
CHAPTER 4 

Extractions 

4.1 Introduction 

Liquid-liquid extraction is among the most frequently used conventional methods for 

sample pretreatment preceding measurements of the analyte concentration. It offers 

a potential for selectivity and sensitivity improvement in a large number of 

determinations. By use of partitioning between an organic and an aqueous phase, an 

analyte can be separated from an interfering matrix, or interfering matrix components 

can be removed from the sample in order to increase the selectivity of the 

determination of the analyte. Furthermore, an analyte can be concentrated by 

extracting it from a large volume of an aqueous sample into a small volume of an 

organic phase, thus improving the detection limits. 

Manual liquid-liquid extraction procedures are usually very tedious, involving a large 

consumption of solvents and chemicals and are subjected to potential contaminants 

from the atmosphere and chemical glassware. In addition, the conventional liquid

liquid extraction process requires manipulation with significant volumes of hazardous 

and/or toxic organic solvents. The handling of a large number of samples and the 

introduction of bias and errors associated with the various requisite manipulations must 

also be taken into account. 

The rapid development of automated liquid-liquid extraction is perhaps due to the 

broad use and importance of the liquid-liquid extraction process. One of the most 

effective ways to shorten the duration of this process has been the construction of 

dynamic "on-line" liquid-liquid extraction systems applying the principles of continuous 

flow analysis. 
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Regardless of the way in which the liquid-liquid extraction step is performed - via a 

manual batch procedure or by use of some kind of mechanised or automated system 

three basic operations are usually necessary [1]: 

(1) 	 the organic and aqueous immiscible phases must be dispersed in defined 

volumes; 

(2) 	 the phases must be brought into intensive contact with each other for the 

extraction to take place; and 

(3) 	 the phases must be physically separated from each other after the extraction 

event in order to make the chemical separation meaningful. 

4.2 	 Extraction in conventional FIA systems [1] 

In classical FIA extraction, aqueous sample solutions are usually introduced 

continuously or in definite volumes « 100 to 200.uQ) into a continuous aqueous stream. 

This stream serves as both a reagent and a carrier stream in the simplest single-line 

FIA version. The aqueous sample solution can also be merged and mixed with 

another, separate aqueous stream containing an organic analytical reagent, spectral 

buffer or others. In this way, appropriate chemical reactions as well as solution 

homogenisation take place in a reaction-and-mixing coil before entering a phase 

segmenter. 

The resultant aqueous stream (ideally pulse-less) of an extractable component is then 

segmented with an organic immiscible solvent stream at the segmenter mixing point, 

where more or less reproducible droplets of one phase in the other are formed. The 

size of the droplets is regulated by a combination of gravity, density and interfacial and 

hydrodynamic forces. The geometry of the inner capillary system of the segmenter 

and the quality of the surface also playa role. 

The droplets move into the outflow channel after having been formed and tend to 

minimize their interfacial area with the other phase and to maximize the contact surface 

area with the wall material of the outflow tubing, thereby wetting it. The process results 
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in the formation of independent, more or less regular segments of both phases in a 

single moving stream which them enter the extraction coil. 

Depending on the outflow channel material and on the material of the extraction 

capillary coil, the solvent that has the greater affinity for the tubing material coats the 

tubing walls with a very thin film, representing a relatively stationary phase. The film 

of one solvent surrounds the deformed spherical, ellipsoidal or tubular segments of the 

other solvent. Organic solvents wet Teflon and are repelled by glass. Conversely, 

aqueous phases prefer glass and metal to Teflon [1, 2]. The former case is more 

frequently used in liquid-liquid extraction FIA; the latter plays an important role in the 

re-extraction (back extraction) step of two-step liquid-liquid extraction FIA. 

The extraction process occurs principally in the extraction coil and to a lesser extent 

in the segmenter and the phase s8parator. During extraction the extractable sample 

components are transported from a relatively homogeneous aqueous solution of higher 

analyte concentration into segments of the immiscible organic phase through the 

segment interface. The interfacial area available for the extraction consists of menisci 

between the two phases and a film surrounding the segments. An analyte diffuses to 

the interface between the two phases and extraction equilibrium is reached, the 

attainment of which depends on a number of factors. 

Naturally, the degree of extraction is a function of the residence time of the analyte in 

the extraction coil, which is affected by the coil length and the flow rate. Extraction 

efficiency in the extraction coil is usually high and often virtually complete in several 

seconds. 

The influence of the flow rate and system manifold parameters on the extraction 

efficiency depends on the kinetics of the extraction process and the mass transport 

processes involved. The extraction rate increases with decreasing segment size and 

decreasing inner diameter of the extraction tube; hence, the use of a narrower 

extraction tube and small/short segments enhance extraction . The choice of material 
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used for the extraction coil indirectly influences the extraction efficiency; the efficiency 

is high for stripping an analyte from the aqueous to the organic phase for PTFE coils, 

while it is very low for glass or metal coils. In contrast, the efficiency of analyte 

stripping from organic to aqueous phase is higher for glass and metal coils than for 

PTFE coils. 

The segments of the aqueous and organic phases are subsequently separated in a 

phase separator into individual streams. The extractable analyte in the receiving phase 

is determined using a flow-through detection system. The analytical signals are treated 

in a conventional manner, with the analyte concentration calculated from the peak 

height, the peak width or the peak area. In principle, the other separated phase is 

directed to waste through a restriction coil (which also controls the separation efficiency 

of the phase separator). 

Since reactions needed extraction differ in degree of difficulty, various types of system 

manifold arrangements of different complexity are available. These arrangements or 

operational modes include: 

(1) 	 Without phase separation: This is the simplest mode, the aqueous solution of 

the sample being injected into a single-channel manifold together with the 

organic phase stream (or an extractable substance in the organic phase injected 

into the organic or aqueous phase stream). 

(2) 	 Single extraction: The segmentation system is located prior to or following the 

injection valve. 

(3) 	 Multiple extraction: The separation process is repeated several times by using 

the same or a different extractant in successive steps. 

(4) 	 Back extraction: A multistage extraction mode in which the aqueous sample is 

first extracted into an organic medium and then back-extracted into another 

aqueous phase, where measurements are performed. 

(5) 	 Special techniques: These included techniques SIJr.h 8S closed-loop systems, 

systems with non-segmented streams, systems without phase separation units 
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or systems with liquid separation membranes. 

4.3 	 Basic components of FIA extraction manifolds 

Several fundamental considerations must be taken into account when designing a 

liquid-liquid extraction system. These are connected to reproducible segmentation of 

the two miscible phases; optimisation of the geometry of the complete liquid-liquid 

extraction system; the selection of proper construction materials for all individual 

system components and a highly efficient and fast separation of the phases after 

reaching the separation equilibria [1]. 

4.3.1 	 Transport units 

A stable pumping system is usually required in liquid-liquid extraction FlA. The 

aqueous stream can be propelled using a standard peristaltic pump with ordinary PVC 

tubing. In contrast with this, the flow of the organic solvent is usually created by use 

of [1, 2]: 

(1) 	 A peristaltic pump with pumping tubes comprised of inert material (such as 

modified PVC (Tygon), silicone rubber, flexible polyurethane (Tygotane) or 

fluoroplastics (Acidflex or Viton)) since the flexible tubes commonly used in FIA 

are useless. 

(2) 	 A liquid chromatographic pump (piston or syringe) with pulse dampers and 

pressure indicators. 

(3) 	 A displacement technique, involving pumping an aqueous stream into a closed 

container (usually a thick-walled bottle) by using a peristaltic pump with ordinary 

pumping tubes; the container is completely filled with an organic solvent, which 

is replaced at a constant aqueous flow rate and forced into the FIA system. 

(4) 	 A constant gas overpressure (using pressurised inert gas), forcing the organic 

phase through the FIA system from a closed container. 
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4.3.2 Segmenters 

Phase segmentation involves dividing the continuous flow of the organic and aqueous 

phase into one uniform stream with alternating segments. The immiscible phases are 

brought together in a narrow tube in a controlled manner so that defined segments of 

each phase are formed. Segmentation and separation of the two immiscible phases 

are of crucial importance to the quality of the results obtained. 

There are two major variables to consider in connection with segmentation: 

Segmentation reproducibility and segment size. While segment size may not effect the 

extraction efficiency of a fast extraction process or when large sample volumes are 

introduced into the system, it could theoretically affect the efficiency of slower systems. 

The maximum segment size is determined by the interfacial tension of the organic and 

aqueous phases, both between each other and between a phase and the tubing 

material, such that the maximum segment size decreases with decreasing values of 

interfacial tension YO/a' The choice of tubing material, tubing dimensions and geometry 

of the mixing chamber also is critically important. 

Several segmenters of varying efficiency are available. These segmenters can 

generally be divided into two groups, depending on their principle of segmentation 

(postsegmenter introduction of the sample being a special case): 

(1) Continuous flow segmenters (including those which operate on the basis of 

differences in gravity and density. 

(2) Mechanical types of segmenters. 

4.3.3 Extraction coils 

In the extraction coil mass transfer takes place between the segments of the two 

phases. When the coil is made of Teflon, the aqueous phase, which is repelled by it, 

circulates as bubbles, whereas if the coil is made of glass, the aqueous phase wets the 
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walls and the organic phase flows as bubbles or plugs. In both cases the bubbles are 

completely enveloped by the other solvent. Three criteria for the selection of the type 

of coil to be used, have been established [2] : 

(1) 	 the material chosen for the coil should such that the analyte is initially present 

in the bubble phase in order the limit cross-contamination between successive 

samples. 

(2) 	 The ratio of the interfacial area to the initial volume of the phase containing the 

analyte should be as high as possible. 

(3) 	 The analyte should be capable of moving rapidly from one pOint in the original 

solution to the interface between the phases. 

The last two criteria also require the analyte to be present in the bubble phase, since 

in this way the interfacial area-to-volume ratio is higher and the movements of the 

analyte towards the interface are clearly shorter and faster than in the opposite 

situation. Taking these two criteria into account, it can be deduced that, 

(1) 	 if the analyte is initially present in the organic phase, the extraction coil should 

be made of glass in order to achieve higher extraction efficiency than would be 

the case with another Teflon coil of the same length and diameter; 

(2) 	 it is preferable to use a Teflon coil to extract from the aqueous into the organic 

phase. 

In most cases the transfer yields achieved ranges between 70 and 90% and is linked 

to the variables in the system, which should, therefore, be rigorously controlled in order 

to obtain reproducible results. An unusually long coil, although highly efficient, would 

result in a greater extent of analyte dispersion in the phase of interest. The ideal 

diameter of the extraction tube ranges between 0.5 and 1.0 mm. Auxiliary methods 

intended to increase transfer efficiency, such as including inert beads in the coil, 

immersion in a thermostatic bath or subjection of the coil to vibrations or an ultrasonic 

field , should be applied cautiously since any resulting emulsions may significantly alter 
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the function of the phase separator. 

Extraction coils have been use in various configurations, but the simplest and most 

frequently used coils have a symmetrical of helical shape. The horizontal position of 

the main axis of the coil forces the mixing process and introduces a secondary flow 

rate perpendicularly orientated to the axial, which increases mass transport. 

The secondary flow patterns are established in response to the centrifugal force in 

coiled extraction capillaries. They bisect the capillary profile , reducing the diffusion 

distance by half. The radial secondary flow causes effective mass transport, 

interchanging material in a slower moving streamline with material in the faster one. 

Hence, mass transport is forced by intrasegmental movement due to the viscous drag 

of the two immiscible fluids. Curved and coiled extraction coils should, therefore, give 

better internal radial mixing in the segment and would result in more effective 

extraction. 

The viscosity difference between the two immiscible solvents manifests itself in the 

extraction process as an inhibitor of diffusion. With increasing viscosity, the rate of 

mass transfer decreases, thereby decreasing radial mixing and increasing the 

residence time of the sample component(s). 

The enrichment factor (the ratio between the flow of the aqueous phase containing the 

sample and the organic phase) is influenced by the segmentation process. The 

enrichment factor rarely exceeds 20 in commonly used manifolds. The length of the 

organic (and the aqueous) segments cannot be reduced indefinitely; the lower limit of 

organic phase segments has experimentally been estimated to be about 1.5 times the 

internal diameter of the extraction coil tube [3]. The extraction efficiency decreases 

markedly if the organic phase droplets become too small to form a continuous film on 

the tubing wall. Also, the segmentation may be unstable due to coalescence of very 

small segments during transport through the extraction coil. 
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4.3.4 Phase separators 

The phase separation process involves a partitioning of the segmented phases after 

the extraction has been completed in the extraction coil, in such a manner that the 

unwanted phase is directed to waste while the other phase(s) is resampled or pumped 

through the detection system. In most practical separators, the two-phase system 

cannot be desegmented totally into two pure individual phases. Typically, phase 

separation efficiency is 80 to 100%. 

The phase separator is designed to handle small volume segments of the two 

immiscible phases, received from the extraction coil in the form of a segmented flow 

stream. The objectives of the phase separator are to: 

(1) Continuously separate the phases carrying the extracted analyte and to 

continuously split them into two or three individual streams in such a manner 

that one or two of them may be used for determination of the analyte 

concentration. 

(2) Work properly over a wide range of flow rate ratios Qa/Qo (Qa - flow rate of the 

aqueous phase and Q o - flow rate of the organic phase) and total flow rate Qt. 

(3) Recover as much as possible of the desired phase (approaching 100%). 

(4) Maintain the concentration profile of the analyte and prevent deterioration of the 

original concentration gradient of the sample. 

(5) Prevent any further sample dispersion and dilution during the separation 

process (band broadening). 

(6) Handle very small segment volumes of both phases (usually 1 to 30 j.1Q). 

(7) Handle different types of solvents. 

The phase separator must also be made of materials that are chemically inert (glass, 

stainless steel or fluoroplastics) to attack by solvents and chemicals. The long-term 

stability of the phase separator should be good and it should be easy to operate. 

Preferably, no adsorption should occur and the volume of the cavities or grooves in the 
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separator should be kept as small as possible. 

Current phase separators for liquid-liquid extraction flow injection analysis systems can 

be divided into three groups: 

(1) 	 Density (chamber) separators, working on the principle of the density difference 

between the two phases. 

(2) 	 Affinity (heterogeneous material) separators that are constructed from a 

lipophilic (usually PTFE) and a hydrophilic (e.g. glass or stainless steel) 

material, working on the principle of the affinity difference between the phases 

and the separator materials (as well as the density difference between the two 

phases). 

(3) 	 Membrane phase separators that use a lipophilic (and/or hydrophilic) membrane 

to exclude one or both phases from the segmented stream. 

4.4 	 Extraction processes using SIA manifolds 

Sequential injection extraction was, not surprisingly, introduced by Ruzicka's research 

group. Peterson et 81. [4] report on a flow based extraction method where an aqueous 

sample and organic solvent are injected sequentially into an extraction coil, then mixed 

and separated due to the differential flow velocities ofthe aqueous and organic phases. 

The sequential injection extraction manifolds ore much simpler Ulc:ln the ones used tor 

FIA extractions, since no segmenters or phase separators were needed. 

Contrary to FIA extractions where continuous separation takes place, a critical 

parameter, zone inversion length, was established in SIA extractions. Zone inversion 

length represent the distance travelled by the aqueous solution from the loading 

position until it has moved completely through the organic phase. At this stage the 

organic phase coated the walls of the Teflon tubing, allowing the extraction of the 

analyte into the organic layer. 
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Fig. 4.1 shows the basic protocol of a sequential injection extraction procedure. The 

phases involved in the extraction method are as follow: 

(1) 	 Organic wash solution is loaded into the extraction coil, followed by an air 

segment, the organic phase and the aqueous phase containing the analyte. 

The organic wash solution is only loaded when the carrier stream is unable to 

remove the remainder of the thin film. 

(2) 	 As the pump moves in reverse, the organic phase coats the tubing wall as it is 

followed by the aqueous phase (AQ). The aqueous phase pushes through the 

organic phase (ORG) as it moves through the extraction coil. 

(3) 	 Air is pumped into the coil , propelling AQ further through the organic layer, until 

all the organic solvent has been deposited on the tubing, ensuring complete 

contact of the two phases during this step. 

(4) 	 After this step, the pump changes direction, pushing AQ back through ORG. 

(5) 	 The aqueous phase is pushed out through the valve to waste with the analytes 

extracted into the organic phase. 

AIR $=.::..: ·.::..::..: ·~. ·. -.~.9.·=.· .·r3 3: 
0 
..J 

( AQ ~« AIR (3- u. 
u. 

0 

AQ 	 i=) 	 ~i' AIR ()--- u 
0 
Z 

w 
Il: 

WASH J AIR ~QQ;-~~o.~~~~:~'C)-- C 

WASH J AIR )i'()--
VALVE 

Fig. 4.1 	 Experimental protocol used in sequential 
injection wetting film extraction . AQ 1 and AQ 2 
refer to the order in which the aqueous zones 
were drawn into the extraction coil and ORG 
represent the organ ic phase. 

80 


 
 
 



(6) On account of the difference in air and liquid movement, a fraction of the 

organic phase remains coated on the tubing, while the rest forms a segment 

that is aligned next to the valve head. 

When a back-extraction step is needed, a second aqueous segment, buffered to an 

optimal pH, is aspirated into the extraction coil and passes through the organic phase 

as described above and the same sequence is repeated. During the second cycle, 

analytes are extracted out of the organic phase into the aqueous segment, which is 

collected through a collection port and analysed. Finally, the wash solvent, initially 

introduced, washes the organic layer of the tubing to waste, leaving the tubing ready 

for the next extraction . 

As in the case with FIA extractions, the extraction efficiency was dependant on the 

residence time of the aqueous phase in the extraction coil. The length of the extraction 

coil has, therefore, a major role to play in allowing sufficient tubing to accommodate the 

distance needed for the zone inversion length. The volume of the organic phase as 

well as the flow rate will influence the zone inversion length and therefore also the 

length of the extraction coil [5, 6]. 

4.5 Theory on liquid-liquid extractions [7] 

In analytical applications tile liquid-liquid partition equilibria, which are commonly called 

extraction equilibria, usually take place between an aqueous solution (phase I, 

subscript aq) and an organic solvent (phase II, subscript org) which is immiscible with 

water. Such a partition equilibrium can be characterized (for a constant temperature 

and pressure) by the thermodynamic equilibrium constant (KO,A)a as defined in 

equation 4.1 . 

(4.1 ) 
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Where the quantities OJAo)aq and OJAo)org are the standard chemical potentials and (aA)aq 

and (aA)org the activities of substance A in the aqueous and organic phases, 

respectively. The standard chemical potentials of the substance A for the two phases 

as well as the values of tJ.Go
oand (Ko AL remain constant only for ideal behaviour of the 

system; this implies that the mutual solubility of the two liquids is negligible and that the 

solvation and the activity coefficients of the substances are not changed over a wide 

range of concentration. 

For practical applications it is necessary to convert the thermodynamic constant (Ko,A)a 

into the concentration partition constant KO,A (called the distribution constant). 

= [AlaryKD,A (4.2) 
[Alaq 

where [A]org and [ALqrepresent the equilibrium molar concentrations of the substance 

A in the particular case. As shown by equation 4.2, the distribution constant is a true 

constant either for a dilute solution where the activity coefficients approach unity or for 

systems where the activity coefficients are controlled by the addition of an inert 

electrolyte. The change in the distribution constant due to variations in activity 

coefficients does not usually exceed one order of magnitude. 

4.6 Extraction of metals 

If a metal is extracted from an aqueous solution into an organic non-polar solvent, the 

metal ion is transferred across the liquid-liquid boundary as an uncharged particle 

which can be either an electroneutral complex (or chelate) formed with the organic 

reagent or an ion-association complex. Various types of ion-association complexes 

can be distinguished: (1) a large complex metal ion is associated with a large ion of 

opposite charge (e.g. [(2,9-dimethyl-1, 1 O-phenanthroline)2Cuf· CI04- or [(C6Hs)4 Pf. 

Re04-) ; (2) at least one of the ions is solvated with solvent molecules which are 

oxygen-donors (oxonium system); (3) metal salts of organic acids with large 
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molecules [(copper(ll)caprate]). 

In general, it is necessary to consider that the complexation equilibria in both phases 

involve formation of polynuclear mixed complexes. In these equalibria other ions and 

molecules can participate besides the metal ion and the ligand: the ions H+ or OH-, 

molecules of the organic extractant (denoted as HL), molecules of water and the 

organic solvent, S. The composition of the species formed can be expressed by a 

general formula 

(4.3) 

where coefficient x represents the number of molecules of the extracting reagent taking 

part in the formation of the complex. The coefficient y denotes the number of H+ ions 

liberated from molecules of HL and H20 by the formation of the complex species. 

The average degree of hydration of complexes in the aqueous phase remains constant 

at a given temperature and ionic strength even when their equilibrium concentrations 

are changed . Generally unhydrated complex species are extracted into organic 

solvents of low permittivity. In some cases the formation of solvates with the organic 

solvent contributes favourably to the extraction (synergistic effect). The existence of 

polynuclear complexes of the type MmLn is shown by the dependance of the extraction 

on the total concentration of the metal in the aqueous solution. For most chelates the 

presence of polynuclear complexes has not been observed at all whereas for the ion

association systems it becomes apparent for cM > 10-3 mol/Q. 

4.7 Dithizone as extractant 

Pure diphenylthiocarbazone (Oithizone) (Fig. 4.2) is a blank or blackish-brown 

crystalline powder. It is insoluble in water and dilute acids and sparingly soluble in 

ethanol and ether. Oithiozone is soluble in hexane and carbon tetrachloride, freely 

soluble in. chloroform, carbon disulphide and bases [8]. 
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Fig. 4.2 Structure of Dithizone. 

Dithizone reacts with a number of heavy metal ions to form intensely coloured complex 

compounds (dithizonates). Such heavy metals are known generally as "Oithizone 

metals". They are close to one another in the periodic table and form sulphides which 

are only slightly soluble in water. The Oithizone metals are listed in Table 4.1 (The 

metals printed in bold are used in this study). 

TABLE 4.1 The different Dithizone metals as they appear on the periodic table . 

IGrou~ II VII b I VIII I Ib I II b I III a I IVa I Va I VI a I 
Dithizone Mn Fe Co Ni Cu Zn 

metals Pd Ag Cd In Sn Te 

Pt Au Hg TI Pb Bi Po 

Distinction is made between primary and secondary dithizonates, according to whether 

the metal ion reacting with Dithizone only replaces the imide hydrogen and forms the 

so-called keto-complex (I) or also react with the hydrogen of the thiol compound and 

forms the so-called enol complex (II). Most of the metals form secondary complexes, 

while mercury, cobalt and copper can form both primary and secondary complexes. 

This will be described in full in the appropriate chapters. 

4.7.1 Disadvantages of Dithizone 

Since Dithizone is such a sensitive reagent it necessitates the use of specially purified 

reagents and organic solvents with especially clean glassware. This high sensitivity 
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also imposes the need for unusually high standards of laboratory cleanliness. The 

latter is overcome by the fact that sequential injection systems are closed systems with 

minimum contact between the reagents, samples and products and the laboratory 

environment. 

Dithizone is also not a very selective reagent, since it formed intensely coloured 

product with all Dithizone metals. Changing the pH values improve the selectivity of 

the reagent [8 - 11]. 

4.8 Choice of solvent 

The organic liquid used in Dithizone should strictly speaking be termed the diluent for 

the active extractant Dithizone [9]. It is relevant to enquire what effect a change in 

diluent will have upon the value of the extraction constant, Keq , for a given metal

Dithizone system and whether a change in organic solvent could improve the 

separability of two metals. It was, however, found that a change in diluent could not 

achieve any worthwhile improvement in separability of two metals [9]. 

There are, however, many other factors which influence the choice of diluent, even 

though when considering small-scale laboratory operations where purified solvents 

could be use, because economic factors are of secondary importance. The 

mechanical aspects of extraction involve properties such as surface tension, interfacial 

tension, viscosity and density, which affect the formation of droplets and hence the 

mass transference of dissolved constituents and the physical, as opposed to the purely 

chemical, aspects of the overall kinetics. 

These factors also control the separation of droplets when agitation ceases and hence 

the speed of completeness of phase separation. With less dense solvents this 

consideration of phase separation may present problems, although there may be 

special cases where the use of a diluent not much less dense than water (e.g. 

cyclohexane or methyl isobutyl ketone) has special advantages [9]. 
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Both carbon tetrachloride and chloroform are satisfactory for Dithizone extractions (and 

are most commonly used), for they do not readily form emulsions under normal 

conditions and the phases separate well. The toxicity of the vapours demands the use 

of a well-ventilated laboratory or the regular use ofa fume chamber. Neither solvent 

is inflammable although contact of the vapours with bunsen burners operating in the 

vicinity may generate phosgene [9]. 

At room temperature both diluents are pretty resistant to hydrolysis and the action of 

acids, alkalis and other reagents involved in the Dithizone extractions. While carbon 

tetrachloride is preferred for purifying Dithizone and for the extractive titrations of Ag, 

Bi, Cu, Hg, Pd, Pt and Zn, for monocolour procedures and qualitative tests, chloroform 

has some advantages for the extractive titration of Au, Cd, In, Pb and TI, for handling 

larger amounts of metals and for separations at high pH values. 

Several solvent are suitable to dissolve Dithizone [9, 17]. These solvents as well as 

the solubility of Dithizone therein are listed in Table 4.2. A knowledge of the solubility 

of Dithizone in organic solvents is important when discussing its behaviour in two

phase extraction systems of analytical importance. The data show that the solubility 

in paraffinic and alicyclic solvent is low, as is the case with alcohols and ketones. 

Higher solubilities are reached in aromatic hydrocarbons and the highest values are 

found with the chlorinated paraffins, such as CCI4, CHCI3 and C2H4C12. 

Since solutions of Dithizone of any but the lowest concentration are deeply coloured, 

and often almost opaque, it is quite difficult to be certain whether excess solid is 

present in contact with a saturated solution . Special care is needed to ensure that 

metallic impurities are not introduced by the filtering medium, especially when the 

concentration is to be calculated afterwards from the absorbance of a suitably diluted 

aliquot and a knowledge of the molar (decadic) absorption coefficient, 8 [9]. 
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TABLE 4.2 Solubility of Dithizone in organic solvents 

No. Solvent Solubility (9/Q) 

O°C 20 °C 30°C 35°C 

1 Dichloroethane - 21 .66 - -

2 Chloroform 1.7 16.9 20.3 19.0 

3 Dichloromethane - - 12.6 -

4 Nitromethane - - - -

a-Bomonaphthalene - 2.97 - -

6 Carbon disulphide 1.62 2.83 - 3.60 

7 Nitrobenzene - - - -

8 o-Dichlorobenzene 1.19 1.74 - 3.68 

9 Chlorobenzene 0.894 1.43 2.5 3.15 

Benzene - 1.24 4.24 -

11 Acetonitrile - 1.0 - -

12 Toluene 0.35 0.95 - 1.87 

13 Acetone - 0.93 - -

14 Methyl isobutyl ketone - 0.805 - -

Isopentyl formate - 0.80 - -

16 Isopentyl ethanoate - 0.65 24.3 -

17 Carbon tetrachloride 0.272 0.512 0.74 1.27 

18 Dioxan - 0.349 - -

19 Diethyl ether - 0.4 - -

Ethanol - 0.3 - -

21 n-Pentanol - 0.054 - -

22 Cyclohexane - 0.014 - -

23 Methylcyclohexane - 0.01 - -

24 n-Hexane - 0.04 - -

Water, pH < 7 - 5 X 10-5 - -

I Mixed solvents {v/v} 

26 2% CHCI3-98% CSH14 - 0.0225 - -

27 10% CHCI3-90% CSH14 - 0.0964 - -

28 20% CHCI3-80% CSH14 - 0.295 - -

29 50% CHCI3-50% CSH'4 - 2_5 6 - -

70% CHCI,-30% C"H,. - 6.93 - -
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Initially carbon tetrachloride was chosen as organic solvent for Dithizone (Chapter 9), 

but it was ruled out for further applications due to its toxicity and ozone depleting 

properties. A non-toxic solvent, ethanol, was used as solvent in all other extractions 

done (Chapters 8 and 10), due to its good film forming capacity. 

The visible absorption spectrum of Dithizone is, however, very sensitive to the organic 

solvent in which it is dissolved [11]. Table 4.3 lists the visible absorption spectra of 

Dithizone in different solvents. The spectra obtained for Dithizone in CCI4 , hexane and 

ethanol are shown in Fig. 4.3. 

TABLE 4.3 The visible absorption spectra of Dithizone in different solvents [11] 

Solvent "max (nm) 

Peak 1 Peak 2 I I I I 

n-Hexane 


Cyclohexane 


Diethylether 


Carbon disulphide 


Ethanol 


Toluene 


Acetone 


Carbon tetrachloride 


Dioxan 


Benzene 


Chlombenzene 


Nitrobenzene 


Dioxan-water [1: 1 (v/v)] 


Nitromethane 


Chloroform 


Tetrachloroethane 


617 

623 

615 

640 

596 

622 

610 

620 

617 

622 

622 

627 

602 

607 

605 

607 

447 

452 

440 

462 

440 

450 

445 

450 

446 

453 

452 

454 

446 

440 

440 

445 
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Fig. 4.3 	 Spectra obtained for Dithizone in carbon 
tetrachloride, ethanol and hexane. 

The spectra of the different metal dithizonates determined in this study were obtained 

and are listed in Tables 4.4 to 4.6. Table 4.4 lists the dithizonates dissolved in carbon 

tetrachloride, Table 4.5 the dithizonates in hexane and Table 4.6 the dithizonates in 

ethanol. 

TABLE 4.4 	 " max and the corresponding absorbance va lues for the extractions of metal ions with 
Dithizone in CCI4 

Metal ion "max (nm) Absorbance (AU) "max (literature 
[8 , 12, 18]) 

pH range 

Dithizone 616 
446 

1.32 
0.86 

620 
450 

-

Cu2+ 441 0.75 450 
550 

7 - 14 
2-5 

Ni2+ 529 0.87 665 6-9 

Co2+ 432 
546 

0.63 
0.54 

465 
542 

13- 14.5 
6.5 - 10.5 

Pb2+ 508 0.73 520 6.5 - 10.5 

Zn2+ 479 1.14 538 6.5 - 9.5 

Fe3+ 540 1.20 - 7.5 - 8.5 

Hg2+ 518 0.87 515 
485 

7 - 14 
1 - 4 

Cd2+ 520 0.68 520 6 - 14 
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These extractions were all perform at a pH between 6 and 7. Higher pH values were 

also evaluated, but some of the metal ions formed complexes with the NaOH and the 

results were inaccurate . Some of the formed dithizonates were not very stable 

especially nickel changed from a dark red colour (t\max = 529 nm) to a violet-brown 

colour ('\max = 435 nm). 

TABLE 4.5 Amax and the corresponding absorbance values for the extractions of metal ions with 
dithiozone in hexane. 

Metal ion Amax (nm) Absorbance (AU) Amax (literature 
[12]) 

pH;, 

Dithizone 426 1.015 447 -
619 0.721 617 

Cu2+ 403 0.885 - 7 - 14 
544 0.600 2-5 

Ni2+ 404 
528 

0.559 
0.444 

- 6-9 

Co2+ 401 0.636 - 13 - 14.5 
531 0.685 6.5 -10.5 

Pb2+ 403 0.645 - 6.5 -10.5 

Zn2+ 425 1.267 - 6.5 - 9.5 
625 0.939 

Fe3+ 458 1.080 - 7.5 - 8.5 

Hg2+ 488 0.541 - 7 - 14 
521 0.545 1 - 4 

Cd2+ 405 0.754 - 6 - 14 

It was interesting to observe that except for three metal ions (lead, iron and cadmium) , 

all the metal dithizonates gave spectra with two absorption maxima. Only for zinc the 

second '\max corresponds with the peak for the reagent, Dithizone. The other metal 

dithizonates' second peaks all fall in the interval 401 - 405 nm. Unfortunately, hexane 

is not a reagent commonly used for extractions with Dithizone and no literature data 

could be found to verify these interesting results. 
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TABLE 4.6 "max and the corresponding absorbance values for the extractions of metal ions with 
Dithizone in ethanol. 

Metal ion "max (nm) Absorbance (AU) "max (literature 
[12]) 

pH :;, 

Cu 2+ 447 0.812 - 7 - 14 
- - 2-5 

Ni2+ 469 0.423 - 6-9 

Co2+ 519 0.743 - 13-14.5 
- - 6.5 - 10.5 

Pb2+ 500 1.37 - 6.5-10.5 

Zn2+ 571 0.863 - 6.5 - 9.5 

Fe3+ 425 1.92 - 7.5 - 8.5 

Hg2+ 519 1.024 - 7 - 14 
- - 1 - 4 

Cd2+ 436 0.934 - 6 - 14 

Extractions with Dithizone in ethanol gave high intensity peaks. Since the extractions 

were all done at pH 6 - 7, the primary dithiz;onates of copper, cobalt and mercury did 

not form and no absorption peaks were observed. As in the case with hexane, it was 

impossible to obtain any literature values to verify these results. 

4.9 Factors influencing film formation and thickness 

When an organic solvent zone is injected into a flow system (FIA or SIA), the resulting 

segment shape depends primarily on the ratio between the segment volume and the 

inner radius of the tube, the total flow rate, the interfacial tension of the solvents, the 

surface tension of the solvents, the tubing material and a few other factors [1] . 

Depending on the material of the extraction capillary coil, the solvent displaying greater 

affinity to the tubing material will cover its inner walls with a very thin film of relatively 

stationary nature. The film of organic solvent will surround the deformed spherical, 

ellipsoidal or tubular aqueous segment(s) in fluoropolymer tubing, whereas the 

segment(s) of organic phase will be surrounded by an aqueous film in glass or metal 
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tubing. 

As stated earlier, the driving force for the film formation is the minimization of the 

interfacial energy of the solid/liquid interface, which is determined by the relative 

magnitudes of the surface tension of the inner wall surface of the tubing to the liquids 

(wetting ability) and the interfacial tension in the liquids. The film thickness is related 

to the nature of the film-forming phase in such a way that rligher viscosity and/or lower 

interfacial tension result in a thicker film [1, 6]. 

Another factor influencing the formation of the wetting film is the hydrodynamic forces 

connected with mass transport due to the velocity distribution ofthe laminar flow across 

the tube profile, as the segment of non-wetting solvent forms a compressible bolus 

flowing through the stream of the other solvent. Besides other factors influencing the 

segment shape, the mean value of the film thickness of one liquid behind a single plug 

of another, evidently depends on the linear velocity, U, of the flowing stream. 

The linear velocities in FIA and SIA are generally low and the prevailing flow pattern 

is laminar. Consequently, the flow velocity near the tubing wall is zero, while in the 

centre of the tube it is twice the mean value taken along the radius. The film forms a 

relatively stationary phase along the wall, forcing a secondary internal flow to circulate 

within each segment [1]. 

The film formed by one phase on the tubing as a result of a linear velocity distribution 

across the tubing diameter or due to the wetting properties of the solvent, causes 

changes in the segment geometry. Assuming a constant volume, Vs' of the segment(s) 

of one immiscible phase in the continuous stream of the other phase, the lengthening 

of the aqueous phase segment caused by the wall film can be predicted. 

The segment length, Ls' can be expressed as a function of the segment volume, Vs' 

and the outer radius of the cylindrical segment, rs' which depends on the inner radius 

of the tubing, ro, and the mean value of the film thickness, df (rs = ro - df), in the form 
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(4.4) 

Here, the segment length , Ls' is inversely proportional to the second power of the outer 

radius of the segment, rs' With increasing film thickness, df, Ls will decrease as a 

result of the decreasing outer radius of the segment at higher flow rate or linear 

velocity. The relative segment lengthening decreases with increasing tube inner radius 

[1]. Thickness of the wetting film is directly proportional to the inner diameter of the 

extraction coil. As a result, the extraction capacity is larger for wider and longer 

extraction coils [6]. 

The solvent composition, therefore, is a critical parameter for the successful application 

of sequential injection extraction, determining the difference in flow velocity between 

the organic and aqueous phases and the chemical selectivity and efficiency of the 

extraction. Due to hydrophobic interactions with the Teflon walls of the tubing, a 

fraction of the organic solvent, Vorg ' forms a stationary film, Vf, whose volume 

determines the overall flow velocity of the organic solvent, uorg [12]. 

X uaq (4.5) 

Therefore, in a continuous pumping segmented stream of aqueous and organic 

phases, the flow velocity of the analytes in the organic phase is slower than that of 

analytes travelling in the aqueous phase. Sequential injection extraction, however, 

uses discrete zones of immiscible phases, not a continuous carrier stream. By loading 

the faster moving aqueous sample behind a slower moving organic solvent plug, the 

differential migration serves as a mechanism for both contacting and separating 

immiscible phases. A separated phase may be collected for subsequent operations 

and measurements [4]. 
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The thickness of the organic film influences extraction by affecting the mass transfer 

of analytes in and out of the film. The film thickness, dr, can be calculated using the 

formula 

(4.6) 


where u represents the flow velocity in mIs, dt the tube diameter in m, 11 the viscosity 

of the solvent in cP (kg/ms) and y the surface tension of the organic solvent in mN/m, 

with k approximately equal to % and a approximately equal to 213 [4]. Although the flow 

rate, u, and the interior diameter of the tubing playa role in the calculation of the film 

thickness, the critical parameter in choosing an organic solvent is the value illy, called 

the film thickness parameter. The film thickness parameters for some selected 

organic solvents are given in Table 4.7. 

TABLE 4.7 Film thickness parameter for some organic solvents 

Solvent Surface tension (y) 
(ml\J/m) [13, 14] 

Viscosity (11) 
(cP) [13,14] 

Film thickness 
parameter (Illy) 

Benzene 28.88 0.601 2.08 x 10.2 

Carbon tetrachloride 27.00 0.88 3.26 x 10.2 

Ethanol 22.80 1.06 4.64 x 10.2 

Hexane 18.40 0.31 1.68 x 10.2 

Methanol 22.60 0.553 2.45 x 10.2 

From this parameter it is observed that film thickness is directly proportional to viscosity 

and inversely proportional to surface tension. The performance of the film is especially 

sensitive to viscosity [6]. 

There is a trade off between the capacity of the film for the analyte and the ease with 

which the film can be eluted to a detector. Both these characteristics depend, 

predictably, on the thickness or viscosity of the film - thick films have high capacity, but 

are difficult to elute. As a lower limit, the film must be thick enough that it does not 
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break up during sample perfusion . As an upper limit, it must be possible to remove the 

quantitatively. Between these two limits, one should compromise between sensitivity 

and dynamic range. Lower capacity results in higher sensitivity, because a smaller 

volume of extractant solvent yields higher enrichment factors . Higher capacity allows 

for a higher breakthrough concentration [6, 19]. For a quantitatively extracted 

component, the breakthrough volume of an extraction coil is described by 

o 
V1 (breakthrough) = fVcoil ( a~org) (4.7) 

1 + - aqlorg 

where f is the dilution factor resulting in the aqueous solution, Vcoil is the total volume 

of the extraction coil and 0 aq/org is the ratio of aqueous phase to organic phase [19] . 

4.10 Verification of extraction results 

Irrespective ofthe extraction method used, the extraction recoveries should be verified . 

This can be done by spiking a sample of similar composition to the sample analysed 

with a known content of the analyte. The main drawback is that the spike is not always 

bound in the same way as the naturally occurring analyte. It is therefore recommended 

to let the spike equilibrate at least overnight [15]. 

4.11 Conclusion 

Liquid-liquid extractions represents one of the most progressive techniques of 

analytical flow systems since it is very applicable to important problems related to 

selectivity and sensitivity improvement in many branches of analytical chemistry. 

Liquid-liquid extraction flow systems has contributed to the solution of analytical 

problems in a great variety of areas, especially in clinical biochemistry, pharmaceutical 

chemistry and environmental chemistry, which require the separation and 

preconcentration of analytes from very complexed matrices. 
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Sequential injection extraction SIE provides more economical use of reagent and 

sample solutions as well as simplified manifolds compared to those of flow injection 

analysis. SIE manifolds do not need phase segmenters and separators which not only 

simplify the manifolds. but also exclude excessive dilution and other problems 

associated with these devices [16]. Despite the use of toxic organic solvents, the role 

of liquid-liquid extraction SIA in some areas will become indisputable. 
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CHAPTER 5 


Analysis of Aqueous, Biological and Soil Samples 

5.1 Introduction 

The massive array of analytical techniques nowadays at one's disposal and the speed 

with which vast quantities of results can be generated are obliging the analyst to look 

'downstream'. That is, they need to know exactly the use to which their results are to 

be put. This is to ensure that appropriate protocols can be designed for the use 

envisaged. A further development which is linked to the increasing skills of the analyst 

is an increasing move towards the determination of one or more components in many 

samples rather than the total analysis of a smaller number of samples. 

Chemical analysis should be seen as a whole process stretching from collection, 

through pre-treatment, acquisition of results (the traditional view of analysis) to data 

processing and evaluation. 

Once the field sample has been collected and transported to the laboratory, the analyst 

is usually faced with another group of activities prior to the actual acquisition of results. 

These may involve such activities as drying, measuring of weights or volumes, 

dissolution in solvents, separation from interfering materials and preconcentration of 

the analyte. Even drying a sample, which is often thought of as a trivial process, is not 

as straightforward as it seems. 

A very important aspect of many analyses are the need to obtain the analyte in the 

form of a solution, either in water or in an organic solvent. However, there are many 

situations where it is undesirable to dissolve the sample completely. In these cases 

only certain soluble components of the sample will be extracted, leaving the rest of the 

sample in the solid state. This process is termed 'leaching' and describe the 
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procedure whereby one or more components are taken into solution, perhaps 

accompanied by a chemical reaction. The solution is then separated from the solid 

phase, perhaps by filtration [3] and analysed. 

Soil analysis is traditionally carried out in soil laboratories for identification of potential 

soil deficiency or toxicity status of different soil types. This was done mostly for the 

prediction of likely effects on the food chain, functionally defined as the bioavailability 

of the different species to plants. This bioavailability is determined by the analysis of 

chemical extracts of soils by reagents, often empirically derived, that extract element 

concentrations which correlate with plant uptake, or with plant growth, yield or health. 

It must be kept in mind that total soil content is often a poor indicator of its 

bioavailability. 

Clinical analysis of biological samples are a major part of analytical chemistry. These 

analysis need to be done at high frequencies and speed and the results must be 

accurate and reliable, since peoples lives are at stake. Quality control and pollution 

monitoring of natural waters, especially in a water scare country like South Africa, also 

became a large industry in the last few years. 

5.2 Soil samples 

5.2.1 Soil sampling 

There is strictly speaking no right or wrong way to obtain a sample, provided that the 

sample taken is representative of the lot of which it originates. When sampling soil it 

is probably best to treat it as a particulate material containing a variety of sizes of 

particles. Provided none of the particles is very large, then some form of thief device 

(e.g. of the concentric-tube type) might prove useful. When the thief device proved to 

be inadequate, then it will be necessary to remove the soil sample by digging. This 

way a fairly large quantity of soil (usually in the range of 1 m3
) are removed. It would 

be necessary to break down the larger particles and sub-sample it by using the coning 
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and quartering technique [4]. 

The soil samples used throughout this study was obtained on a maize farm in the 

Northern Free State. Sampling was done by digging. A sample of 50 cm x 50 cm x 

15 cm was dug out and sub-sampled after thorough mixing. The sub-samples varied 

in mass according to the inner volume of the mixing chamber used for extraction. 

5.2.2 Sample pretreatment 

Many solid samples, like soil samples, contain a potentially large, variable and 

indeterminate amount of water with them. This water content may vary on storage 

either through evaporation or through absorption of water vapour from the atmosphere. 

It would be impossible to analyse such samples quantitatively unless the water content 

was standardised between samples. This is normally done by drying the sample 

before analysis by some standard procedure, normally in an oven at temperatures 

close to 100°C [3] . 

For example, when pretreating a soil sample with the primary goal to determine 

bioavailable metal ions, the following procedure might be used [3]: 

(1) 	 Dry the sample at 105°C to constant weight. 

(2) 	 Pass the sample through a coarse sieve (low mesh-number) to remove large 

stones and other material. There is now need to grind the sample, since no 

complete dissolution is necessary. (This step would be included when 

determination of total metal content was required. When grinding a sample care 

must be taken that the process does not contaminate the sample [6]). 

The sample is now ready to be weighed and purified. Purification (separation) of the 

analyte is done by either removing the analyte from the matrix or by removing the 

matrix. Several procedures are available, such as extraction (leaching) with a suitable 

extractant at a suitable pH, precipitation of interferents as insoluble salts or masking 
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of interferents with suitable masking agents [6]. 

The soil samples used for experiments was dried at 100°C for about 12 hours 

(overnight) and then left to cool to room temperature in a desiccator. 

5.2.3 Soil extraction (leaching) 

Most of the early studies of soil have been concerned with deficiency problems in 

plants or animals and successful extraction procedures have been validated by field 

experimental correlation between plant response and extract content over several 

seasons [1]. Soils are usually extracted with solutions containing chelating agents, 

such as DTPA or EDT A. Some of the soil extractants used to assess bioavailability of 

metals are summarised in Table 5.1. 

TABLE 5.1 Extraction reagents for bioavailable heavy metal species in soils. 

I Extractant I Elements I 
Water Cd, Cu, Zn 

Sodium nitrate (0.1 maiN) Cd, Pb 

Ammonium nitrate (1 molle) Cd, Pb 

Calcium chloride (0.05 - 0.1 mol/e) Cd, Cu, Mn, Ni, Pb 

Ammonium acetate (1 mol/e, pH 7) Mo, Ni, Pb, Zn 

Ammonium acetate/EDT A (0 .5 mol/e : 0.02 molle) Cu, Fe, Mn, Zn 

EDTA* (0.05 maiN, pH 7) Cd, Cu, Ni, Pb, Zn, Mo 

DTPA* (0.005 molle DTPA + 0.1 mol/e TO* Cd, Cu, Fe, Mn, Ni, Zn 
+ 0.01 molle CaCI2) 

2.5% HOAc Cd, Co, Cr, Cu , Pb, Ni, Zn 

* 	 EDTA - Ethylenediaminetetraacetic acid 
DTPA - Diethylenetriaminepentaacetic acid 

* . TO - Triethanolamine 
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Extraction processes are not without problems. Calcium and magnesium usually 

interfere in the determinations of transition metals, because they compete against the 

metals for the chelating agents, especially when the pH is larger than 7. Fe(II)/Fe(lll) 

and Zn(ll) are usually interferents in determinations of other transition metals [2]. 

Extractions done in this study used 2.5% acetic acid as extractant, since all the 

analytes of interest could be leached therewith. These extractions were first tried on

line. This was done by placing the extraction unit (mixing chamber) in the sample 

uptake tube. 

Several mixing chambers were built to use in the extractions. A schematic 

representation of a mixing chamber is given in Fig. 5.1. The dimensions used as well 

as the volumes that correspond to the different dimensions are given in Table 5.2. 

TABLE 5.2 Measurements of the different mixing chambers used for extraction and mixing. 

Diameter =13 mm Height =8 mm 

Helght(mm) Volume (mQ) Diameter (mm) VolumeJmQ) 

4 0.642 18 2.714 

6 0.907 23 4.431 

8 1.172 - -

10 1.438 - -

Unfortunately, the soil particles were too finely divided and this led to extremely high 

back pressures - even with the largest mixing chamber used. The small soil particles 

also eventually blocked the SIA system. All extractions were therefore done off-line. 
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Fig . 5.1 Schematic representation of the 
mixing chambers used for 
extraction. 

The extractions were done as follow: Sub-samples of 5.00 ± 0.02 g were weighed into 

250 mQ glass beakers and 50 mQ aliquots of a 2.5% acetic acid solution were added. 

These mixtures were stirred for various periods, where after the pH was corrected to 

the reaction pH and the samples were analysed. The results obtained for the different 

stirring periods are summarised in Table 5.3. The soil samples were spiked with 

known amounts of both analytes, because the amount of nickel and cobalt in the 

samples were very low. Spiking the samples also allow the calculation of the 

percentage recovery or the extraction efficiency. 

TABLE 5.3 Influence of various stirring periods on extraction efficiency 

Time 
(min) 

Known conce ntration in 
mg/c 

Concentration obtained with SIA 
in mg/Q 

% Recovery 

JCo
2J [Ni 2+] ICo2j JNi2 

} [Co2+] [Ni2+] 

10 3.50 3.00 2.79 2.09 79 .7 69.7 

20 3.50 3.00 3.05 2.58 87.14 86 .0 

30 3.50 3.00 3.21 2.63 91 .7 87 .7 

40 3.50 3.00 3.23 2.65 92.3 88.3 

50 3.50 3.00 3.25 2.64 92.9 88.0 

60 3.50 3.00 3.24 2.68 92 .6 89.3 

120 3.50 3.00 3.25 2.70 92 .9 90.0 

360 3.50 3.00 3.26 2.74 93.1 91 .3 

720 3.50 3.00 3.30 2.70 94 .3 90.0 
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Although most of the 'bioavailable' nickel and cobalt were extracted after a stirring 

period of 30 minutes, longer times were evaluated to improve the recovery of the 

analytes. This was clearly not successful. The results of a stirring period of 30 minutes 

compared to a stirring period of 12 hours are virtually the same. A extraction period 

of 30 minutes would therefore be sufficient to determine the soluble metal ions in the 

soil sample. Most of the samples were, however, stirred for 12 hours, since it was 

convenient to have the sample ready the next morning. Phase separation was done 

by simple decantation of the liquid phase. After pH corrections, the samples were 

analysed using the kinetic method described in Chapter 7. 

5.3 Biological samples 

Clinical analysis involve numerous determinations of analytes in matrices like blood 

and urine. In this study, urine was chosen as clinical matrix to verify the sequential 

injection analysis systems' applicability to clinical analysis . 

5.3.1 Sampling and preservation of urine 

The urine was sampled and stored in polyethylene bottles, which was thoroughly rinse 

with diluted hydrochloric acid. These samples were immediately frozen. Prior to 

analysis it was allowed to come to room temperature and then diluted. 

When urine is allowed to stand about, particularly in a warm place, it usually acts as 

a culture medium for miscellaneous organisms. Commonly urea-splitting bacteria 

multiply and convert urea into ammonia . This causes the urine to be alkaline with 

consequent loss of ammonia. A secondary result is the precipitation of SUbstances that 

are insoluble in alkaline media, particularly calcium phosphate, so that the specimen 

is unsuitable for analysis of these constituents. Much of the difficulty can be avoided 

if reasonable cleanliness is observed in taking and keeping the specimen and if it is 

kept cold, preferably refrigerated. If this is impossible, it may be necessary to use a 

preservative, particularly in the case of 24-hour collections [5). 
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The following preservatives are available [5]: 

(1) 	 Hydrochloric acid. Acidification of the specimen is a very satisfactory method 

of preservation and is suitable for nitrogen, ammonia, calcium and phosphorus 

determination. It is not suitable for uric acid, which is precipitated. 

It is safer to use the diluted acid rather than the concentrated acid , which is 

sometimes recommended, particularly as the bottles are frequently sent to 

wards and clinics. 

(2) 	 Toluene. This is commonly used but of doubtful efficiency. It is convenient for 

sodium and potassium, uric acid and protein analyses. 

(3) 	 Hibitane. For urine glucose determination, a preservative is required which is 

neither a reducing agent (as is chloroform or thymol) nor an enzyme inhibitor 

(such as formalin or mercuric salts), but will, nevertheless, prevent destruction 

of glucose. 

(4) 	 Glacial acetic acid. This is used for ascorbic acid and 5-hydroxy-indolylacetic 

acid determinations. 

5.3.2 Sample pretreatment 

Most of the urine samples underwent only a dilution step as sample pretreatment. 

Filtering of samples might be necessary if suspended solids are present. Frozen 

samples must first be brought to room temperature, shaken thoroughly and then 

analysed. 

5.3.3 Extraction of samples 

To extract or separate the analyte from the matrix, liquid-liquid extractions were 

employed. For the systems described in this study, the diluted urine was introduced 

directly into the sequential injection system and the metal ions were extracted into the 

thin film of organic solvent (containing dithizone) coating the Teflon walls of the 

extraction coil tubing. The metal dithizonates in the organic phase are intensely 

coloured and provide sensitive determination of the various metal ions. 
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5.4 	 Aqueous solutions 

5.4.1 	 Sampling of liquids 

At the outset, liquids appear to present less of a problem to the sampler than for 

instance particulate solids. However this is true only when [4]: 

(1) 	 the quantity of the liquid to be sampled is small and thus can be homogenised 

by shaking it; 

(2) 	 the liquid is composed of only one phase. 

Great care must be taken and attention paid when sampling larger quantities of liquid. 

Liquids for sampling in bulk may be divided into four categories [4]: 

(1) 	 those flowing in open systems (e .g. rivers, canals or industrial effluents), 

(2) 	 those flowing within closed systems (e.g. in pipelines), 

(3) 	 those stored in closed containers (e.g. tanks, drums or carboys), 

(4) 	 liquids in open bodies (e.g. lakes or reservoirs). 

5.4.1.1 liquids flowing in open systems 

Since environmental monitoring and control include the study of the quality of water, 

it is not only necessary to determine substances in natural water, but also to control the 

amount of polluting substances that are added to natural water systems by means of 

industrial effluents. 

The chernical composition offlowing water may vary according to changes in a number 

of parameters such as temperature, flow rate, distance from source, depth, pollution 

and sources of water. None of these parameters could be controlled by the sampler. 

Because of this large number of factors, it is difficult to draw accurate conclusions as 

a result of a single sample being taken. The full information may be available only after 
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a large number of samples have been analysed. 

The samples are commonly collected by using wide-necked bottles or canisters, which 

are immersed at a suitable point in a flowing stream. For sampling at various depths, 

a weighted glass bottle with removable stopper is a simple but effective device. From 

the surface of the river, the bottle is lowered into the water to the required depth, as 

measured by the length of rope or chain holding the basket. The stopper is then 

removed and the sample taken. The device is then hauled back to the surface and the 

sample is transferred to a suitable container for storage. 

5.4.1.2 Liquids flowing within closed systems 

Taking samples flowing in pipelines are an irnportant way to ensure quality control in 

industries. When sampling liquids flowing within closed systems, it is important that the 

flow rate of the liquid is taken into account. At low flow rates laminar flow 

predominates. This results in the liquid flowing at a velocity maximal at the centre of 

the pipe and decreasing to zero to the wall. In order to ensure homogeneity, it is 

preferable that turbulent flow is created just before the point where the sample is taken. 

Liquids flowing at higher rates already flow turbulently and thus no further action is 

needed prior to sampling. 

The sample is removed, where possible, from the direction opposite to that of the flow. 

This is to avoid the sample being forced out of the sampling tube by the flow of the 

liquid. The diameter of the sampling nozzle must be chosen in such a way to ensure 

the correct sample flow rate into either the collection vessel or the analyser [4]. 

5.4.1.3 Liquids stored in closed containers 

Products that are stored in containers might deteriorate with time or become 

contaminated. Any liquid stored in a tank is liable to stratification due to the differing 

densities of liquids held in the tank. Therefore, if it is impossible to homogenise the lot 
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prior to sampling it, increments of samples must be taken at different depths. The 

same devices can be used as described in section 5.3.1.1. Once a sample has been 

received by the laboratory, any further sub-sampling can be carried out after shaking 

the sample to ensure that it is homogeneous [4]. 

5.4.1.4 liquids in open bodies 

'Open bodies of liquids' signifies large volumes of liquids in essentially static conditions. 

In order to obtain a representative sample of for instance a lake, it will be necessary 

to sample the liquid at various depths. However, if the lake is not too deep and the 

sampling is to be carried out on a regular basis, then it is worthwhile constructing a 

permanent sampling device at specific points in the lake [4]. 

5.4.2 Storing of samples 

Ideally samples should be analysed immediately. If this is, however, impossible, 

samples must be stor eo in cool places (preferably refrigerated) and be analysed as 

soon as possible. If the analyte concentration in the sample is very low, acidification 

of the sample is advised . This would prevent the adsorption of the analyte to the sides 

of the container. 

5.4.3 Pretreatment of samples 

Pretreatment of aqueous samples involve one of the following operations: dilution, 

preconcentration, filtering, decolourising or pH corrections. Dilution is the simplest of 

these methods, since it only involve the addition of a known amount of solvent (water) 

to a known aliquot of the sample. pH corrections are done by adding an appropriate 

amount of acid, base or suitable buffer to the sample. Coloured sample may interfere 

in photometric determinations. Decolourisation can be brought about by passing the 

sample through a column of deactivated carbon or to use dialysis to remove the 

coloured matrix. 
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Preconcentration is done mainly by passing the sample through a column with a 

suitable resin, such as an ion-exchange resin. The analyte is removed from the matrix, 

usually containing excess solvent, and eluted with a small volume of elutant to increase 

its concentration. Suitable ion-exchange resins to preconcentrate metal ions are: 8

hydroxyqu inoline-forma Idehyde-resorcinol (H OQFR), 8-hydroxyq uinoline

formaldehyde-hydroxyquinone (HOQFHQ), 8-hydroxyquinoline-furaldehyde-resorcinol 

(HOQFuR), 8-hydroxyquinoline-furaldehyde-hydroquinone (HOQFuHQ) and 8

hydroxyquinoline-bensaldehyde-resorcinol (HOQBR) [7]. Other resins include: 

Amberlite IRA-400 (chloride form) [8] and 8-quinolinol [9]. Recently, algae and other 

organisms such as yeast have been exploited as analytical reagents to preconcentrate 

trace metals [10, 11] 

When analysing samples that are liquids or solutions, the suspended solid particles 

therein may interfere with the determination. If so it may be necessary to separate the 

suspended solids from the bulk of the sample. This would normally be done by 

conventional filtering techniques, although centrifugation may also be used. The most 

inexpensive way of filtration is the use of filtering paper. A number of porosities are 

available. Coarse papers filter solutions quite quickly, while fine papers require a great 

deal of time and patience. The largest porosity that will still retain the precipitate must 

be chosen. Care must be taken that the sample is not contaminated during filtration. 

5.4.4 Separation techniques used for aqueous samples 

Either the analyte or the matrix could be removed, when removing interfering species. 

These separation techniques include precipitation of the interferent with a suitable 

complexing agent, or simply by masking the interferent using a suitable masking 

(complexing) agent. Liquid-liquid extractions are also frequently used. In this study, 

the metal ions were extracted into the thin organic film formed against the Teflon walls 

of the extraction coil tubing. 
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5.5 Conclusion 

All analytical methods involve sampling and virtually every method involves some sort 

of sample pretreatment. This pretreatment step often is a significant and major part 

of the overall procedure. When evaluating an analytical method, deciding whether its 

performance is suitable for the purpose intended to, or when comparing two methods, 

it is important that the pretreatment stages are considered very carefully. What 

happens at the pretreatment stage may well govern: (1) the overall accuracy and 

reliability of the results obtained, and/or (2) the total time and effort involved in 

performing the analYSis. Usually, a method involving minimum sample pretreatment 

is favoured, provided that it is capable of delivering results of acceptable accuracy and 

reliability. 
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CHAPTER 6 


Tanden1 Sequential Injection Analysis: 


Determination of Iron and Sulphate 


6.1 Introduction 

Iron has been known since prehistoric times and no other element has played a more 

important role in man's material progress. Iron beads dating from around 4 000 BC 

were without doubt of meteoric origin and later samples, produced by reducing iron ore 

with charcoal, were not cast because temperatures were not attainable without the use 

of some form of bellows. Instead, the spongy material produced by low-temperature 

reduction would have had to be shaped by prolonged hammering . It seems that iron 

was first smelted by the Hittites in Asia Minor sometime in the third millennium BC, but 

the value of the process was so great that its secret was carefully guarded and it was 

only with the eventual fall of the Hittite empire around 1 200 BC that the knowledge 

was dispersed and the "Iron Age" began. In more recent times the introduction of coke 

as the reductant had far-reaching effects and was one of the major factors in the 

initiation of the Industrial Revolution. The name "iron" is Anglo-Saxon in origin (iren, 

cf. German Eisen). The symbol Fe and words such as "ferrous" were derived from the 

Latin ferrum, iron [1]. 

I ron is thought to be the main constituent of the earth's core as well as being the major 

component of "siderite" meteorites. In the earth 's crustal rocks it is the fourth most 

abundant element (after oxygen, silicon and aluminium) and the second most abundant 

metal. It is also widely distributed, as oxides and carbonates, of which the chief ores 

are: haematite (Fe20 3), magnetite (Fe30 4), limonite (-2Fe20 3.3H20) and sederite 

(FeCOJ. Iron pyrite (FeS2) is also common, but it is not used as a source of iron 

because of the difficulty in eliminating the sulphur. The distribution of iron has been 
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considerably influenced by weathering. Leaching from sulphide and silicate deposits 

occurs readily as FeS04 and Fe(HC03h, respectively. In solution, these are quickly 

oxidised and even mildly alkaline conditions cause the precipitation of iron(III) oxide [1]. 

Sulphur is widely distributed in nature, but it is seldom concentrated enough to justify 

economic mining. Its ubiquitity is probably related to its occurrence in nature in both 

inorganic and organic compounds and to the fact that iI can occur in at least five 

oxidation states: -2 (sulphides, H2S and organosulphur compounds), -1 (disulphides, 

st), 0 (elemental sulphur), +4 (S02) and +6 (sulphates). Elemental sulphur in the 

caprock of salt domes was almost certainly produced by the anaerobic bacterial 

reduction of sedimentary sulphate deposits (mainly anhydride or gypsum). An 

interesting discovery recently made is that sulphur, together with sulphuric acid , forms 

a major component of the atmosphere of the planet Venus [ 'I]. 

Sulphur occurs in many localities as the sulphates of electropositive elements and to 

a lesser extent as sulphates of AI, Fe, Cu and Pb. Gypsum (CaS04 .2H20) and 

anhydride (CaS04 ) are particularly notable. Similarly, by far the largest untapped 

source of sulphur is in the oceans as the dissolved sulphates of Mg, Ca and K. It has 

been calculated that there are some 1.5 x 109 cubic km of water in the oceans of the 

world and that 1 cubic km of sea-water contains approximately 1 million tonnes of 

sulphur combined as sulphate ['I]. 

6.2 Biological and industrial importance of iron and sulphate 

Biologically, iron plays crucial roles in the transport and storage of oxygen and also in 

electron transport and it is safe to say that, with only a few possible exceptions in the 

bacterial world, there would be no life without iron [1]. Iron is the most important 

transition element involved in living systems, being vital to both plants and animals. 

The stunted growth of the former is well known on soils which are either themselves 

deficient in iron, or in which high alkalinity renders the iron too insoluble to be 

accessible to the plants . In case of man, iron was the first minor element to be 
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recognised as being essential when , in 1681, it was used to treat anaemia. The adult 

human body contains about 4 g of iron of which about 3 g are in the form of 

haemoglobin and this level is maintained by absorbing a mere 1 mg of iron per day 

a remarkably economical utilization [1]. 

Industrially, iron is as important. It is used as iron nails, iron boats and ships, iron 

aqueducts and iron-framed buildings. However, it is not in the pure state, but in the 

form of an enormous variety of steels that iron finds its most widespread uses, the 

world 's annual production being of the order of 700 million tonnes [1] . 

Pollution of fresh water sources is a main concern as it will determine the quality of the 

final water product. Industrial effluents and leaching of pollutants due to agricultural 

activities are the main reasons for the need of water purification. Water purification 

and recycling is nowadays a major industry. The method of treatment depends upon 

the source of the water, the use envisaged and the volume required. Since an excess 

of any element in water can be considered to be pollution, the World Health 

Organization's drinking water standards are listed in Table 6.1 . 

TABLE 6.1. World Health Organization drinking-water standards 

Material 

Total dissolved solids 

Mg 

Ca 

Chlorides 

Sulphates 

Maximum desirable 
[ 1 in mg/Q 

500 

30 

75 

20 

200 

Maximum permissible 
[1 in mg/Q 

1500 

150 

200 

60 

400 

Although soil sulphur tends to be associated with the soil's organic fraction and plant 

and microbial uptake of sulphate and incorporation into organic compounds tend to 

maintain the sulphur content of soil [2], sulphates are potentially easily leached from 

soils. These sulphates increase the concentration of sulphates in water which are 

meant to become drinking water. 
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Highly weathered soil contain high amounts of iron, but because the low solubility of 

iron hydroxide (iron polarize its associated water molecules and repel H' ions) Fe is 

leached only very slowly from soil, resulting in low concentrations of iron in drinking 

water. Unfortunately, highly acidic conditions can arise from exposure to air of mine 

spoils containing iron pyrite [2]. The pyrite oxidises to sulphuric acid and Fe(OH)3' 

leaving acidities of pH 2 or lower. It seems therefore needed that iron and sulphate 

may be determined simultaneously in the same sample . Together iron and sulphate 

can also deliver a positive contribution to the environment. Sulphate is the cheapest 

salt of Fe3
+ and forms no less than six different hydrates (12 , 10, 9,7 , 6 and 3 mols of 

water of which 9H 20 is the most common); it is widely used as a coagulant in the 

treatment not only of potable water but also sewage and industrial effluents. Addition 

of Fe2(S04)3 produces flakes of Fe(OHh that can be filtered off [1]. 

Other industrial applications of sulphate include the paper industry where 'salt cake ' 

(Na2S04 ) is a key chemical in the kraft process for making brown wrapping paper and 

corrugated boxes [1]. Smaller amounts of Na2S04 are used in glass manufacturing 

and detergents. Gypsum, CaS04 .2H20 , is a major industrial mineral. Most of the 

gypsum is for Portland cement or agricultural purposes. 

Sulphur dioxide is made commercially on a large scale , either by combustion of sulphur 

or H2S or by roasting sulphide ores (particularly pyrite, FeS2) in air. It is also produced 

as a noxious and undesirable byproduct during the combustion of coal and fuel oil . The 

ensuing environmental problems and the urgent need to control this pollution are 

matters of considerable concern and activity. The detection of S02in the atmosphere 

has become a refined analytical procedure. Several techniques are available . Some 

of these are based on sulphate determinations [1]. 

6.3 Choice of analytical method 

Several approaches have already been described for the determination of sulphate 

ions in various materials. The existing manual methods, for example the standard 
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gravimetric method [3] and the titrimetric methods [4 - 6]. including the potentiometric 

methods with ion-selective electrodes, which usually involve preCipitation titrations with 

lead(lI) solution and a lead sensitive electrode [5 - 11], are all cumbersome, tedious 

and time-consuming. Accordingly, a number of spectrophotometric methods for 

determining sulphate have been developed. The three methods that appear to be used 

most frequently are the barium chloroanilate method [6, 12, 13], the methylthymol blue 

method [14] and the barium sulphate turbidimetric procedure [15]. A number of 

methods have also been adapted to flow-injection analysis for the determination of 

sulphate. The spectrophotometric methods include the methylthymol blue method [16], 

the dimethylsulphonazo-III-(sulhonazo-III) procedure [17,18], the barium chloroanilate 

method [19] and the barium sulphate turbidimetric method [20 - 22]. 

Madsen and Murphy [16] reported a FIA procedure for the determination of sulphate 

in rain water using the automated methylthymol blue (MTB) method. Samples were 

drawn through a cation-exchange column in the sample line in order to eliminate 

interferences from some cations. The procedure is sensitive with a detection limit of 0.1 

mg/Q, but has a narrow linear range (0.1 to 6.0 mg/Q) and samples with higher sulphate 

values had to be diluted manually before analysis. The method is not very precise 

(RSD of 4.1 %) and with a rate of 20 samples h-1
, the throughput is rather low, when 

compared with a normal sample capacity for FIA of about 40 to 60 samples h-1
. Kondo 

et a/. [23] report on the sensitive determination of sulphate in river water. This method 

suffers from a relatively low sample throughput (30 samples h-1
) and also has a limited 

calibration range (0 to 30 mg/Q). 

The method that appears to be used almost universally is the barium sulphate 

turbidimetric procedure. Krug et al. [24] first adapted the turbidimetric sulphate 

procedure to FIA, using various types of flow systems with more than one reagent or 

carrier stream. A sampling rate of 180 samples h-1 was achieved, the concentration 

range was extended to 140 mg/Q with a good precision (0 .85%). Basson and van 

Staden [23] improved on the 40 samples h-1 for the segmented barium sulphate 

turbidimetric procedure. The sampling rate was increased to about 200 samples h·1 and 
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the flow diagram simplified to a single carrier reagent stream. The precision was 

however unacceptable (3.9%). 

As in the case of sulphate, there are ample techniques available to determine iron in 

different matrixes. Manual methods include gravimetric analysis using 8

hydroxyquinoline or cupferron [6], photometric titrations [26] or potentiometric 

determination [26]. A number of reagents are also used in the photometric 

determination of iron and most of the methods employing these reagents are adapted 

to FIA and SIA systems. 

Zolotov et al. [27] used xylenol orange to determine iron(lll) in a FIA system that also 

include on-line preconcentration of the analyte, while Kang et al. [28] described a 

photometric determination of iron using 2-(5-bromo-2-pyridylazo )-5-(N-propyl-N

sulphopropylamino )aniline. Reagents that are being used extensively in flow injection 

analysis, and now also in SIA, are 1,1 O-phenantroline [26, 29 - 31], thiocyanate [32 

35] and tiron (4,5-dihydroxy-1 ,3-benzenedisulfonic acid) [36 - 38]. 

The reactions chosen for this tandem determination were the turbidimetric 

determination of sulphate together with the photometric detection of iron employing 

tiron. Reasons for this decision included the fact that both systems were already 

adapted (to a certain extent) to SIA [36,39], which made the instrumental setup easier 

and the two reactions took place at approximately the same pH (2 - 2.5) The main 

reason was, however, that since the absorbance of a suspension was measured in the 

case of sulphate, the absorbency could be measured at the same wavelength as the 

iron-tiron complex. This made the use of a single detector possible, which resulted in 

a more cost-effective system. 
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6.4 Principle of the reactions chosen for the tandem-SIA system 

6.4.1 Principle of the turbidimetric determination 

The turbidimetric determination of sulphate is based on the following reaction: 

SO/(aq) + BaCI2(aq) ~ BaS04 1 + 2 CI-(aq) 

A colloidal barium sulphate suspension, which is pH dependant, is formed. The 

accuracy and precision, therefore, depend critically on the crystalline form and size 

distribution of the light-scattering particles in the suspension. The degree of suspension 

is controlled by several factors and therefore the concentrations related to reagents 

and precautions preparing the reagents must be strictly followed . 

Polyvinyl alcohol [24] and gelatine [25] have been used to stabilise the barium sulphate 

suspension in order to obtain a relatively good precision. Thymol is added to the 

reagent to prevent bacterial growth [40]. 

6.4.1.1 Colloidal suspensions 

A colloidal state exists when particles with sizes in the range of 1 - 250 nm are 

dispersed in a medium [26]. Because turbidimetric determinations rely on the 

formation of stable colloids, it is essential to find conditions favouring the formation of 

colloidal suspensions. To produce this type of suspension it is necessary that a large 

number of small nuclei must form immediately when the reagents are mixed together. 

Although the exact mechanism by which nuclei form depends on the characteristics of 

each particular system, there are two models which are appealing in their simplicity. 

According to the first, nuclei can form "homogeneously" within the liquid phase. Local 

concentration fluctuations in solutions bring together aggregates of ion pairs. Crystals 

form around these aggregates. According to the second model, nuclei are formed 
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"heterogeneously" around foreign particles , such as dust , present in the solution. 

Once a nucleus has been formed, a crystal can grow by a two-step process involving 

diffusion of solute ions to the nucleus surface and their subsequent deposition. The 

rate of growth can be limited by either process. The rate of diffusion depends on the 

concentration of the ions near the surface and in the bulk of the solution and the 

temperature, whereas the rate of deposition depends on the nature of the surface and 

the pattern of crystal growth [261. 

Because a large number of small nuclei is needed for a colloidal suspension, nuclei 

formation is accelerated by addition of gelatine as 'seed crystals'. When a large 

number of nuclei form very fast the dissolved solute is used up so quickly that the 

nuclei cannot grow very large, resulting in the large number of small nuclei needed for 

a colloidal suspension. 

The turbidimetric determination is based on the optical properties of the colloidal 

suspension. A true solution of ions is said to be "optically empty", because when a 

beam of light is shone through the solution no light is scattered at right angles to the 

light path. If, however, particles larger than about 10 nm are dispersed in a solvent, 

light is scattered at right angles at high intensities (the Tyndall effect) [26]. 

6.4.2 Principle of the iron-tiron reaction 

Since total iron was determined with this system, it was important to ensure that all the 

iron are in the 3+ oxidation state. This was done by adding K2Cr20 7 to each sample 

to ensure complete oxidation of all iron(ll) to iron("I). To ensure that the iron("I) was 

not reduced to iron(ll) again the reagent as well as the standards were dissolved in 

HCI04 solution. Iron(lll) reacts with tiron (Fig. 6.1) on a 1:1 basis, yielding a blue iron

tiron complex. This complex is pH dependant. At pH 9.8 a red to yellow colour 

develops on addition of iron, while a blue colour develops at pH values in the acidic 

range (2 - 4) [6]. For this application a pH of 2.5 was used, because the pH needed 

120 


 
 
 



for the sulphate determination was 2.5. 

Fig. 6.1 Structural formula of 
liron. 

6.5 	 Determination of iron and sulphate with sequential injection 

analysis 

6.5.1 	 Experimental 

6.5.1.1 Reagents and solutions 

All reagents were prepared from analytical-reagent grade unless specified otherwise. 

All aqueous solutions were prepared with doubly distilled deionised water. All solutions 

were degassed before measurements. 

Standard sulphate solutions: A stock solution containing 5 000 mg/Q of sulphate was 

prepared by dissolving 16.7715 g Na2S04 .1 OH2 0 (Merck) in distilled water and diluting 

it to 1 Q. Working solutions in the range of 1 - 500 mg/C were prepared by suitable 

dilution of the stock solution. 

Buffer solution: 40 g of EDTA (disodium salt) (Merck), 7 g of ammonium chloride 

(Merck) and 57 mC concentrated ammonia (sp . gr. 0,88) (Riedel-de-Haen) were 

dissolved in 500 mC distilled water and diluted to 1 c. 
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Barium chloride solution: A potassium hydrogen phthalate - hydrochloric acid buffer at 

pH 2.5 was prepared by adding 388 mC of a 0.1 moliC HCI solution to 500 mQ of a 0.1 

mol/C potassium hydrogen phthalate solution. 15 g of BaCI2.2H 20 (Merck), 1.0 g thymol 

and 0.62 g gelatine were dissolved in this buffer and the solution was diluted to 1 C. The 

reagent was filtered through a Millipore membrane (type HA) (45 ~m). 

Standard iron solutions: A 1 000 mg/C iron(lll) stock solution was prepared by 

dissolving 72.34 g Fe(N03h9H20 (Merck) in 1 Cof a 0.01 mollc HCI04 solution. 

Working solutions in the range of 1 - 500 mg/c were prepared by suitable dilution of the 

stock solution with 0.01 molN HCI04 solution. 

A 0.1 molN tiron (4,5-dihydroxy-1 ,3-benzenedisulfonic acid) (Aldrich) stock solution was 

prepared by dissolving 3.142 g tiron in 100 mQ 0.01 molN HCI04 . A working solution 

of 500 mg/Q (1.6 x 10.3 mol/Q) tiron was prepared by suitable dilution of the stock 

solution with 0.01 mol/Q HCI04 . A 0.01 mol/Q HCI04 solution was used as carrier 

solution. 

6.5.1.2 Apparatus 

The sequential injection system depicted in Figure 6.2 were constructed from the 

following components: a Gilson Minipuls peristaltic pump (operating at 10 rpm); a 10

port electrically actuated selection valve (Model ECSD10P; Valco Instruments, 

Houston, TX, USA) and a Unicam 8625 UV-visible spectrophotometer equipped with 

a 1 O-mm Hellma type flow-through cell (volume: 80 ~I) for absorbance measurements. 

The barium sulphate suspension as well as the iron-tiron complex formed, were 

monitored by measuring the absorbance at 667 nm. Data acquisition and device 

control were achieved using a PC30-B interface board (Eagle Electric, Cape Town, 

South Africa) and an assembled distribution board (MINTEK, Randburg, South Africa). 

The FlowTEK [41] software package (obtainable from MINTEK, Randburg, South 

Africa) for computer-aided flow-analysis was used throughout for device control and 

data acquisition. 
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WATER 
WASTE(SEPARATION lONE) 

Fig. 6.2 	 A schematic diagram of the SIA system used for 
the simultaneous determination of iron and 
sulphate. HC - holding coil, RC - reaction coil, SV 
- selection valve and 0 - detector. 

6.5.1.3 	 Manifold 

The components of the SIA system were arranged as illustrated in Fig. 6.2. The 

holding coil was made of 6.5 m x 1.02 mm i.d. coiled Tygon tubing (tubing was coiled 

around a perspex rod with diameter 10 mm) and the reactor coil of 1.0 m x 0.65 mm 

i.d. straight Tygon tubing. All uptake tubing had lengths of 45 cm and inner diameters 

of 1.02 mm to ensure minimal back pressure. The flow rate used was 5.0 mQ/min. 

6.5.1.4 Procedure 

The seven zones: EDTA, water, barium chloride-reagent, sample 1, spacer zone 

(water), sample 2 and the tiron-reagent, were all drawn up successively. Thereafter 

the flow direction was changed and the stack of zones was pumped through the 

detector. Since FfowTEK [41] only measured the peak height of the larger peak, data 

acquisition was done using two different device sequences. The first device sequence 

included the introduction of the seven zones into the holding coil, as well as the 

recording of the first peak, the iron-tiron complex. The second device sequence was 

only used for recording of the second peak, the barium sulphate suspension. The two 

methods (sequences) followed one another without any delay and were therefore 

grouped togeth~r in a procedure. The device sequences (methods) for the 

determination of iron and sulphate are given in Tables 6.2 and 6.3. 
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In the method postulated in Tables 6.2 and 6.3, sample 1 and sample 2 could be either 

the same sample or two different samples, which gave the method a little more 

flexibility. A sandwich technique, as described by Estela et al. [31], was also 

evaluated. The method used was basically the same as for the tandem determination. 

The second water and sample zones were omitted in this application and a bigger 

volume of sample 1 was used. Details of the device sequence used are given in Table 

6.4. 

TABLE 6.2 First device sequence of the tandem sequential injection system. 

I Time (s) I Pum~ I Valve I Descri~tion I 
0 Off EDTA CD Pump off, select EDTA stream 

4 Reverse Draw up EDT A solution 

9 Off Pump stops 

10 Water @ Select water stream 

11 Reverse Draw up water 

26 Off Pump stops 

27 BaCI2@ Select BaCI2stream 

28 Reverse Draw up BaCI?-solution 

33 Off Pump stops 

34 Sample 1 @ Select first sample line 

35 Reverse Draw up sample/standard solutions 

44 Off Pumy stoj)s 

45 Water® Select water line 

46 Reverse Draw up water 

61 Off Pump stops 

62 Sample 2@ Select second sample line 

63 Reverse Draw up samyle/standard solutions 

67 Off Pump stops 

68 Tiron-reagent (j) Select tiron-reagent stream 

69 Reverse Draw up tiron-reagent 

72 Off Pump stops 

73 Detector ® Select detector line 

74 Forward Detector ® Pump firstyart of stack of zones through detector. 

122 Off Pump stops, switch to next method. 
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TABLE 6.3 Second device sequence of the tandem sequential injection system 

I Time (s2 I Pume I Valve I Descrietion I 
0 Forward Detector ® Pump rest 

detector. 
of the stack of zones through the 

85 Off Pump stops, end of procedure. 

TABLE 6.4 Device sequence of the sequential injection system using the sandwich technique . 

I Time (s2 

0 

4 

9 

10 

11 

26 

27 

28 

37 

38 

39 

63 

64 

65 

66 

67 

69 

}O 

71 

191 

I Pump 

Off 

Reverse 

Off 

Reverse 

Off 

Reverse 

Off 

Reverse 

Off 

Reverse 

Off 

Forward 

Off 

I Valve I Descrietion 

EDTA CD Pump off, select EDT A stream 

Draw up EDTA solution 

Pump stops 

Water @ Select water stream 

Draw up water 

Pump stops 

BaCI? @ Select BaCI2 stream 

Draw up BaCI?-solution 

Pump stops 

Sample 1 ® Select first sample line 

Draw up sample/standard solutions 

Pump stops 

Water (step) Step past inlet for water stream 

Sample 2 Str;op past inlet for s3mplc 2 3tream 
(step) 

Tiron-reagent Select tiron-reagent stream 
IJ) 

Draw up tiron-reagent 

Pump stops 

Detector ® Select detector line 

Pump stack of zones through detector 

Pump stops , end of method 

I 
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Fig.6.3 Profile of a sample with Fig.6.4 Profile of a sample with Fig.6.5 Profile of a sample with 
high iron concentration and low approximately the same low iron concentration and high 
sulphate concentration. concentration of both analytes. sulphate concentration. 

For this last method double peaks arose. The first peak was due to the iron-tiron 

complex and the second due to the barium sulphate suspension. Depending on the 

concentration of the respective analytes, the peak profiles showed the patterns 

represented in Figs. 6.3, 6.4 and 6.5. Because Flo wTEK [41] measures only the larger 

peak, mathematical and statistical manipulation of the data files were done using the 

Ouadro Pro-program of the Perfect Office package. 

Fig. 6.3 represents the profile of a sample with high iron concentration and low 

sulphate concentration. Fig. 6.4 represents a sample with approximately equal 

concentrations of the two analytes, while Fig. 6.5 represent a sample with high 

sulphate concentration and low iron concentration. 

6.5.2 Method optimisation 

6.5.2.1 Order of reactions 

The formation of the barium sulphate suspension to the correct measurable conditions 

from Ba2
+ and SO/" is a relatively slow process, wh ile the reaction between iron and 

tiron is considered to be relatively fast. To ensure adequate time for the sulphate 

suspension to form, the reagents and sample for this reaction are drawn up first. The 

longer residence time in the holding coil would be suitable for the slower reaction, while 

the faster reaction's (iron with tiron) reagents are introduced last into the holding coil 

resulting ill shorter residence times [50,51]. 
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6.5.2.2 Physical parameters 

The conditions for the simultaneous determination of iron and sulphate were optimised 

by studying the influence of various parameters such as flow rate and the dimensions 

of the different coils (tube diameter and tube length) . The response, given by the 

degree of zone penetration, and precision , given by the reproduc ibility of zone 

penetration, were used as indicators in the optimisation of the sequential injection 

system. 

6.5.2.2.1 Flow rate 

The formation of the barium sulphate suspension to the correct measurable conditions 

from Ba2
+ and sot is a relatively slow process. The flow rate during the different 

sequences is therefore a very important parameter to be optimised because it 

regulates the volume of the sample and reagent zones, and the flow of the zones 

through the system. The most important aspect dealt within this section was the 

residence time for the two reactions in the holding coil. As stated earlier, longer 

residence time led to better reaction development which was especially needed for the 

sulphate determination. The fact that the reagents for the turbidimetric determination 

were introduced first took care of the residence time. The reagents for the iron-tiron 

reaction were introduced last, allowing shorter residence time for the faster reaction . 

Faster flow rates shorten residence time - even for the zones introduced first. It was 

therefore necessary to find a flow rate that fulfill all the requirements needed for the two 

reactions. Fig . 6.6 shows the results obtained for the two different reaction peaks at 

different flow rates . It is clear that the optimum flow rate for both reactions was 

5 me/min. The relative standard deviation for both reactions at the optimum flow rate 

revealed good results . Slower flow rates led to bigger dispersion and therefore inferior 

sensitivity, while at faster flow rates zone penetration was hindered due to insufficient 

axial dispersion. 
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Flow rato (mUm in) 

Fig. 6.6 Representation of the influence of flow rate on the 
sensitivity and reproducibility of the measured response 
of the two analyte peaks . .... = relative peak height (iron
Tiron complex), ..... = relative peak height (sulphate 
suspension), .. =%RSD(iron-Tiron complex) and.:,r:: = 
%RSD (sulphate suspension). 

The same flow rate (5 mQ/min) was used for the sandwich technique. The results of 

the influence of flow rate on sensitivity and precision are given in Table 6.5. As in the 

case of the tandem system, slower flow rates led to low sensitivities and peak tailing, 

which increased the rinsing time. At higher flow rates the %RSD became very high 

due to the insufficient zone penetration. This was especially true for the iron-Tiron 

complex, which zones were drawn up last. 

TABLE 6.5 	 Effect of flow rate (pump speed) on sensitivity and precision using the sandwich 
technique 

Flow rates (m e/min) Mean relative peak height %RSD 

lron-Tiron complex Sulphate 
suspension 

lron-Tiron 
complex 

Sulphate 
suspension 

1.0 3.74 2.24 1.89 2.51 

2.0 4.05 2.95 0.98 1.63 

3.0 4.53 3.43 0.78 2.08 

4.0 4.78 3.75 0.85 0.95 

5.0 5.21 3.97 0.45 0.79 

6.0 5.16 4.17 0.34 1.02 

7.0 5.01 4.06 0.54 3.08 
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The results showed an increase in the mean relative peak height (sensitivity), for the 

iron-Tiron complex, from a value of 3.7 at a flow rate of 1.0 mQ/min to a value of 5.2 at 

a flow rate of 5.0 me/min due to an increase in zone penetration with increasing flow 

rate . The same trend can be observed for the sulphate determination - an increase in 

relative peak height from 2.2 to 4.2 when the flow rate was increased between 1.0 and 

6.0 mQ/min. Optimum precision in zone penetration resulted with a flow rate of 5.0 

mQ/min, where RSD values of 0.45% for iron and 0.79% for sulphate were obtained. 

6.5.2.2.2 Holding coil 

The main function of the holding coil is to serve as a reservoir [42], preventing the 

stack of zones from entering the conduit of the pump tubing of the peristaltic pump 

where deformation could take place. As zone movement into the holding coil takes 

place, axial dispersion and, therefore, zone penetration occurs. The dimensions (tube 

diameter and length) of the holding coil contribute to the dispersion needed for 

optimum zone overlap. 

Tube diameter is responsible for the distance travelled by a zone. The tube inner 

diameter is normally an inverse of the zone length for a specific zone volume. The 

smaller the tube diameter the longer the zone length. The effect of holding coil tube 

diameter on sensitivity and precision was studied by several groups [39, 42 - 46] and 

the conclusion made was that it is mainly the tube diameter that influences the axial 

dispersion, not the tube length. To ensure maximum axial dispersion, wider tubing 

must be used and the geometry of the holding coil must be preferably straight. 

In this study a holding coil with length of 6.5 m and inner diameter of 1.02 mm were 

used. The length of the holding coil might seem to be a bit too long, but since such a 

large number of zones were drawn up, it was extremely important that the zones could 

fit into the holding coil without reaching the pump conduit. 
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6.5.2.2.3 Reaction coil 

In the final stage of the sequential injection analyser merging zones from the holding 

coil are propelled forward, by the peristaltic pump, through the reaction coil to the flow

cell of the detector. Maximum peak response and precision are obtained when the 

dimensions of the reaction coil are well defined. Tube diameter, length and geometry 

of the reaction coil needed, therefore, to be appropriate for the system. 

Previous results [39] showed that the reaction coil should be as short and narrow as 

possible to avoid excess dilution of the formed product peak. Since the length of the 

reaction coil is usually dictated by the physical distance between the valve and the 

detector, the optimum length is taken as the piece of tubing just long enough to 

connect the two devices. 

Narrower tubing resulted in sharper, less-dispersed peaks. Because it is known that 

the sulphate suspension tends to block narrow tubing, this parameter was optimise with 

respect to sensitivity and reproducibility for both analyte peaks. A number of tube 

diameters (0.51 - 1.59 mm) were evaluated. There was a general tendency for the 

formed product zones to disperse more in the tubing when the diameter increases 

from 0.51 to 1.59 mm, resulting in a decrease in peak height (Fig. 6.7). Reproducibility 

of the product zones also decreased for wider diameters. Narrower tube diameters 

gave better results for the iron determination, while it was clear that the sulphate peak 

reached a maximulTI response value at a diameter of 0.64 mm. This value was chosen 

as optimum for the proposed system. 

The holding coil and reaction coil dimensions for the application of the sandwich 

technique were the same as described in the two sections above. 
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Fig.6.7 	 Influence of the tube diameter of the reaction coil 
on relative peak height of the iron-Tiron complex 
(A) and the sulphate suspension (8) and 
precision (%RSO) of the iron-Tiron complex (C) 
and the sulphate suspension (0) . 

6.5.2.3 	 Chemical parameters 

6.5.2.3.1 	 Optimisation of the barium chloride reagent 

The formation of the correct barium sulphate suspension in the conduits of the 

sequential injection system was of critical importance to produce reproducible results 

with the proposed process analyser. This was achieved by the optimization of the 

barium chloride reagent solution. Preliminary results showed that the formation of the 

sulphate suspension was pH dependant [39]. A solu tion containing 10 g of BaCI2.2H20 

dissolved in 1 Q distilled water was therefore used to evaluate the effect of pH on the 

sensitivity and precision . The results obtained with a 200 mg/Q sulphate solution are 

listed in Table 6.6. 
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TABLE 6.6 Effect of pH on the absorbance of a 200 mg/C standard sulphate solution 

I Sam~le ~H II Abs. of BaSO~ I %RSD I 
1 0.521 1.02 

2 0.522 0.98 

2.5 0.966 0.75 

3 0.659 0.72 

4 0.524 0.81 

5 0.458 0.95 

7.69 0.378 1.14 

It is obvious from Table 6.6 that a pH of 2.5 gave the best sensitivity. As the pH of real 

samples varied, and to prevent tedious sample preparation steps, it was necessary to 

use a buffer of pH 2.5 to prepare the reagent. A barium chloride solution containing 

a potassium hydrogen phthalate - hydrochloric acid buffer at pH 2.5 was therefore 

prepared by adding 388 mQ of a 0.1 mol/QHCI solution to 500 mQ of a 0.1 mol!Q 

potassium hydrogen phthalate solution. BaCI2.2H20 (10 g) was dissolved in this buffer 

and the solution was diluted to 1 Q. Results obtained with this reagent showed good 

sensitivity, but the precision still remained poor with an RSD of 7.7%. Another problem 

experienced was that the potassium hydrogen phthalate precipitated when it was left 

overnight and had to be redissolved every morning. Addition of 0.062 g gelatine per 

100 mQ solution improved both the sensitivity and the reproducibility remarkably. The 

problem with the overnight precipitation of potassium hydrogen phthalate was also 

solved, as it seemed that the gelatine stabilised the solution. The addition of gelatine 

however gave rise to a background value (due to sulphate impurities in the gelatine), 

but this value was very small compared to the analyte peak and the reproducibility was 

very good. When the reagent was filtered through a Millipore membrane (type HA) 

(45 f.Jm), the background value was eliminated completely. This reagent solution was 

stable for up to six months. To prevent bacterial growth, 0.1 g thymol per 100 m Q 

solution was added. 
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The high concentration of barium chloride was needed to compensate for the loss in 

sensitivity due to the longer residence time experienced by the zones involved in the 

sulphate determination. The high concentration also ensured that the linear span of 

the determination covers sulphate concentration ranges between 10 and 200 mg/Q. 

6.5.2.3.2 Optimisation of the Tiron reagent 

The Tiron reagent was dissolved in a 0.01 mol/Q HCI04 solution. This was done for two 

reasons. Firstly, the reaction between iron(lIl) and Tiron is pH dependant, in such a 

way that different pH values resulted in different complex colours. To ensure the 

formation of the blue iron-Tiron complex a pH of 2 - 2.5 was needed. Secondly, since 

iron(llI) was determined, addition of HCI04 eliminated any possibility of the sample 

being reduced to Fe(II). The pH needed for both the iron-Tiron and the sulphate 

reactions was 2.5, which was especially useful when applying the sandwich technique. 

For the reaction between iron(lIl) and Tiron a ratio of 1: 1 between sample and reagent 

was needed [47]. The higher the reagent concentration, the larger the linear span of 

the determination. A concentration of 500 mg/Q was chosen for this application and 

resulted in the determination of iron(lll) in samples at concentrations between 5 and 

500 mg/Q. 

6.5.2.3.3 Sequence of sample and reagents 

Employing the tandem determination of the two analytes, seven zones were stacked 

in the holding coil viz. an alkaline buffer-EDTA zone, water (spacer zone 1), barium 

chloride reagent, sample 1, another water zone (spacer zone 2), sample 2 and the 

Tiron reagent. The order in which the different sequences of reagents and sample are 

drawn up and propelled into the detector is very important in SIA. The results obtained, 

revealed that the alkaline buffer-EDTA solution had to be separated from the acidified 

barium chloride reagent solution by a water zone to prevent the formation of a Ba
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EDTA complex (log Kr =7.8 [37]). There were therefore only two zones that need to be 

properly mixed for the sulphate determination, which was separated from the iron 

determination by means of a second water zone. The sample zone was initially placed 

between the water and barium chloride reagent zones. That configuration gave a 

mean relative peak height of 4.13 with an RSD of 0.92%. When the zones were 

changed and the barium chloride reagent zone was placed between the water and the 

sample, better results were obtained, with a mean relative peak height of 4.93 and 

RSD of 0.89%. 

Experiments showed that the zones for the iron determination gave optimum results 

when the sample was introduced first followed by the reagent (relative peak height = 
6.78 and %RSD = 0.57 compared to a relative peak height of 5.83 and %RSD of 0.62 

for the reversed sequence) . This arrangement was also preferred to ensure no overlap 

between sample 1 (sulphate determination) and the Tiron reagent. 

For the sandwich technique, the sequence of zones was as follows: the buffer-EDT A 

solution, water zone, barium chloride reagent, the sample zone and the Tiron reagent. 

6.5.2.3.4 Volume of the barium chloride reagent solution 

The volume of the barium chloride reagent solution is a function of both the flow rate 

as well as the period the reagent is drawn up. The influence of a number of reagent 

volumes on sensitivity and precision were evaluated by changing the period which the 

reagent was drawn up. The results obtained, are summarised in Table 6.7. 
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TABLE 6.7 Effect of barium chloride reagent volume on sensitivity and precision 

I Volume (fJl) II Mean relative peak height I % RSD 

83.3 4.46 2.47 

166.7 4.83 2.62 

250 4.94 1.43 

333.3 4.85 1.45 

416.7 4.92 2.07 

500 4.84 4.02 

A reagent volume of 250 fJl gave the best sensitivity and precision and was chosen for 

the proposed SI analyser. Larger volumes underwent smaller dispersion, which 

compensated for the fact that the residence time of this zone in the holding coil was 

much longer than for any other zone (excluding the EDTA wash solution). 

6.5.2.3.5 Volume of sample 1 

The sample volume also depends on the flow rate as well as the period the sample is 

drawn up. Various volumes were examined and the results are summarised in Fig. 6.8. 

A sample volume of 750 fJl was selected for the proposed system due to the best 

sensitivity and precision. It seemed that larger volumes (> 750 fJl) would result in better 

sensitivity. This was however not the case. When the sample zone became too large, 

a decrease in zone overlap was observed. 

It seemed strange that the volume of sample 1 was so much bigger than for the 

reagent. The high concentration of the barium chloride solution used as well as the 

fact that the reaction stiochiometry favoured a 1:1 reaction, gave a reasonable good 

explanation for this observation. 

135 


 
 
 



6 

B5 

.. 4 
I/) 

c: 
0 a. ..I/) 3 

ex: 

2 

oL-----------------------------------~ 
50 150 250 350 450 550 650 750 

Sample volume (~ I) 

Fig. 6.8 	 Influence of volume of sample 1 (sulphate 
determination) on zone penetration (A) and 
precision (B - %RSD). 

6.5.2.3.6 	 Volume of sample 2 

Shorter residence time in the holding coil would lead to smaller dispersion [52, 53]. To 

achieve the necessary axial dispersion, smaller sample volumes (which underwent 

bigger dispersion) were introduced for the iron determination. The results of the 

evaluated volumes are represented in Fig. 6.9. 
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Fig. 6.9 	 Influence of the second sample volume (iron 
determination) on sensitivity and precision. A
relative peak height and B - %RSD. 
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The sensitivity increased slightly with increased sample volume until a plateau was 

reached. The optimum volume for the second sample was chosen to be 120 fJ-C. 

6.5.2.3.7 	 Volume of the Tiron reagent solution 

Since the Tiron reagent was drawn up last, it was expected that the dispersion 

experienced would be very small, due to the short residence time. To compensate for 

that, a small volume of reagent was introduced into the system. To ensure that all the 

iron(lll) would be converted to the iron-Tiron complex, an excess of reagent was used. 

Since the reaction between the iron and Tiron took place on a 1:1 basis, the volume 

should need to be a little bigger than that of the sample. From the results, represented 

in Fig . 6.10, it was, however, clear that the volume of the reagent does not really 

influence the sensitivity. Smaller reagent volumes gave slightly better sensitivity, 

probably due to better zone overlap which resulted from a better axial dispersion of the 

reagent zone. An optimum reagent volume of 150 fJ-Q was selected to ensure an 

excess of reagent, especially when more concentrated samples had to be determined. 
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Fig. 6.10 	 Influence of the Tiron reagent volume on 
sensitivity and precision (iron determination). A
relative peak height and B - %RSD. 
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6.5.2.3.8 Sample and reagent volumes used in the sandwich technique 

One of the advantages of SIA is the low sample and reagent consumption [39]. 

According to previous studies [31,39,48], the recommended volumes for both sample 

and reagent in SIA systems are between 0.5 Vy, and Vy, . V,/, is the injected volume that 

resulted in an extent of dispersion such that the product concentration was half of its 

original concentration. The aim of this sandwich technique was to determine two 

analytes in one sample using two reagents. It would be obvious that the volumes used 

in this application were going to be rather different from those routinely employed for 

other purposes. 

The dispersion of the first reagent (the barium chloride reagent, referred to as R1) 

increased due to the longer residence time in the SIA manifold. The volume of this 

zone needed to be bigger and to compensate for this problem. Since the sample zone 

acted like a spacer zone between the two reagents, it had to be of sufficient volume to 

eliminate any possible interference between the two reactions that took place. The 

second reagent (the Tiron reagent, referred to as R2) underwent smaller dispersion, 

due to its shorter residence time in the manifold. Smaller volumes would therefore be 

necessary for this reagent in relation to the first reagent. The same optimum volumes 

and reagent concentrations used in the tandem system were initially use to evaluate 

the sandwich technique. 

Preliminary experience in the on-line dilution of sulphate [39], showed that the spacer 

zone volume must be much bigger than the volumes of both reagents . In the sulphate 

analysis a spacer zone of 15 s (1.25 mQ) were used and zone overlap still took place. 

The bigger the sample zone, the better resolution between the two reaction peaks were 

expected. Volumes between 1.25 mQ and 2.10 mQ were evaluated . The shapes of the 

peaks obtained for different concentrations are given in Figs. 6.3 to 6.5. For the 

evaluation, analytes of the same concentration (100 mg/Q) were used. Evaluation was 

done by calculating the resolution between the two peaks employing the formula used 

in chromatography [26] . Resolution is the difference in retention times (or volumes) of 
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6.1 

two peaks, divided by their baseline widths (Fig. 6.11). The equation used is 

R 

Fig.6.11 	 Graphical representation of 
peak resolution. 

Using equation 6.1 , the following results were obtained for the different sample 

volumes evaluated (Table 6.8) . The time (in s) was taken as the time where the peak 

maximum appear and the baseline widths as the distance (in mm) between the 

tangents drawn to the ascending and descending parts of the peaks. The experimental 

results confirmed the expectations. Resolution between the two peaks increased with 

increased sample volume, but was never totally complete. Complete resolution 

between the two peaks might be possible, but that would need extremely large sample 

volumes. Sample volumes greater than 1.5 me gave resolution values that produced 

acceptable separation between the two peaks. Optimum sample volume was therefore 

chosen to be 2.0 m Q. 
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TABLE 6.8 	 Influence of different sample volumes on the resolution of the two reaction peaks used 
in the sandwich technique. 

I
I Sam~le volume (me) 

1.25 

1.35 

1.40 

1.50 

1,60 

1.65 

1,75 

1,85 

1,90 

2,00 

2,10 

I Resolution 

15 

34 

57 

84 

115 

150 

189 

232 

270 

294.5 

314.8 

The volumes of the two reagents were evaluated again after the optimum sample 

volume was obtained. The results were very similar to the ones obtained with the 

tandem application and the optimum reagent volumes were therefore taken as 150 j.JQ 

for the Tiron reagent and 250 j.JQ for the barium chloride reagent. 

6.5.3 Method evaluation 

The rm)f)oserl sequenti..,1 injection analyser W3S CVOIU£ltcd with regard to linearily, 

accuracy, precision, detection limit, sample interaction (carry-over), interferences and 

sampling rate. 

6,5.3.1 	 Linearity 

The linearity of the proposed SIA system for the tandem determination of iron and 

sulphate was evaluated under optimum running conditions. The relationships obtained 

for relative peak height versus iron(llI) and sulphate ion concentration were 
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respectively: 

y = 0.57x(Fe) + 0.214; r2 = 0.9997 

Y = 0.0278x + 0.5195; r2 = 0.9982 

where y = relative peak height for the two peaks , respectively, x(Fe) = iron(II I) 

concentration in mg/Q and x = sulphate ion concentration in mg/Q. The correlation 

coefficient (r2) indicated that the method was linear for an iron concentration ranging 

between 5 and 500 mg/Q and for a sulphate concentration between 10 and 200 mg/Q. 

The linear ranges for the individual analytes were the same for the sandwich technique, 

but the sensitivities (and therefore the slope of the graphs) were slightly smaller. The 

corresponding equations for iron(III) and sulphate were: 

y =0.285x(Fe) + 0.324; ~ = 0.9962 


Y = 0.048x + 0.425; r2 = 0.9892 


respectively. The high concentrations used for the reagents allowed for the wider 

analytical ranges of the two reactions. The linear range in both cases were therefore 

dependant on both the concentration of reagents as well as their respective volumes. 

6.5.3 .2 Accuracy 

The accuracy of the proposed SIA analyser was evaluated by calculating the 

percentage recovery of the two analytes after being analysed with the SIA system . 

Seven synthetic aqueous samples were analysed this way. Iron and sulphate were 

also determined in real aqueous samples by standard addition. Tap water from three 

different locations were evaluated. These locations include the laboratory, an outside 

tap used for watering plants and a flat in the Sunnyside (Pretoria, South Africa) vicinity. 

The results as shown in Tables 6.9 , 6.10 and 6.11 revealed acceptable accuracy with 

the lowest percentage recovery in the region of 93% for both the tandem and sandwich 

techniques. The tap water analysed showed similar concentrations for sulphate and 
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the concentrations found were well below the levels listed in Table 6.1. The iron 

concentration in the outside tap's water was higher, probably due to the material the 

tap was constructed of. 

TABLE 6.9 Evaluation of the accuracy of the proposed tandem SIA system 

Sample Known concentration 
([ 1in mg/Q) 

SIA 
([ 1in mglc) 

% Recovery 

I SO/" I Fe3+ I SO/" I Fe3+ I SO/" I Fe3 
+ 

Sample A 14.6 5.0 15.1 5.03 103.42 100.6 

Sample B 46.4 35.0 46.7 33.9 100.65 96.86 

Sample C 19.1 20.0 18.6 19.2 97.38 96.0 

Sample D 121.6 140.0 125.1 145.8 102.89 104.14 

Sample E 34.4 155.0 32 .0 152.5 93 .02 98.39 

Sample F 35.2 45.0 33.6 45.2 95.45 100.44 

Sample G 189.5 190 202 188.9 106.60 99.42 

TABLE 6.10 Evaluation of the accuracy of the proposed sandwich SIA system 

Sample Known concentration 
([ 1in mg/e) 

SIA 
([ 1in mg/e) 

% Recovery 

I SO/" I Fe3+ I SO/" I Fe3+ I SO/" I Fe3+ I 
Sample A 14.6 5.0 15.9 5.1 108.90 102.0 

Sample B 46.4 35.0 47.5 36.9 102.37 105.42 

Sample C 19.1 20.0 19.6 21.3 102.58 106.5 

Sample D 121.6 140.0 125.1 145.8 102.89 104.14 

Sample E 34.4 155.0 34.0 153.9 98.83 99.29 

Sample F 35.2 45.0 36.6 45.2 103.98 100.44 

Sample G 189.5 190 192.2 188.9 101.42 99.42 
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TABLE 6.11 Comparison of results obtained for the analysis of tap water samples with the tandem 
and sandwich SIA techniques using standard addition . 

Sample Sulphate concentration 
([ 1in mg/r) 

Iron(lll) concentration 
([ 1in mg/r) 

Tandem 
technique 

Sandwich 
technique 

Tandem 
technique 

Sandwich 
technique 

Tap water (lab) 31.9 35.9 50.5 52.3 

Tap water (flat) 30 .0 34.4 53.4 55.4 

Tap water 
(outside) 

46.6 49.6 76.5 79.8 

6.5.3.3 Precision 

The precision of the method was determined by 10 repetitions of each standard 

solution in the linear range of the specific method as well as 10 repetitions of each 

sample within the range. The results of these repetitions, for both the tandem and 

sandwich techniques, are listed in Tables 6.12 and 6.13. 

TABLE 6.12 Precision of the proposed tandem and sandwich SIA systems 

% RSDStandard ([ 1in mg/Q) 

Tandem technique Sandwich technique 

Fe3
' Fe3

'SO/" SO/" 

1.2210 0.98 2.51 1.03 

2.81 1.0220 2.03 0.99 

2.57 0.95 1.95 0.9250 

1.10100 1.85 1.82 0.89 

150 2.44 0.74 1.54 0.73 

200 0.81 1.37 0.511.43 

300 - 0.65 - 0.53 

0.54 0.42400 - -

- 0.23500 - 0.57 
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TABLE 6.13 Precision of the proposed tandem and sandwich SIA systems 

Sample 

Sample A 

Sample B 

Sample C 

Sample D 

Sample E 

Sample F 

Sample G 

Tap water (lab) 

Tap water (flat) 

Tap water (outside) 

Tancem technique 

SO 2· 
4 

Fe 3+ 

1.34 0.65 

1.79 0.31 

1.21 1.05 

1.02 0.57 

0.95 0.74 

1.14 1.24 

0.53 0.25 

1.05 0.74 

0.81 0.54 

1.83 1.03 

% RSD 

Sandwich technique 

SO 2· 
4 

Fe3+ 

2.15 0.89 

2.23 0.75 

1.52 0.53 

1.73 0.68 

1.91 0.73 

1.07 0.58 

0.91 0.73 

0.82 0.37 

0.76 0,45 

1,46 0.85 

A precision of less than 2.9% RSD was obtained for both SIA systems. 

6.5.3.4 Detection limits 

The detection limit is both a function of sensitivity and noise . The lowest concentration, 

that could be determined without doubt, would be considered the detection limit of the 

system. The detection limits for both the iron and sulphate determinations were 

calculated as follow: The relative peak height for a blank solution was measured at the 

times where the peak maxima of iron and sulphate appeared, respectively. These 

values were multiplied by three to generate a peak height value that could be 

measured with certainty. The concentration values of the corresponding peak height 

values were read from the individual calibration curves and then used as detection 

limits. Using this technique , the detection limits for the tandem SIA systems were 10 

mg/Q and 5.4 mg/Q for sulphate and iron respectively. The detection limits calculated 

for the sandwich technique were 15.7 mg/Q for sulphate and 7.8 mg/Q for iron . 
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The calculated values are in good agreement with Madsen and Murphy's [16] 

statement that barium sulphate turbidimetric methods have been successful only when 

sulphate concentrations in the sample of interest are above 10 mg/C . The detection 

limit is instrument dependant below 10 mg/r sulphate [49]. It is suggested that if 

concentrations of below 10 mg/C need to be determined, either another method (e .g. 

methylthymol blue method) or sample preconcentration should be used depending on 

the instrumental design . Determination of lower iron concentrations will also feature 

preconcentration steps which may include cation exchange columns. 

6.5.3.5 Sample interaction 

One of the problems associated with the sulphate turbidimetric procedure, is the built

up of barium sulphate precipitate in the flow system which tends to settle in the flow

cell. This leads to low precision and ultimately blocks the manifold. The addition of an 

alkaline buffer-EDT A solution to redissolve the accumulated barium sulphate 

precipitate is one way of overcoming the problem. 

Baban et al. [48] used a carrier solution of barium(ll) ions with an excess of EDTA in 

alkaline medium (pH 10) to dissolve any accumulated precipitate. Precipitation occurs 

under the very acidic conditions of the well-defined zone (pH 1.5 - 2.5) in the analytical 

manifold where a pH-gradient in the sampling zone is established . The precipitate is , 

however, redissolved outside this zone by the self-cleansing action of the excess 

alkaline-EDTA carrier solution . By using pH-gradients and alkaline-EDTA a sufficiently 

stable barium sulphate suspension is obtained, which obviates the use of protective 

colloids such as polyvinyl alcohol or thymol gelatine. 

Van Staden [20] used a different approach by utilising 60 iJ Qwater samples from one 

loop of a two position sampling valve alternating with an alkaline buffer-EDT A solution 

(100 iJ Q) from the second loop which was injected into a barium sulphate-thymol

gelatine single line carrier stream. This ensures that the residual precipitate, coating 

the walls of the flow-cell , is redissolved and the system kept clean . 
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The EDT A-buffer solution did not only took care of the build up of barium sulphate in 

the system, it also ensured that no iron residue was left in the SIA manifold once an 

analytical cycle was completed. 

Sample interaction was determined using the equation: 

Interaction 

where 


A1 =the true peak height of a sample with a low analyte concentration (10 mg/Q), 


A2 = the true peak height of a sample containing ten times more analyte (100 mg/Q), 


and 


A3 = the peak height for an interacted sample containing the same amount of analyte 


as A1. 


The relative peak heights of A1, A2 and A3 were respectively 0.45,3.57 and 0.47 for 


sulphate and 1.24, 5.78 and 1.24 for iron when employing the tandem method. The 


sample interaction between samples as calculated was 0.56% for sulphate and 0% for 


iron, which is negligible. Sample interaction is reduced effectively by the EDTA-solution 


that rinse the system after every experiment. 


For the application of the sandwich technique, a negative interference was 


experienced. The relative peak heights of A1, A2 and A3 were respectively 0.37,3.48 


and 0.36 for sulphate and 1.22, 5.69 and 1.20 for iron. These values corresponded to 


sample interactions of -2.78% for sulphate and -1.64% for iron. This interference was 


however not because of sample carry-over, but because of the formation of slightly 


insoluble Fe2(S04)3 (log Kf =4.0 [26]). 


6.5.3.6 Sample frequency 

The sampling rate is calculated by dividing 3600 s (1 h) through the time (in seconds) 

needed to complete one experiment. It took 207 seconds to complete one analytical 
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cycle when using the tandem SIA system, which gave a sample frequency of about 17 

samples per hour. The total time needed to complete one analytical cycle when 

employing the sandwich technique, was 191 seconds, which gave a sample frequency 

of almost 19 samples per hour. 

6.5.3.7 Interferences 

There are a number of ions that might be possible interferences in the samples 

analysed and these interferences were evaluated . A number of cations, as well as 

anions, interfered in the determination of sulphate. The addition of the cations to the 

sulphate standard seemed to change the ionic environment. This resulted in a change 

in the conditions affecting particle formation. This effect is called a salt error, where 

high concentrations of ions not common to a reaction increase the overall ionic strength 

of the solution and so change the solubility of salts and equilibria of complex formation. 

Most of the complexes formed between the cations and sulphate were soluble in water 

and were not suppose to interfere by forming a precipitate. 

The main interfering substances, bicarbonate, carbonate (alkalinity) and chloride, were 

all present at levels not usually found in raw and potable waters. The interferences, 

apart of that of carbonate, were probably due to physical rather than chemical effects. 

Since viscosity and refractive index differences between sample and carrier could 

cause mixing boundaries. The alkalinity interference was probably due to consumption 

of the acid in the reagent. 

Calcium, bismuth, iron, cerium, manganese, antimony, selenium, tin, tellurium, thorium 

and vanadium interfered in the determination of sulphate. Nakashima et al. [18] stated 

that the 'calcium ion in river water severely interferes with the determination of 

sulphate'. The interferences due to cations could be eliminated by cation exchange. 

Interferences due to fluoride and phosphate could be removed by pretreatment with 

magnesium oxide [49]. Hydrochloric acid was added to the barium chloride solution 

to prevent the formation of precipitates of carbonate, chromate, sulphite, phosphate 
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and oxalate of barium which might interfere [22]. Nakashima et al. [18] found however 

that Mg2+ and NH/ (30 mg/r), Na+ (50 mg/Q), K+ (80 mg/C) and CI-, N03-, PO/" HC03

and SiOt (100 mg/Q) do not interfere with the sulphate determination at levels which 

are normally present in natural waters. Jones [49] found that amounts of sodium up to 

a maximum concentration of 4 g/Q had no effect on the recovery of sulphate. At low pH 

levels Fe2(S04)3 hydrates precipitate and inteliere in the determination of sulphate [1]. 

This was especially a problem when the sandwich technique was used. In the tandem 

system a cation exchange column could be incorporated in the inlet line of the sample 

used for sulphate determination. This was impossible when using the sandwich 

technique , since only one sample was utilized. 

Copper, zinc and calcium were tested as possible interferences in the iron 

determination . Zinc and calcium were found to be slight interferents, causing only 

small « 6%) enhancement of the analyte signal when present in a 1:1 ratio with iron. 

Copper compete with iron for the Tiron reagent and forms a yellowish-green complex. 

Fluorides, citrates and tartrates do not interfere in the determination, while thiocyanate 

interfere seriously in all ratios. 

6.6 Conclusion 

A sequential injection analyser was developed to monitor iron and sulphate 

concentrations in aqueous solutions. These aqueous solutions include effluents of 

chemical process industries as well as natural waters. Incorporation of an alkaline 

buffer-EDTA solution in the correct sequence of the system redissolved accumulated 

barium sulphate precipitate and iron residues to give a high degree of sensitivity, 

accuracy and precision. The tandem SIA system proved to be slightly more 

complicated in terms of programming and needed more ports on the selection valve. 

Its sample frequency is also lower than that of the sandwich technique. Advantages 

of this technique include, however, higher sensitivity and better handling of 

interferences . The tandem technique also has the feature that it can determine 

sulphate and iron in a single sample or it can be employed to determine sulphate and 
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iron separately in two or more individual samples. 

Both systems are fully computerised and are able to monitor sulphate and iron in 

samples at a frequency of 17 (tandem) and 19 (sandwich) samples per hour with a 

relative standard deviation of less than 2.9% for both techniques. The calibration curve 

is linear between 10 and 200 mg/Q for sulphate and between 5 and 500 mg/Q for iron. 

The linear ranges are dependant on reagent concentration and reagent volume and 

can comfortably be adapted to handle more concentrated solutions. 
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