 50 100 150 2000
3.3841 80 0.6 Hydrolysis coil length (m)
2 7588 100 1.84 —4—Seriesl —-Series2
55033 120 193 Figure 798 hydr ol ysi s camyldsadeteenimagtionh s o n
1.8981 160 2.01
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I nfluence of hy d-amylase siatesmination | l ength on b

Peak height| Hydrolysis % RSD

. Influence of hydrolysis coil length on p —amylase
coil length Figure determination
o4 2.5
(cm). 790) 2, 5
= 15 2
« 2 =
1.3225 40 1.78 & 1
,E 1 05
1.9887 | 60 2.11 Zo o
= o 50 100 150 200
Hydrolysis coil length (m)
2.9746 80 0.930
—+—Relative peak height —m-% RSD
241738 100 1.98 hydrolysis coil Lo n -arbylase determination.
2.18878 120 2.12
1.4868 160 2.59

Influence of hydrolgis coil internal diameter ddklamylase determination.

Peak helght i.d (mm) % RSD Influence of hydrolysis coil internal diameter on o-
amylase determination.
1.82234 1.65 1.635 -4 2
%ﬂ 3 15
2.9658 1.6 1.898 = Z
s 2 1 &
3.6312 114 0.7614 £! oo
=0 0
= o 0.5 1 15 2
2.7619 1.02 0.3861 Hydrolysis coil internal diameter (mm)
2.4285 0.89 0.7481 —+—Relative peak height —8-% RSD

Figure 7.10 &) hydrolysis coili.d 0 n -arylasedermination.

Forthe hydrolysis coil 1.02 mm gauhe best results for the internal diameter optimization as

shown in kgs.7.10 (a) and'. 10(b).
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Influence of hydrolg i s coi | i nt amylaseldetedminatimet er on b

Peak height | i.d (mm) | % RSD
Influence of hydrolysis coil internal diameter on -
Fi 7.10 amylase determination
129851 | 1.65 1.95 gure s L.
(b) - B ;
2.0023 1.6 1.79 225 15 B
hydrolysis g1s 1
3.1142 1.14 0.74 21 s
collid o-n| B°° o
2.3822 1.02 0.42 = 0 0.5 1 L5 2
amylase Hydrolysis coil internal diameter (mm)
2.2048 0.89 0.92 —+—Relative peak height —#-% RSD

determination.

75.13. 1 nfl uence of cooling c o-a ny |l aesnegainlased a b d

determination

Effect of cooling curvéCC)| e n g t-&mylase detérmination

Peak helght cC (L) (Cm) % RSD Effect of cooling curve length on a-amylase
determination
2.2020 20 1.98 =2 23
025 2
f: 2 ’ I | 15 ©
2.3967 40 0.86 g 15 E
v 1 =
£ 05 - . | | 0s
1.9885 60 1.22 ﬁ o o
1.7648 80 1.01 Cooling coil length (cm)
—+—Seriesl —#—Series2

Figure 7.11§) coolingcoil | e n g t -amylase detérmination.

Figs.7.11 (a) and’.11(b) confirmed 40 cm as the best length for the coddimgf or bot h b

amy | a s-amykmse detebinination.
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Ef fect of cool i-anglasedetermieatidnengt hs on b

. Effect of cooling curve lengths on B-amylase
Peak height CC (L) cm) | % RSD determination.
- 3 2
20198 |20 1.76 B2s :>.<:>.’< 15
= 2 [=]
= e
] 1.5 T 1 =
2.7881 40 0.88 e s
£ 05 ’
1.8073 60 112 2 o 0
0 20 40 60 80 100
Cooling coil length(cm)
1.6324 80 1.31
—+—Relative peak height —m-% RSD
Figure 7.11 (b) cooling coil lengthso n -arbylase
determination.
7.5. 1. 4. Ef fect of reaction coil | engamylase i nt ern

a n damylasedetermination.

Temperature of theeaction coil varied from (88102)°C. The eaction between maltose and

3.5dinitrosalycilic acid is temperature dependent.

Effect of reaction coi(RC)t e mp e r a4{amytase determinbktion

Peak height | Temperatur¢’C) | % RSD

Effect of reaction coil temperature on a-amylase
determination.
1.9866 88 1.11 e b
2.4588 92 1.25 =22 15 S
-] -4
S 15 [ 1 =
3.0185 96 0.88 2! | 0s
3.1986 100 1.35 a ° 8% % 9 100 1050
Reaction coil temperature (° C)
2.9965 104 2.32 ——+—Relative peak height —#-% RSD

Figure 7.12& RC(°C) o n -arylase determination

From Hgs. 7.12 (a) and.12(b) which show theptimization ofthe reaction coil temperature

confirmed 96°C as the best temperature.
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Ef fect of react i-amylasedeterminatermper at ure on b
: 0
Peak helght Temperaturé C) % RSD Effect of reaction coil temperature on B-amylase
determination.
1.7924 88 1.34 o 35 2.5
e 2 2
2.3733 92 1.42 =7 15 2
§_ 1.5 1 =
2.90224 96 0.86 £ os 05
=] 4]
~= 85 Q0 a5 100 105
2.9852 100 1.77 Temperature °C
2.6885 104 2.32 —+—Relative peak height —m—% RSD
Figure 7.1216) RC (°C) o n -arhylase determination.
Effect of cooling coilinternal diameteo n -arlylase determination
Peak height | i.d (mm) % RSD Figure 7.13 Effect of cooling coil internal diameter on a-amylase
(a) cooling determination.
1.29851 1.65 1.35 = 35 2.5
= 3 2
coil (i.d) on E 25 -
2.0023 1.6 1.98 = 15 &
Uamylase a1 o
3.1142 1.14 1.76 £ os o
] o]
= 0 0.5 1 1.5 2
2.3822 1.02 1.22 Cooling internal diameter (mm)
22048 0.89 072 —o—Relative peak height —#-% RSD
determination.
0.89 mm was the best internal diameterth® cooling coil as shown iridg= 7.13 (a) for
U-amylase.
Effect of cooling coil internatl i a me t-amylase deterfnination.
Peak height i.d (mm) % RSD Effect of cooling coil internal diameter on p-amylase
determination.
- 35 2.5
1.1776 1.65 1.95 5 3 ,
E > 1.5 e
1.9865 1.6 1.79 E.: B
2.9857 1.14 0.74 £ .
& 0] 0.5 1 1.5 2
2.0175 1.02 1.12 Cooling coil internal diameter (mm)
—+—Relative peak height —8-% RSD
1.9661 0.89 0.74
Figure 7.1319) cooling coili.d o n-arbylase determination.
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1.02mm was the best internal diameter for the capboil as showninig.7. 13 (-b) f or

amylase

7.5.1.5. Effect of flow rate and sample volume -a by | a s -amykmselkterfmination.

The flow rate that was best suited for this analysis was 3.6 m#snd@splayed in fgs. 7.14
(a) and7.14(b).

Ef fect of -dmylaseandb-amylasedetermination

Peak height | Flow rate| % RSD | Figure 7.14 o
Effect of flow rate on g-amylase determination.
i Effect of = 32 2
mL/min @ £ i\\ S
flow rate on | = 2° L\ ~~ T
1.3886 2.0 1.87 3 2 \‘. . 2
Uamylase . ¥ * =
1.6597 2.8 1.35 £ 1  os
E 0.5
0 0
2.8756 3.6 0.78 0 1 2 3 4 s 6
Flow rate ml/min.
1.9754 4.4 1.48
——4—Relative peak height -—#-% RSD
1.4822 5.2 1.22 determination.
Peak helght Flow rate| % RSD Figure 7.14 Effect of flow rate on B-amylase determination.
. = 3 25
mL/min (b) Effect of | Fas ,
= 2
1.3548 2.0 1.95 flow rate on g .5 e 2
= 1 o
2 1 =
1.5922 2.8 1.42 b-amylase S o0s | | 05
& 0 ]
determination. 0 1 2 3 a 5 6
2.5449 3.6 0.88 Flow rate mL/min
1.6834 4.4 1.54 ——+—Relative peak height —8-% RSD
1.4019 5.2 1.36

Ef fect of s a+apylase deteontinatiore o n U
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Sample

s a fapylase dateonlinatiore

Peak height | volume (uL) | % RSD
1.8685 160 0.58
2.20934 220 1.35
1.9556 280 1.27
2.4566 340 1.09
2.7558 400 1.87
Effect of

Peak height | Sample % RSD

volume (pL)

1.6566 160 0.64
1.9764 220 1.47
1.6988 280 1.27
2.1758 340 1.17
2.5987 400 1.78

Figure
7.15

@
sample
volume
on- U

amylase determination.

on b

Figure 7.1510) s a mp | e v eamylaseedetermination.

Figs. 7.15 (a) and 7.15 (b) show that the sample volume optimized to be 160 pL.

Effect of 3.5 dinitrosalycilic acidDNA) volumeo n -arblylase determination
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