Chapter 5

Determination of Copper (ll) ions in multivitamin tablets after
enhancement of mass transfer across the neutral membrane and

the preconcentratiAon,of the dialysate ions.

51 Introduction

In chapter 4, the right of existence of the use of an electrodialyser (ED), equipped with
a neutral, passive membrane, was established for use in an anion, flow injection analysis
(FIA) system. The aim of the investigation was expanded to include the use of the
above mentioned ED system for use in a cation FIA system. The main objective of this
part of the study was to evaluate the use of the ED system incorporated into an FIA
system for the analysis of a cation. A prerequisite for the detector used was its
compatibility with the ED/FIA system, the detection limit and also the rate at which the
sample could be analysed.

Various methods of determination of copper ions in FIA systems have been exploited.
Most commonly used method was the direct determination of the copper ions by means
of spectroscopic methods. Atomic spectrometry is one of the most sophisticated and
elegant methods for direct assay of cations. [1] Flame atomic absorption
spectrophotometry (FAAS) is used extensively in FIA systems. [2-14] The graphite
furnace [15 -17] and the Inductively Coupled Plasma (ICP) [18 - 21] as a means of
detection was also often used. Other methods used includes electrochemical methods
[22 - 25], and also the reactions of copper ions with a colour reagent and detection of
the coloured product with a UV/Vis spectrophotometer [36 - 30].

The obvious choice was the use of the FAAS detector. It gave a direct and fast
determination of the copper ions with very few interferences. [1] Direct determination
(without sample pretreatment) could give a sampling rate of as high as 150 samples per
hour. [1] The use of a colour reagent gave a lower sampling rate ( due to the reaction
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that had to take place) but higher detection limits than the FAAS. [31] The use of
electrochemical detectors were not advised due to the interference of the ED system on

the detector (as was also experienced in chapter 4).

The use of flow injection (FI) techniques for the preparation of solutions prior to their
aspiration into atomic spectrometry systems forms the basis of interfaced flow injection-
atomic spectrometry. Although F| has become a well-known name to most chemists
over the past two decades, the real success of practical instrumental Fl analysers in
routine analytical laboratories and process analysers depended on the type of basic
components used, and the construction thereof into a working Fl system. It is apparent,
from the above mentioned FAAS literature, that a very wide variety of different on-line
manipulations of samples and standards had been carried out by FI techniques and that
the combination with conventional FAAS enhanced the performance of an analytical
method. The most prominent example of such on-line sample pretreatment was the
preconcentration of the analyte on an ion-exchange column built into the conduits of the
FIA system as was illustrated by Hirata et al [3], Purohit and Devi [4], Naghmush et al
[7], Burguera et al and Van Staden and Hattingh [13]. Other very effective ways of
preconcentration (not necessarily used in FIA/FAAS systems) were the use of
immobilised micro organisms (which was done by Elmahadi and Greenway [9] and
Maquieira et a/ [10, 11, 32]), solvent extraction as illustrated by Kuban et al [2] and
precipitation by Zhuang et al [16] and Esmadi et al [33].

Active or Donnan dialysis is a promising technique for the preconcentration, recovery
and speciation of ionic species, but with a limitation in the amount of mass transfer of
species through the membrane. Cox and co-workers [34 - 36] worked for many years
on sample preparation on an analytical scale using Donnan dialysis, employing the
technique for matrix normalization [34] and sample preconcentration. [35, 36] Active
dialysis was also used as a preconcentrating technique by Koropchak and co-workers.
[37, 38]

in the case of passive dialysis, very little work was done to circumvent the
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'disadvantages of the dilution of the analyte during its passage over the neutral
membrane. |t is evident, from the experimental work mentioned in chapter 4, that there
was a substantial increase in the percentage dialysis with the incorporation of the
electrodialyser. .Still there is a massive dilution factor since, at its best, the percentage
dialysis was found to be only 37 %." The preconcentration methods, described earlier
in this chapter, can of course be used with great success by preconcentrating the
dialysate ions before detection in the FI system. Kuban et al. [39] used solvent
extraction to preconcentrate copper in ‘an Fl manifold before detection with FAAS,
although normally ion-exchange resins are used for on-line preconcentration in Fi
systems. Carbonell et al. [40] compared various cation-exchange resins which are
commercially available. Using liquid chromatography (LC), Turnell and Cooper [41, 42]
first dialysed the sample after which it was derivatized or preconcentrated before
injection into the LC system. Preconcentration, using an ion-exchange column after
dialysis in an Fl system was also employed by Van Staden and Hattingh. [13] The
detection limit was decreased dramatically, although most of the analyte ions in solution
were lost due to the low efficiency in mass transfer over the neutral membrane. There
was no improvement in the percentage dialysis.

The properties of electrodialysis make it potentially applicable to quantification of trace
ions in samples which require a prior separation and/or enrichment step and this was
evaluated by Cox and Carlson [43] as an active preconcentration method. These
workers demonstrated that electrodialysis can be employed for ion enrichment and also
that, compared with Donnan dialysis, higher enrichment factors are attained. However,
for enrichment of trace ions in samples, the quantification procedure is not
straightforward and for very low analyte concentrations internal standard an/or ionic
strength normalization methods were required in order to obtain reasonable precision.
Van Staden and Hattingh [48] not only encountered the same problem when employing
active dialysis membranes as part of their electrodialyser-F1 system, but also found that
the ion-exchange properties of the Donnan ion-exchange membrane became
predominant and the main hindrance to obtaining a reasonable accuracy and precision.
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second Valco valve was used to select between the H,O stream
from pump 2 and the HNO, stream, which was used to flush the
acceptor stream.

The manifold consisted of Tygon tubing, with anid of 0.76 mm, cut
into the required lengths and wound around glass tubes with an od
of 10 mm. ) |

The electrodialyser unit used (Figure 5.2) was a slightly modified
version of the dialyser previously described by van Staden and van
Rensburg [45] and modified into an electrodialyser unit. It is similar
to the one used in chapter 4 for the determination of chioride with
the only difference that the polarity on the electrodes were
swopped so that the anode was situated in the donor channel and
the cathode in the acceptor channel. The dialyser unit consisted of
two, mirror image, PVC blocks. Embedded into each of these
blocks were graphite electrodes which acted as the anode
(acceptor side) and the cathode (donor side) respectively. Placed
onto each of the PVC blocks was a 0.6 mm thick Perspex blade.
Into each of the Perspex blades, a groove of 0.6 mm width and 300
mm length was cut so as to form a channel when placed onto each
of the PVC blocks respectively. The PVC blocks were then fitted
onto each other in such a way that the Perspex blades facing each
other and the grooves in the respective Perspex blades coincided
with each other. The membrane was then sandwiched between
the two Perspex blades as the only separation between the two
channels so formed. The walls of the channels that were formed
thus consisted of, at the far end, the graphite (which was
embedded into the PVC blocks), the side walls of Perspex and the
common wall, the membrane. A Spectrapore passive (MW cut-off
6000-8000, pore size 2.5 - 4 nm, thickness 0.031 mm) was used
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in the dialyser unit.
5. A Leader LPS 156 potentiostat was used to apply the dc potential.

6.. For current-and potential measurements a Prema 5000 integrating
muitimeter was' used.

7. The detector used was a Varian (Palo Alto, CA, USA) AA-1275
atomic absorption épectrometer. A Varian Techtron Cu holiow
cathode lamp, with a current of 10 mA, was used to give a
monochromatic light ray in the detector. A wavelength of 324.7 nm
and a spectral bandpass of 0.2 mm was used. A lean (oxidising)
air-acetylene flame was used.

8. The AAS detector, the pumps and the valves were coupled to a
personal computer equipped with the FlowTEK program. [48]

5.2.3 Flow system

The flow system used is depicted in F igure 5.1. The sample solution was drawn
up into an 80 ¢ sample loop of the Valco valve 1 from where it was injected into
the carrier donor stream and transported to the electrodialyser. Analytes in the
sample donor stream were electrodialysed under the influence of an applied
potential through the passive neutral membrane to the acceptor channel, which
was stagnant at this time. The dialysed copper ions in the acceptor stream were
further plated onto the cathode under the influence of the dc potential. After a
certain fixed period of electrodialysis, the acceptor channel was flushed with the
HNO; stream, dissolving the plated copper metal zone on the cathode, and
transporting it directly to the AAS detector. The direction of flushing of the
acceptor channel was countercurrent to the flow in the donor channel. Data
acquisition and device control were achieved using a PC30-B interface board
(Eagle Electric, Cape Town, South Africa) and an assembled distribution board
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(MINTEK, Randburg, South Africa). The FlowTEK [48] software package for
computer-aided flow analysis was used throughout for device control and data
acquiéition. All the data given (mean peak area values) are the average of 11
repetitions.

Sample 1 . Sample 2
Load | Electrodialysing |Detecting | Rinse Electrodialysing | Detecting
. On
dc Potential
Off
On
Pump 1
Off
On
Pump 2
Off
Inject
Valve 1
Load
H,0
Valve 2
HNOD,
Y A4 Y Y X Y Y Y_ N
0 120 155 190 250 370 405 440
Timels

Figure 5.3 Timing diagram of the ED-FI-AAS system

5.2.4 Procedure

The configuration of the FI system is shown in Figure 5.1. The pump and valves
operated as described below.

5.24.1 Operation of pump and valves

Pumps where either in operation or switched off. Pump P1 (Figure 5.1) was
never switched to the “off’ position during the analysis. Pump P2 (Figure 5.1)

was switched between the “on” and “off’ positions at certain intervals. Two types
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was used to channel either the HNO, solution or de-ionised water through the
acceptor stream of the dialyser. A Valco 10-port electrically actuated injection
valve (V1 in Figure 5.1) was arranged in such a way that it served as a sampling
valve with a sample loop of 81 t. In the “load” position, sample was aspirated
through the sample loop to waste filling the whole sample loop. Upon switching
to the “inject” position (which was time-regulated with pump P2), part of the donor
stream was interrupted and the full sample loop was placed into the donor
stream. A Vaico 10-port electriéally actuated valve (V2 in Figure 5.1) was
arranged in such a way that it could be switched between the H,0 and HNO,
channels feeding the acceptor channel of the electrodialyser at certain intervals
(see Figure 5.3).

The timing diagram for treating the samples is outlined in Figure 5.3. The system
was switched on and allowed to run for about 10 min in order to equilibrate the
flow dynamics of all parts of the system. The computer was then actuated and
the timing sequence started in the “load” position which was only used at the
beginning of the analysis. The following timing sequences were followed with
time regulation from the FlowTEK [48] program:

i. Starting of the system (Loading)
Pumps: Pumps P1 and P2 were switched to the “on” position. Pump P1
pumped H,O through the donor channel at a rate of 0.32 m¢ min™ and the

aspirated sample (sample 1) into the sample loop at 2.90 m¢ min™.

Valves: Valve V1 was in the “load” position and valve V2 directed H,0 at

a flow rate of 2.00 m¢ min™ through the acceptor channel of the ED.

Potentiostat: Potentiostat was set to “on” position at 15 V (see Figure 5.1)
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ii. Electrodialysis

Attime T = 0, pump P1 was kept in the “on” position and pump P2 was
switched to the “off” position. For the whole duration of the electrodialysis
period the flow in the acceptor channel was stopped. Valve V1 was
switched to the “inject” position and the whole sample in the loop was
inserted into the donor stream. This whole‘sample plug was then pumped
through the donor stream of the dialyser at a flow rate of 0.32 m¢ min™
where electrodialysis occurred. The applied potential over the membrane

was kept at 15 V for the duration of the electrodialysing step.
iii. Detection

At time T = 120 s, the applied potential was switched off and valve V2
switched to the HNO, stream, allowing the detector to draw the HNO; with
the electrodialysed dissolved copper(ll) ion zone through the acceptor
channel. The computer also started to read the signal coming from the
detector. At time T = 155 s, valve V2 was again switched to H,O and
pump P2 actuated to pump the remaining dissolved analyte to the detector
at a flow rate of 2.00 m¢ min™.

iv Completion of a run

At time T = 190 s, the computer stopped measuring the signal from the
detector. The potentiostat was again switched on at 15 V. The donor and
acceptor channels were rinsed and the next sample was aspirated into the
sample loop. At T = 250 s, sample 2 was injected and the analysis of
sample 2 started.
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Results and discussion

Van Staden and Hattingh [46] previously tried to use anion-exchange membranes
with the- electrodialyser-FI system for the determination of chloride, but
experienced the same problems as Cox and Carlson. [47] The ion-exchange
properties of the Donnan ion-exchange membrane became predominant and a
main hindrance to obtaining a reasonable accuracy and precision. They again
tried cation-exchange membranes with the electrodialyser-FI-AAS system for the
determination of copper(ll) ions, but unfortunately, were not very successful, for
the same reasons mentioned above. It was then decided to keep to the passive
neutral membranes used previously (as was described in Chapter 4) and to try
to improve on the performance.

In order to enhance the mass transfer of the copper cations over the passive
neutral membrane as an accurate and precise measurable product, optimum
system conditions were of the utmost importance in the design and operation of
the electrodialyser-FI-AAS system. The first aim of this investigation was to draw
the maximum amount of copper ions across the neutral membrane into the
conduits of the acceptor channel by applying a dc potential gradient across the
two sides of the membrane at optimum flow rates. The second goal was to allow
the copper ions to accumulate in the acceptor channel where the copper was
preconcentrated into a smaller zone before it was transported to the detector. To
evaluate and optimise the preconcentration of the copper, a knowledge of the
form in which the copper was concentrated in the acceptor stream was needed.
Experimental work confirmed that copper metal was plated onto the cathode.
(Confirmation was done by rinsing the acceptor channel of the dialyser unit
extensively with de-ionised water. The water was then tested for traces of
copper ions. Hereafter the acceptor channel of the dialyser unit was rinsed with
a solution of nitric acid. It was found that the nitric acid solution contained copper
ions after the rinsing of the acceptor channel)
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Hereafter, the remainder of the system was optimised in as far as the following

points were concerned: (i) flow rate of the donor channel, (ii) applied potential
over the membrane, (iii) injection loop volume, (iv) flow direction of the donor and

acceptor.channels and (v) interferences.
Flow rate of the donor stream

The flow rate of the donor strea}n was an important parameter which had an
influence on the electrodialysis efficiency. High flow rates prevented the transfer
of the bulk of copper ions through the membrane to the cathode, while low flow
rates resulted in a decrease in sample frequency. The applied dc potential was
kept constant at 10 V during the optimisation of the donor flow rate. The
acceptor channel flow was also stopped during the time set aside for the
electrodialysis process to take place (Figure 5.3). The flow rate of the donor
channel was varied between 0.10 and 0.60 m¢ min™. The influence of the flow
rate of the donor stream was evaluated on the basis of the %RSD and peak area
as illustrated in Figure 5.4. From Figure 5.4A it follows that the lowest %RSD
was obtained at a flow rate of 0.32 m¢ min™'. It is also apparent from Figure 5.4B
that the lower the flow rate, the higher the peak area. It is evident from Figure
5.4B that there was a drastic decrease in peak area when the flow rate increased
above 0.35 m¢ min'. The best compromise between the sensitivity and

reproducibility was found at a flow rate of 0.32 m¢ min™.
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versus the applied dc potential (Figure 5.6B), it is apparent that the optimum dc
potential is at 10 V. A further increase in the applied dc potential did not increase
the pércentage electrodialysis significantly. To compensate, however, for the
better precision obtained at the higher applied dc potential and to ensure that all
the copper was in the Cu° state, a value of 15 V was selected as the optimum.

The optimisation of the applied potential can also be influenced by the membrane
potential and the flux of the analyté ions through the membrane. The membrane
potential is an indication of the degree of fouling of the membrane as previously
described Schoeman and co-workers [51 - 53]. This property was not
investigated any further since problems with fouling were not encountered. The
flux of the ions over the membrane is, however, also closely related to the applied
potential and can therefore also be used as an indicator for choosing the
optimum applied dc potential. The results obtained in Figure 5.7 (applied
potential versus change in current) showed a sharp change in current when the
applied potential was increased from 5 to 15 V, which indicated an increase in the
flux of analyte ions through the membrane. There was a tendency for the change
in current to drop above an applied potential of 15 V, which confirmed that a
definite optimum was reached at 15 V.
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Interferences

Interference could be divided into those interferences involving the electrodialysis
system, the electrochemical system and those concerning the AAS detector. The
main experimental work was concentrated on the interferences that may arise
from the electrodialysis system. The interferences that could arise from the
electrochemical system are those specieé that has a standard reduction potential
of higher than 0.337 V. It was poésible that these species could also plate onto
the cathode. Chances however were very slim that they will interfere with the
copper signal at the detector after it was solvated by the nitric acid solution. The
interferences involving the electrodialysis process can be divided into two different
categories, namely, the interferences of cations that may alter the flux of Cu?
across the membrane due to competition and also chemical interference on the
Cu* itself. These competitive interferences were evaluated by preparing the
copper solutions in different brine solutions of known concentrations. It was found
that at relatively low brine concentrations (ionic strength 20-200 mg ¢') there was
no change in the sensitivity of the system or the peak profile. At concentrations
of 100-10 000 mg ¢, there was some change in the peak profile, but no change
in the total peak area. At concentrations above 10 000 mg ¢, the peak profiles
became very uneven and the precision decreased. High concentrations of zinc
ions in the samples interfered with the AAS detector. This interference was,
however, circumvented by using a lean (oxidising) air-acetylene or a dinitrogen
oxide-acetylene flame.

Data and calibration of the optimised system

The optimised parameters for the proposed electrodialysis-FI-AAS analyser for the
determination of copper(ll) ions in multivitamin tablets were as follows: donor flow
rate, 0.32 m¢ min™; applied dc potential, 15 V: and injection loop volume, 80 1.

The performance of the proposed analyser was critically evaluated under the
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optimum conditions. The calibration graph was linear between 1 and 60 mg ¢
with a relationship between peak area and copper(ll) ion concentration given by
the following equation:

y="1.373x- 10.93 . 5.1

where y is peak area and x is copper(ll) ion concentration in mg (.

A linear regression coefficient (r?) of 0.9975 (n = 11) was obtained over this
concentration range. The percentage electrodialysis was found to be 94%.
(Percentage dialysis was calculated by subtracting the percentage loss from the
donor channel, when electrodialysis took place, from 100 %) The number of runs
per hour for the proposed system was 14. The detection limit was calculated to
be 1.44 mg ¢, and the sample interaction as 0.058%. (The purpose of sample
interaction is to determine whether sample contamination takes place between
successive samples. This is evaluated by doing the first determination with a low
concentration of sample, followed by a sample with a 10 times larger
concentration and then again followed by a sample containing the same amount
of sample as the first). The detection limit and the sample interaction was
calculated by using the following two equations:

e 3(S, +1.) -k
Detection limit = (S, +1) 5.2
m
Sy is the standard deviation of the background signal
I is the relative peak area of the background signal
k: is the intercept of the calibration curve
m: is the slope of the calibration curve
: A,-A
Interaction = (3—/\—1) x 100 5.3
2

A;: is the true peak area of the sample with low analyte concentration, or in
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other words, the peak area obtained from a stable background.

A 'is the true peak area of sample containing ten times more analyte than in
A

A;. s the peak area for the sample which will indicate the interaction with
sample A,. The concentration of A, is equal to A,.

The mass of copper plated on thg cathode, with a sample concentration of 20
mg ¢, was calculated to be 1.53 x 10° g, taking the percentage electrodialysis
into account. The percentage electrodialysis was obtained by connecting the
donor channel to the detector. Firstly the peak area was obtained when no
dialysis or electrodialysis could take place (the acceptor channel was emptied
beforehand). Hereafter the peak area was obtained from the donor channel after
electrodialysis took place. The two peak areas obtained were then compared.
The calculation of the percentage dialysis was done at optimised conditions.

Samples

The proposed system was applied to the determination of copper in a multivitamin
and mineral supplement tablet. Tablets were dissolved in water and diluted to 100
m¢. The need for membrane cleanup of the sample was illustrated once again due
to the fact that the tables did not dissolve completely. Residues from the tablets
could have block the nebulizer unit of the FAAS. The samples were analysed with
the proposed electrodialyser-FI-AAS system by injecting them directly into the
donor stream. The accuracy of the proposed system was evaluated by comparing
the results obtained with those obtained by using a standard AAS procedure. In
the standard method the samples were filtered manually before analysis. The
results, as shown in table 5.1, revealed an excellent agreement between the two
methods.
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This system can also be applied for the analysis of very low concentrations of copper.
In the preposed system, the use of the electroplating of the copper ions was not exploited
to its full capéCity. By increasing the injection volume, very low copper concentrations
can be injected and copper trace enrichment can take place in the acceptor channel.

As is evident from the fact that the acceptor channel could be rinsed (to remove all the
gaseous products formed at the cathode) before the copper was to be solvated in the
HNO;, this ED/FIA system can also be used with ease with detectors that are very
sensitive towards the presence of bubbles (gaseous products in the acceptor channel)
in the flow system. Also it will be possible to use an electrochemical detection system
since the ED can switched off before the solvation and analysis of the Cu®* ions.

The massive increase of the percentage dialysis from the chloride system to the copper
system is mostly due to the much lower flow rate in the donor channel of the copper
system. (2.0 m¢ min”" in the chloride system to 0.32 m¢ min™ in the copper system) Itis
further possible that the migration rate of the copper ions under the influence of an
applied potential is higher for the copper ions than for the chloride ions. A possible
explanation for this that the chloride ions may be more hydrated in solution than is the
case with the copper ions. When this happens, the effective radius of the chioride ion
will be much larger than that of the copper ion (both ions in solution). This enlarged
effective radius of the chloride ions in solution will then in turn give rise to a lower drift
speed of the chloride ions under in influence of the applied dc potential. { See paragraph
3.1)

The proposed electrodialyser-FI-AAS system is suitable for the analysis of samples
containing solid particles in suspension. These particles were of such a nature that they
continuously blocked the inlet path to the nebulizer of the AAS detector. The flexibility
of the electrodialyser-FI system is not only the removal of the solid particles from the
analyte, but also retaining the analyte concentration in an acceptor channel the same as
it was originally in the donor channel.
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Chapter 6

Determination of zinc in pharmaceutical products using an

electrodialyser incorporated into a flow injection system.

6.1 Introduction

The first studies linking zinc and growth were done in Iran and Egypt almost 3 decades
ago. Zinc, as a trace mineral, is of utmost importance for normal human bodily functions.
Minerals and vitamins are essential components of the diet. The body cannot
synthesize minerals and the cells can generate only a small quantities of very few
vitamins. [1] Minerals are inorganic ions released through the dissociation of
electrolytes. Zinc is a trace mineral in the human body with a total body content of an
adult human of 2 - 3 g. The highest concentrations are in the liver, kidneys, pancreas,
bone, voluntary muscle, parts of the eyes, prostate gland, spermatozoa, skin and nails.
[1,2] Zinc is known to participate in reactions involving either the syntheses or
degradation of major metabolites such as carbohydrates, lipids, proteins and nucleic
acids. More than 200 zinc enzymes have been isolated from different species. Zincis
also involved in the stabilization of protein and nucleic acid structure and the integrity of
subcellular organelles and transport processes, immune function and expression of
genetic information. Zinc acts as a cofactor of enzyme systems, notably carbonic
anhydrase. Zinc deficiency can cause delayed wound healing, alopecia and diverse
forms of skin lesions. [1, 2]

Atomic spectroscopy is one of the most sophisticated and elegant methods for direct
assay of cations. [3,4] Atomic absorption spectrometry (AAS) allows no fewer than 70
metals to be determined directly, which makes it very suitable for many clinical and
forensic analysis. Furthermore, indirect AAS methods allow many techniques to be
extended to the analysis of a number of analytes besides metals (including anions and
organic compounds). [5] Suspended solids, macromolecules and high salt
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concentrations in samples, however, caused nebulizer clogging and ultimately blocked
the nebulizer. This resulted in inaccurate results and low precision. To avoid this the
nebulizer had to be removed and cleaned frequently, but the analysing process then

became tedious and time consuming.

AAS in association with flow injection (FI) analysis is considered a very competent
method for pharmaceutical sample analysis. The advantages of the FI-AAS association
is matrix removal and analyte preconceniration. [5] Various means of matrix removal are
possible in chemical analysis. According to Debrah et al. [6], precipitation is the oldest
method of chemical separation. Precipitation methods are satisfactory for macro
separations, although precipitates are usually contaminated with foreign ions present in
the solution. Precipitation is useful to remove a major constituent of a sample if this
constituent interferes with the subsequent determination of trace components. In an Fl
system it is possible to retain small quantities of precipitate on an in-line filter. It is even
possible to retain the analyte element co-precipitated on the interior of an open knotted
tube reactor. It is however not possible to use an in-line filter in an Fl system for large
amounts of precipitates. To overcome this problem, the use of a recirculating, closed-
loop manifold for sample pretreatment was described by Debrah et al. [6] Solvent
extraction is another very successful method of matrix removal. When analysing zinc
(at the 213.856 nm line), a large excess of iron can interfere, originating from the weak
213.859 nm iron line. Removal of the iron interference by means of solvent extraction
was done by Sweileh and Cantwell.[7} Similar work and the influence of a masking
agent was illustrated by Ma et al. [8] The use of an ion-exchanger (eg. Chelex 100) has
also been used extensively not only as a method for preconcentration, but also as a
means to separate matrix interferences.[9] An alternative approach is to immobilise a
micro-organism cell wall on an insoluble substrate. Living organisms have the ability to

absorb trace metals from an aqueous solution.[10]

The problem of nebulizer clogging by high salt concentrations is not so severe when the
AAS is interfaced to an FI system, but this is not the ultimate solution. Although the
carryover is small, a gradual drop in the sensitivity was observed by Davey [11] when
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-analysing samples with high salt concentrations. The use of neutral dialysis membranes
(passive dialysis) in flow-through dialysers as part of Fl systems is an extremely
powerful tool.‘to remove suspended solids and macromolecules in order to let the analyte
flow unhindered- to the detector. Unlike filter systems, the part of the sample matrix
containing suspended solids is continuously channelled via the donor stream to waste,
while the clear dialysed analyte solution in the acceptor stream is flushed to the detector.

We successfully incorporated passive nethraI membranes as part of various Fl systems
in our laboratory to remove interferences, before the determination of analytes. [12- 18]
We also included an electrodialyser (fitted with a passive neutral membrane)
successfully as part of FI-AAS systems to enhance mass transfer together with the
removal of interferences. [17, 18] A similar approach was used by Buschner et al. [19]
during the on-line analysis of adenosine triphosphate and inositol phosphate with
electrodialysis-capillary zone electrophoresis.

The main objective of this project was to develop a method that will be able to handle
samples with high salt concentrations and at the same time remove the matrix
interferences during the determination of zinc in pharmaceutical products.

6.2 Experimental

6.2.1 Reagents and Standards

All glassware and storage bottles were soaked in 10 % (v/v) nitric acid overnight
and rinsed with de-ionised water prior to use. All reagents were of analytical
grade and de-ionised water, obtained from a Modulab water system, was used
for the preparation of all stock solutions and dilutions of standards. A 1000 mg ¢
zinc(ll) stock solution was prepared by dissolving 1.000 g zinc granules in 40 m¢
1:1 hydrochloric acid, and dilute it to the mark in a 1¢volumetric flask. Electrolyte
stock solution was prepared by dissolving 25.42 g of sodium chioride in a 1 ¢
volumetric flask and made up to the mark with de-ionised water. Suitable dilutions
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Figure 6.2).

The manifold consisted of Tygon tubing, with an internal diameter (id) of
' 0.76 mm, cut the required lengths and wound around Perspex rods with
an outer diameter (od) of 10 mm. The electrodialyser unit used (Figure
6.2) was a slightly modified version of the dialyser previously described by
van Staden and van Rensburg [12] It is similar to the one used in chapter
4 for the determination of chloride with the"only difference that the polarity
on the electrodes were S\;vopped so that the anode was situated in the
donor channel and the cathode in the acceptor channel. The dialyser unit
consisted of two, mirrorimage, PVC blocks. Embedded into each of these
blocks were graphite electrodes which acted as the anode (acceptor side)
and the cathode (donor side) respectively. Placed onto each of the PVC
blocks was a 0.6 mm thick Perspex spacer. Into each of the Perspex
spacers, a groove of 0.6 mm diameter and 300 mm length was cut so as
to form a channel when placed onto each of the PVC blocks respectively.
The PVC blocks were then fitted onto each other in such a way that the
Perspex spacers facing each other and the grooves in the respective
Perspex blades coincided with each other. The membrane was then
sandwiched between the two Perspex spacers as the only separation
between the two tubes so formed. The walls of the tubes that were
formed thus consisted of, at the far end, the graphite (which was
embedded into the PVC blocks), the side walls of Perspex and the
common wall, the membrane. A Technicon pre-mount membrane was
used in the dialyser unit.
A Leader LPS 156 potentiostat was used to apply the dc potential.
A Prema 5000 integrating multimeter was used for current and potential
measurements.
A Varian AA 1275 Atomic absorption spectrometer (Palo Alto, CA, USA)
was used as the detector. A Varian Techtron Zn hollow cathode lamp,
with a current of 7 mA, was used to give a monochromatic light ray in the
detector. A wavelength of 213.9 nm and a spectral bandpass of 0.2 mm
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the valve was switched to the “inject” position, the 513 wl loop was connected to
the donor channel (thus injecting the sample into the donor channel), whilst the
500 1 was filled with the rinsing solution.

The system was switched on'and allowed to run for about 5 minutes in order to
equilibrate the flow dynamics of all parts of the system. The computer was then
actuated and the timing sequence started in the load position.

() Starting the system. (Loading)

Pump: The pump was switched on. Flow rates in the donor and
acceptor channels were both 1.40 m¢ min'. The inlet
tubing, connected to the donor channel, was removed from
the water container so that air was pumped through the
donor channel and de-ionized water was pumped through
the acceptor channel.

Valve: The valve was switched to the load position. In the load
position the 500 w¢ loop was connected to the donor channel
and the 513 w4 loop was filled with sample solution.

Potentiostat: The potentiostat was set to on position at 17.5 V.

(i) Analysis

Attime T = 0 s, the valve was switched to the “inject” position, thus
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Onr
Potentiostat

Sample 1 Sample 2 |
Start] Electrodialysis | Rinse [ Electrodialysis | Rinse
Load :
Inject

Ont
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Time / seconds
Figure 6.3 Timing diagram for the determination of zinc

directing the 513 (4 loop to the donor channel, whilst the 500 wl
loop was filled with rinsing solution. The sample plug was pumped
through the donor channel at a rate of 1.40 m¢ min™. The applied
potential over the membrane was kept constant at 17.5 V for the
duration of the electrodialysis step. Analyte ions in the sample plug
electrodialysed through the membrane into the acceptor channel.
These analyte ions were then transported via the acceptor channel
to the detector. At time T = 120 s, the valve was switched to the
“load” position again to fill the 513 .0 loop for the next run and at
the same time directing the 500 ¢ rinsing solution into the donor
channel.

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 FIowTEK'®?! software package
(obtainable from MINTEK) for computer-aided flow analysis was used throughout
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for device control and data acquisition. All the data given (mean peak area
values) are the average of 11 repetitions.

6.3 Results and discussion

In previous work done by van Staden and Hattingh [18]‘, a similar approach was used
for the analysis of copper(ll). The zinc and the éopper systems differ in the sense that
in the latter system, copper metal was pléted onto the cathode in the stagnant acceptor
channel. It was however not possible to apply this procedure for the zinc determination
since the reduction potential of zinc, at standard conditions, is much lower than 0V The
objective of this study was to introduce a zinc analyte plug from the FI system into the
detector which was free from possible matrix interferences, but stili have a high enough
concentration so that preconcentration will not be necessary. To obtain this goal, it was
imperative to ensure that the mass transfer across the membrane during the
electrodialysing step was as high as possible (Figure 6.2). One of the disadvantages
of a dialysis system is the fact that the dialyser has a double dilution effect on the
analyte. Firstly, in the form of a massive increase in the dispersion of the analyte sample
plug whilst passing through the dialyser and secondly, in the case of passive dialysis
without the application of the electrical field across the membrane, the percentage
dialysis varies between 0-7%. [16] Prevention of the dispersion in the donor channel
was achieved by making use of air as the carrier (instead of de-ionised water). In the

acceptor channel de-ionised water was pumped through continuously.

The FI-AAS system was optimised, according to achieved sensitivity and reproducibility,
under the following headings:
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6.3.4 Addition of an electrolyte

6.3.5

The rriigration rate of ions under the influence of an applied potential is altered by
the addition of an electrolyte. With the addition of an electrolyte, the hydration of
the analyte ion is changed and therefore also the effective ion radius of the ion
in motion (the analyte). [22]. In addition to this, it was found that there was a
slight retention of the analyte on the membrane. (After rinsing the donor channel
with an electrolyte solution, traces of the analyte was found in the .acceptor
channel) To address both these situations, an electrolyte was added to all the
solutions that were analysed. There was an increase in the zinc signal with the
addition of the electrolyte. This phenomenon indicated that the migration of zinc
across the membrane was enhanced with the addition of the electrolyte. The
electrolyte concentration was increased up to the point where an increase in the
electrolyte concentration did not further enhance (or alter) the zinc signal. An
electrolyte solution (without zinc analyte) was used to rinse the dialyser between
two consecutive runs to ensure that all the analyte ions were removed from the
dialyser and the membrane. Sodium chloride at a concentration of 0.31 mol ¢,
was used as the electrolyte. The counter anion, however, did not have an
influence on the migration of zinc(ll) ions across the membrane as long as it is
neutral, but an anion with basic properties led to the precipitation of the zinc(il)

ions.
Interferences

The electrodialyser was found to be an excellent means of sample cleanup. ltis
known that iron(lll) can interfere with the 213.9 nm Zn line. The influence of
iron(lil) on the zinc analysis is depicted in Figure 6.8. It is clear from Figure 6.8
that iron in concentrations above 7.5 times the zinc concentration in the sample
seriously altered the zinc signal. Masking agents like oxalate, phosphate, citrate,
tartrate and fluoride can be used to eliminate the iron(lll) interference. The use
of these masking agents during the extraction of zinc was studied by Ma et al. [8]
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zinc complexes, low pH’s were maintained in all working solutions. In a strong
acidic medium most of the zinc complexes will be destroyed. Apart from the
simulated gastric fluid, nitric acid was added to the solutions so that the pH was
<1.0.

Data and calibration of the optimised system

The optimised parameters for the proposed electrodialysis-FI-AAS analyser for
the determination of zinc(ll) ions in multivitamin tablets are as follows:

Donor and acceptor flow rate: 1.40 m¢ min™
Applied potential: 175V
Injection loop volume: 513 w0

The performance of the proposed analyser was critically evaluated under the
optimum conditions. The calibration graph was linear between 1 and 20 mg ¢
with the relationship between peak area and zinc(ll) ion concentration given by
the the following equation:

y=7.14x +12.17, 6.1

where y = peak area and x = zinc(ll) concentration in mg ¢, A linear regression
coefficient (r?) of 0.9972 with n = 11 was obtained over this concentration range.
The number of runs per hour for the proposed system was 18. The detection limit
was calculated to be 0.998 mg ¢! and the sample interaction as 0.0015 %. The
detection limit and the sample interaction was calculated by using the following
two equations:

. 3(S, +1)-k
Detection limit = (S, +1h) 6.2
m
S is the standard deviation of the background signal
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I is the relative peak area of the background signal
k: is the intercept of the calibration curve
m: s the slope of the calibration curve
. A,-A :
Interaction = (—3——-—1] x 100 6.3
A,: s the true peak area of the sampie with low analyte concentration, or in

other words, the peak area obtained from a stable background:

A,:  isthe true peak area of sample containing ten times more analyte than in
A

A;: is the peak area for the interacted sample containing the same

concentration of analyte as A,

Samples

Multivitamin tablets were obtained from a local drug store. Three different tablets,

referred to as follows, were analysed.

Sample tablet ST 1: Vital Zinc
Sample tablet ST 2: Extravite multivitamin tablets
Sample tablet ST 3: Weigh less multivitamin tablets

All the sample tablets were dissolved in de-ionised water after which a simulated
gastric fluid was added according to the United States Pharmacopeia guidelines.
[23] Atfter dissolution in the simulated gastric fluid, care was taken that the pH of
the solutions was kept low during the dilutions of the samples. This was achieved
by adding nitric acid in order to keep the acid concentration in the 1% (viv) range.
(Even though the simulated gastric fluid has a pH of about 1.2, it has no buffering
capabilities leading to a pH increase with the dilution of the sample. It was further
necessary to obtain a low pH so that all possible zinc complexes were destroyed).
During the dilution of the sample, care was taken that the final sodium
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6.4 ~Conclusions

The proposed Fl-electrodialysis-AAS system proved itself to be a very useful tool for the
removal of matrix interferences during the determination of zinc in pharmaceutical
products. Iron interference was eliminated with the addition of an excess of fluoride ions
and in the tablets that were analysed, where the iron concentration was very similar to
that of the zinc, it did not really pose a problem during the determination of the zinc. This
system can very easily be applied to the determination of zinc in practically any sample.
The proposed system should be particularly attractive for pharmaceutical laboratories
where solid particles, macromolecules and high salt concentrations in samples are

problematic to analyse with conventional AAS instrumentation.
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Chapter 7
The determination of phosphate

7.1 Introduction

Phosphorus primary exists as phosphate in natural and water effluents. These
phosphates include ortho-phosphate, condensed phosphates (pyro-, meta-, and other
polyphosphates), and crganically bonded phosphates. These phosphates exist in water
as a solution, small particles or in living material. [1]

Ecologically phosphorts is an important compound due to the role it plays in a variety
of cell processes. Phosphorus is one of the primary nutrients for normal growth of plants
and animals. [2] Phosphorus in the human body consist mainly as phosphate (or
orthophosphate). About 80 -85 % of the total phosphate is combined with calcium in
bones and teeth. The remainder is combined with protein, lipid, carbohydrate and
enzymes. Besides its structural importance in bones and teeth, phosphate also plays
a major role in the absorption process of glucose and glycerol in the intestine, and in the
formation of many enzymes essential to the intracellular oxidation process and
production of energy. It also forms an active part of the buffer system in the body. [3,4]

Various analytical methods for the determination of orthophosphate are exploited so far
in flow injection analysis. Two prominent methods made use of the reaction of
phosphate with a colour reagent and measuring the coloured product with a
spectrophotometer. The first of these methods was the phosphomolybdenum biue
method. [5 - 12] The second was the molybdophosphate with malichite green method.
[13, 14] Other methods included the use of high-performance liquid chromatography
[15] and amperometric methods. [16] One other method was the indirect determination
of phosphate by making use of a lead ion selective electrode (ISE). [17]
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-.It came to mind that the only indirect method of analysis of phosphate in a flow injection

system was the use cf the lead ISE. [17] For the determination of sulphate however,
various publications were found where sulphate was determined indirectly on the atomic
absorption spectrophotometer (AAS). _This was done by adding excess amounts of
exactly known amounts of barium(li) ions to the sulphate solution. The barium signal
was then used as an indirect indication of the sulphate concentration. The detection of
the excess barium was usually done by filtering the precip‘itate and determine the barium
on an AAS. [18 - 20]. Van Staden and Van Rensburg [21] had a different approach.
This group used a dialyser equipped with a passive membrane instead of filtering the
precipitate. The excess barium ions dialysed across the membrane to the acceptor
channel while the precipitate was transported to waste. The barium dialysate was
allowed to react with methyithymol blue to form a complex which was measured
spectrophotometrically. The latter method had the advantage above the other methods
in the sense than no maintenance of the dialyser was necessary whilst the methods
using filters, the filters had to cleaned from time to time (that is if the system is not
equipped with a modern self cleaning filter).

It was decided to investigate the applicability of both direct and indirect methods of
determination. The major prerequisites for the method of choice for use was that it must
be simple to use in a flow injection system with the minimum number of interferences.
The use of the detection method was secondary to the process that took place in the
electrodialyser.  For this reason the phosphomolybdenum method for direct
determination was chosen. For the indirect method the AAS detector was chosen for
use in tandem with an electrodialysing unit.

7.2 Experimental

The experimental section is divided into two parts namely for the indirect determination
of phosphate and the direct determination of phosphate.
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7.2.1 Indirect determination of phosphate

7.211 Reagents and solutions

All reagents were prepared from analytical grade chemicals unless otherwise
specified. Deionised water from a Modulab system (Continental Water Systems,
San Antonio, TX) was used for dilution. All solutions were degassed before
measurement with a water vacuum pump system. The main solutions were

prepared as follows:

7.21.11 Standard barium solution

A standard stock barium solution containing 10 000 mg ¢! (0.0728 mol ¢! in
Ba**) was prepared by dissolving 30.33 g of dried barium chloride in water and
diluting to 2 ¢ with de-ionized water. Working standard solutions were prepared

by appropriate dilutions to cover the working ranges as discussed in the text.

7.21.1.2 Standard phosphate solution

A standard siock phosphate solution containing 10 000 mg ¢ (0.1053 mol ¢
PO,*) was prepared by dissolving 75.42 g of di sodium phosphate duodeca-
hydrate (Na,HPO, - 12 H,0) in water and diluting to 2 ¢ with de-ionized water.
Working standard solutions were prepared by appropriate dilutions to cover the

working ranges as discussed in the text.

7.21.2 Instrumentation
The FIA system (Figure 7.1 ) used in this work, was composed from the following
components: a six-roller Cenco peristaltic pump rotating at 10 rpm, two Valco

(Houston, Texas) 10-port electrically actuated injection valves with sample loops
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of 70 and 150 pt respectively, a reaction manifold system and a laboratory-made
electrodialyser. The electrodialyser used (see Figure 7.2) was a slightly
modified version of the dialyser unit as described by Van Staden [22, 23]. The
dialyser unit consisted of two, mirror image, PVC blocks. Embedded into each
of these blocks were graphite electrodes which acted as the cathode (acceptor
side) and the anode (donor side) respectively. Placed onto each of the PVC
blocks was & 0.6 mm thick Perspex blade. Into each of the Perspex spacer, a
groove of 0.6 mm diameter and 300 mm length was cut so as to form a channel
when placed onto each of the PVC blocks respectively. The PVC blocks were
then fitted onito each other in such a way that the Perspex spacer facing each
other and the grooves in the respective Perspex blades coincided with each
other. The membrane was then sandwiched between the two Perspex spacer
as the only separation between the two tubes so formed. The walls of the tubes
that were formed thus consisted of, at the far end, the graphite (which was
embedded in:o the PVC blocks), the side walls of Perspex and the common wall,
the membrare. A Leader LPS 156 potentiostat was used to apply the d.c.
potential. The passive membrane used was a Technicon pre-mount type C
membrane (pore size 4-6 nm, thickness 0.015mm). Tygon tubing (0.76 mm id)
was used to construct the manifold system. For current and potential
measuremenis a Prema 5000 integrating multimeter was used. The detector
used was a Varian (Palo Alto, CA USA) AA-1275 atomic absorption
spectrometer. A Varian Techtron Ba hollow cathode lamp, operating with a
current of 8 mA, was used to give a monochromatic light ray in the detector. A
wavelength of 5654.0 nm and a spectral bandpass of 0.2 mm was used. A
dinitrogen oxide-acetylene flame (reducing) was used. The spectrometer and
the injection valve were coupled to a personal computer equipped with the
FlowTEK program [24].
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7.21.3 Flow system

The flow system used is depicted in Figure 7.1. Phosphate sample solutions
were drawn up into a 70 (¢ sample loop of the Valco valve (valve 2 Figure 7.1)
and barium standard solution was drawn up into a 150 put loop of the Valco valve
(valve 1 Figure 7.1) Both the phosphate and the barium were injected at the
same time into two separate water streams. The two water streams then
converged into one stream (forming the donor channel) where the following

precipitation reaction between the phosphate and barium ions took place:

3Ba* (aq) + 2 PO/ (aq) = Bay(PO,), (s) with a K,, at standard conditions for

the reaction being 1 x 1054,

Ba**
H,0 Valve 1 Electrodialyser
< 450 cm s
HO %) Valve 2
H,0 N
PO43_
H,O
De-bubbler
— Waste
Figure 7.1 Flow system for the indirect determination of phosphate.
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Barium ions were in excess. The barium/phosphate precipitate and barium ions
which did not react with the phosphate ions were transported to the
electrodialyser. In the electrodialyser the barium ions migrated (under the
influence of an applied d.c. potential) across the membrane to the acceptor
channel whereas the barium/phosphate precipitate was transported to waste.
The electrodialysate barium ions were swept from the electrodialyser unit
(acceptor channel) and transported to the spectrometer were the barium signal

was measured as an indirect indication of the phosphate concentration.

A _ PVCblock — B
D ~
inﬁﬂw g°"°’ / Perspex blades v

SR U e e g

Cathode ¢ i

To
- d
etector Perspex blades

inlet

Figure 7.2 Schematic presentation of the Electrodialyser unit. A - the 3D
presentation, B - a longitudinal cross-section and C - a diagonal
cross-section.

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 [24] software package
(obtainable from MINTEK) for computer aided flow-analysis was used throughout
for device control and data acquisition. All the data given (mean peak area

values) are the average of 11 replications.
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Sample 1 Sample 2
Electrodialysis and : Electrodialysis and
Load detection Rinse detection
n
Pump o
Off
Load
Valve 1
Inject
Load
Valve 2
Inject
On
Potentiostat
Off
0 120 170 200 320 370
Time /s
Figure 7.3 Timing diagram for the indirect determination of phosphate.
7.21.4 Procedure

The configuration of the FI system is shown in Figure 7.1. The pump and valves

operated as clescribed below:

5.2.1.4.1 Operation of pump and valves

The pump (Figure 7.1) was never switched to the “off’ position during the

analysis. Twc Valco 10-port electrically actuated injection valves (valves 1 and

2 in Figure 7.1) were used to inject the barium standard solution and the

phosphate sample solution at the same time. In the “load” position (on both

valves), sample phosphate solution and barium standard solution were aspirated

through the respective sample loops to waste, filling the whole sample loop

(phosphate semple solution filled loop in valve 2 and barium standard solution
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filled loop in valve 1). Upon switching both valves to the “inject” position, parts
of the respective water streams were interrupted and the full sample loops were

placed into the respective water streams.

The timing diagram for treating the samples is outlined in Figure 7.3. The
system was switched on and allowed to run for about 10 min in order to
equilibrate the flow dynamics of all parts of the system. The computer was then
actuated ancl the timing sequence started in the “load” position which was only
used at the beginning of the analysis. The following timing sequences were

followed with time regulation from the FlowTEK [24] program:
i, Starting of the system (Loading)

Pump: Pump was switched to the “on” position. The individual water
streams were pumped at a rate of 0.42 m¢ min-' and after they merged,
the flow rate of the donor stream through the electrodialyser was 0.84
m{ mir".  Aspiration of the sample and the standard solution into the

injection loop was at a rate of 2.9 m¢ min™.

Valves: Both valves were in the “load” position.

Potentiostat: The potentiostat was set to “on” position at 20 V.
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Barium injected into water stream

Phosphate injected into water stream Merging zone

- Overlapping of phosphate and
barium in the reaction coil

Figure 7.4 Merging of the barium and phosphate water streams into
the reaction coil.

ii. Electrodialysis and detection

At time T = 0, the pump was kept in the “on” position. Both valves were
switched to the “inject’ position whereupon the whole sample and
standard solution loops were placed into the two respective water
streams. The sample and the standard plugs were then transported to the
donor channel where they merged and the precipitation reaction occurred
in the reaction coil. (See Figure 7.4) The precipitate was then
transported via the electrodialyser’s donor channel to waste whereas the
excess barium ions migrated to the acceptor channel. The applied
potential over the membrane was kept at 20 V for the duration of the
electrodialysing and analysis steps. At time T = 50 s, the computer
started reading the signal coming from the detector. The electrodialysed
barium ions were pumped to the detector at rate a of 0.84 m¢ min™". (Flow

rate was equal to two times 0.42 m¢ min™' so as to obtain the same flow
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rate as in the donor channel since there was not a pump tubing that could
deliver 0.84 m¢ min™ ). Just prior to the detector a homemade de-bubbler
was irtroduced to remove most of the gases formed at the cathode which
interfered with the barium signal. At time T = 120 s, the valves were
switchied back to the “load” position so as to fill the loops again for the

next run.

iil. Completion of a run

Attime T = 170 s, the computer stopped measuring the signal from the
detector. The donor and acceptor channels were rinsed and the next
sample was aspirated into the sample loop. At T = 200 s, the two valves
were switched to the “inject” position which marked the beginning of

analysis of second sample.

Results and discussion

In the above mentioned flow system, the reaction of barium with the phosphate,

the migration of the barium and the analysis of the barium were the most

important corsiderations for the optimisation. Different from chapters 4, 5 and

6, in this electrodialyser system for indirect determination, it was not the analyte

that was electrodialysed but the reactant (barium ions). It was however still very

important to ensure the optimum and reproducible transport of the barium
across the membrane. The system was thus optimised under the following

headings:

I Concentration of barium.
i Applied potential.
iii. ~low rate of the donor and acceptor channels.

iv. Reaction coil.
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V. Injection loop volume.
7.21.51 Barium concentration

For maximurn sensitivity of the system it was essential to obtain the optimum
working conclitions for the determination of the barium ions. For this reason the
electrodialysis system was first optimised without the inclusion of any
phosphate. The various barium ion concentrations were compared whilst other

experimental parameters were kept constant at the following values:

- Concentration phosphate = 0 mg ¢ .
- Injection loop volume (Barium) = 100 .
- Flow rate (donor and acceptor stream) = 0.84 m¢ min™.

- Applied d.c. potential = 15 V.

It is clear from Figure 7.5 that there is a steady increase in the peak area with

16 1= 120
A B .
14 1 +100
o (U
C) T = - :.. T 80 al_J
g) 12 + ] 7] T i
X { = +60 3
2 + o
10 + {40
8+ 4 g
0 500 1000 1500 2000 2500
Concentration barium /mg ¢
Figure 7.5 Influence of concentration of barium on % RSD (A) and peak

area (B). 179
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increasing barium concentration. On the other hand there was a steady
decrease in the % RSD with increasing barium concentration. Since
reproducibility was a problem in the experimental work a compromise was
reached at 2000 mg (. At this concentration the reproducibility was relatively

low and the sensitivity was acceptable.

7.2.1.5.2 Applied potential
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o
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Applied potential NV

Figure 7.6 Influence of applied dc potential on the % RSD (A)
and the peak area (B).

The sensitivity and reproducibility of the electrodialysed excess barium ions in
the electrodialyser unit depended on the potential gradient applied on the
system. The applied potential was therefore evaluated using the detector signal
response and % RSD as indicators. The d.c. potential was varied between 0
and 30 V, while the flow rates in the donor and acceptor streams were kept
constant at 0.84 m¢ min”, the injection loop volumes of the barium and the

phosphate were respectively 100 and 80 ¢ and the reaction coil was 300 cm.
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Figure 7.7 Influence of flow rate on the % RSD (A) and peak area (B).
(No phosphate added).

It should be noted that during this part of the optimisation the concentration of
the phosphate was zero so as to obtain the best conditions for the determination
of barium. The results in Figure 7.6 revealed that the precision was poor at low
applied potentials. This indicated that the contribution of detectable barium ions
drawn through the neutral membrane was unstable. It is further clear that there
was a steady increase in the peak area with increasing applied potential. This
increase however did flatten off after potentials of higher than 20 V were applied.
From the graph it is clear that the optimum applied potential was 20 V. With
decreasing potential the precision decreased and with increasing potential the
precision was constant (respective to 20 V). The sensitivity was also acceptable

at20Vv.
7.21.5.3 Flow rates of the donor and acceptor streams

Evaluation of the flow rates of both the donor and acceptor streams revealed

that the best results were obtained with the flow rates of both streams in the
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same direction when applied in the continuous mode. Sensitivity and precision
were used as indicators in the optimisation of the flow rates. During these

experiments the following experimental parameters were kept constant:

- Phosphate concentration = 0
- Barium ion concentration = 2000 mg m¢
- Barium injection loop = 100 w¢

- Applied potential = 20 V

The influence of the flow rates was first compared on the basis of %RSD and
secondly on the basis of peak area as illustrated in Figure 7.7 Itis clear from
the results that the precision deteriorated remarkably for flow rates higher than
0.84 m¢ min™. ltis also clear that the sensitivity decreased with increasing flow
rate. The reason for the increasing % RSD at higher flow rates is the fact that
the barium ions had less time to migrate across the membrane which led to
lower signal values and thus a low signal to noise ratio. A possible explanation
for the decrease in sensitivity with higher flow rates was that although the flux
of ions across the neutral membrane under the influence of the applied electric
field remained the same, it could not match the influence of the higher flow rate
with dilution effect on the dialysate cations in the acceptor channel of the FIA
system. At this point in time it was not possible to make a clear cut decision on
what the optimum flow rate will be. To further optimise the flow rate, phosphate
was also injected whilst all other experimental parameters were kept constant.
The concentration of the phosphate was chosen as it would react in a 2:3 ratio
with the barium ions. Thus it was calculated that the concentration of the
phosphate (PO*) must be 2075 mg ("', The results can be seen in Figure 7.8.
Considering the peak area, there was a slight increase in the peak area from
0.32 to 0.84 m¢ min™'. At these flow rates the peak areas were considerably
lower than the corresponding peak areas in Figure 7.7. This indicated that the
precipitation reaction took place and that the available barium ions to migrate

across the membrane were considerably less. The increase peak area in
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Figure 7.8 from 0.84 to 1.2 m¢ min™ indicated that at the latter flow rate, the
precipitation reaction was not complete. Reasons for this could be the fact that
there was not enough time for the reaction to go to completion or that at the
higher flow rate mixing of the reagents in the reaction coil was incomplete. At
flow rates higher than 1.2 m¢ min™', there was a sharp decrease in the peak area.
The reason for this was that even though there were more barium ions available
in the donor channel, the ions hadn’'t had enough time in the donor channel to
migrate across the membrane and there was also the higher dilution factor in the
acceptor channel due to the increase in the flow rate. The best compromise
between sensitivity and precision for employment of the proposed

electrodialyser/FIA system was obtained with a flow rate of 0.84 m¢ min™.
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Figure 7.8 Influence of flow rate on % RSD (A) and peak area

(B). (Phosphate added).
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7.21.5.4 Reaction coil

As can be seen from the previous paragraph, the reaction time and mixing
efficiency was of utmost importance (which was influenced by the flow rate in the
previous paragraph). All experimental parameters were kept constant at the

following values while the reaction coil length was varied:

- Barium injection loop = 100 ...

- Phosphate injection loop = 80 4.

- Barium ion concentration = 2000 mg ¢,
- Phosphate concentration = 2075 mg .
- Flow rate = 0.84 m¢ min™

- Applied d.c. potential = 20 V
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Figure 7.9 Influence of the reaction coil length on the % RSD
(A) and the peak area (B).

The results can be seen in Figure 7.9. As is evident from Figure 7.9, there was

a definite decrease in the barium signal with increasing coil length. This is due
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to the better mixing of the reagents and more time for the precipitation reaction
to take place with increasing coil length. At lengths longer than 450 cm, there
was no significant decrease in the barium signal indicating that the reaction went
to completion at a length of 450 cm. The % RSD also showed a steady
decrease with increasing coil length up to 350 cm whereafter there was a slight
increase in % RSD with increasing coil length. The initial decrease was due to
the fact that there was better mixing between the two reagents which led to a
more homogeneous mixture and therefore more stable peaks. The increase in
the % RSD after 350 cm was due to the fact that there was more time for the
excess barium ions to disperse and so very flat and stretched-out peaks were
observed. These type of peaks in turn then led to the increase in the % RSD.
The optimum length was taken as 450 cm. At 450 cm the barium signal was
better than at 350 cm even though the % RSD at 350 cm were slightly better
than at 450 cm.

7.21.5.5 Injection loop volumes

For the optimisation of the injection loops it was firstly important once again to
obtain the optimum barium signal. For this reason the injection loop volume of
the barium ions was optimised independently from the phosphate and then
afterwards the injection loop volume of the phosphate was optimised at the

optimised barium injection loop volume.

For the optimisation of the barium injection loop volume, all the previous
experimental parameters were kept constant at their individual optimised values
and the concentration of the phosphate was zero. The results can be seen in
Figure 7.10. As was expected, there was an increase in the barium signal with
increasing injection loop volume. Furthermore it is evident that there is definite

decrease in the % RSD at larger injection loop volumes. This is due to the fact
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Figure 7.10 The influence of barium injection loop volume on the % RSD (A) and
the peak area (B). Concentration of phosphate was zero.

that the greater the barium signal, the better the signal to noise ratio will be.

The optimum was taken at 150 w0.

During the optimisation of the phosphate injection loop, all experimental
parameters were kept constant as with the optimisation of the barium injection
loop volume. The barium injection loop volume was kept constant at 150 ¢ and
the phosphate (PO,>) concentration was 2075 mg ¢"'. From Figure 7.11 it is
clear that the barium signal decreased sharply with increasing phosphate
injection loop volume up to a volume of 70 w{. Thereafter there was only a
gradual decrease in the barium signal. It is further clear from Figure 7.11 that
the % RSD increased with increasing injection loop volume. This increase in the

- % RSD was once again due to the of the barium signal to noise ratio.
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Figure 7.11 Influence of the phosphate injection loop volume on
the % RSD (A) and the peak area (B).

Other experiments were also done to investigate the influence of the overlapping
of the barium and the phosphate zones in the reaction coil. This was done by
changing the respective injection loop volumes and changing the concentrations
of the barium and the phosphate such that the barium was always in excess.
The configurations used are depicted in Figure 7.12. When the overlapping
configuration was as indicated in Figure 7.12 C (phosphate zones overlap those
of the barium), lower detection values were obtained but the resolution between
two different phosphate concentrations were very bad. For this reason the

configuration as shown in Figure 7.12 A was preferred.
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7.21.5 Data and calibration of the optimised system

The optimised parameters for the proposed electrodialysis-FI-AAS analyser for

the indirect determination of phosphate were as follows:

- Barium ion'concentration: 2000 mg ¢’

- Flow rates of donor and acceptor channel: 0.84 m¢ min™
- Applied d.c. potential: 20V

- Barium injection loop volume: 150 w0

- Phosphate injection loop volume: 70 wt

- Reaction coil length: 450 cm

The performance of the proposed analyser was critically evaluated under the

optimum conditions. The calibration graph was linear between 450 and

A
Phosphate plug
Barium plug
B
Phosphate plug
Barium plug
c
......... +
Phosphate plug

Figure 7.12 The different ways of overlapping of the phosphate and
barium zones in the reaction coil.
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1750 mg ¢ with a relationship between peak area and phosphate concentration
given by the following equation:
y =-0.9778x + 230.1,

where y = peak area and x = phosphate ion concentration in mg ¢". A linear
regression coefficient, the variance (r?) of 0.9778 (n=11) was obtained over this
concentration range. The number of runs per hour for the proposed system was
18. The detection limit was calculated to be 413.5 mg ¢, and the sample
interaction as 0.98%. The detection limit and the sample interaction was

calculated by using the following two equations:

e 3(S, +L) -k
Detection limit = (S, +1) 7.2
m

S is the standard deviation of the background signal

I, is the relative peak area of the background signal

k: is the intercept of the calibration curve

m: is the slope of the calibration curve

. A,-A
Interaction = (Llj x 100 7.3
A,

A, is the true peak area of the sample with low analyte concentration, or in
other words, the peak area obtained from a stable background.

A, is the true peak area of sample containing ten times more analyte than
in A,

A;: is the peak area for the interacted sample containing the same

concentration of analyte as A,
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7.2.2 Direct determination of phosphate
7.2.2.1 Reagents and solutions

All reagents were prepared from analytical grade chemicals unless otherwise
specified. Deionised water from a Modulab system (Continental Water
Systems, San Antonio, TX) was used for dilution. All solutions were degassed
before measurement with a water vacuum pump system. The solutions were

prepared as follows:
7.2.21.1 Standard phosphate solution

A standard stock phosphate solution containing 10 000 mg ("' (0.1053 mol ("
PO,*) was prepared by dissolving 37.71 g of di-sodium phosphate duodeca-
hydrate (Na,HPO, - 12 H,0) in water and diluting to 1 ¢ with de-ionized water.
Working standard solutions were prepared by appropriate dilutions to cover the

working ranges as discussed in the text.
7.2.21.2 Colour reagent

The colour reagent consisted of two solutions namely the reducing agent and

the molybdenum solution.
I. Reducing agent solution.

0.1061 g Tin chloride di-hydrate (SnCl, - 2 H,0) and 2.60 g N,HsSO,
(hydrazine sulphate) were dissolved in one litre of 0.5 mol ¢ sulphuric
acid. Sulphuric acid solution was prepared by diluting 27.6 m{

concentrated sulphuric acid (98 %) to 1 (.
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i, Molybdenum reagent solution.

14.6 g of (NH,)¢Mo,0,, - 4 H,0 was dissolved in 1 ¢ of a 0.63 mol ¢
sulphuric acid solution (35 m¢ of 98 % sulphuric acid solution diluted to
1¢). To this solution was added 2 m¢ of a sodium laurel sulphate
solution. The sodium laurel sulphate solution was prepared by dissolving

17.6 g of sodium laurel sulphate into 100 m¢ water.
7.2.21.3 Electrolyte solution

A 4 mol ¢ potassium nitrate electrolyte solution was prepared by dissolving
404.44 g of dried potassium nitrate(KNO,) in water and diluting to 5¢ with de-
ionized water. Working solutions were prepared by appropriate dilutions to

cover the working ranges as discussed in the text.
7.2.2.2 Instrumentation

The FIA system (Figure 7.13) used in this work, was composed from the
following components: a six-roller Cenco peristaltic pump rotating at 10 rpm, one
Valco (Houston, Texas) 10-port electrically actuated injection valve with a
sample loop of 80 put, a reaction manifold system (with an i.d. of 0.76 mm) and
a laboratory-made electrodialyser. The electrodialyser used was similar to the
one used for the indirect determination of phosphate (see Figure 7.2) with the
only difference that the cathode was situated in the donor channel and the
anode in the acceptor channel. A Leader LPS 156 potentiostat was used to
apply the d.c. potential. The passive membrane used was a Technicon pre-
mount type C membrane (pore size 4-6 nm, thickness 0.01 5mm). Tygon tubing
(0.76 mm i.d.) was used to construct the manifold system. For current and
potential measurements a Prema 5000 integrating multimeter was used. The
detector used was a Unicam 8625 UV/VIS spectrophotometer equipped with a
10 mm Hellma-type flow-through cell (volume 80 u?). The wavelength of
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operation was 660 nm. The spectrometer and the injection valve were coupled

to a personal computer equipped with the FlowTEK program [24].
7.2.2.3 Flow system

The flow system used is depicted in Figure 7.13. Sample solutions were drawn
up into a 90 u¢ sample loop of the Valco valve from where it was injected into
the carrier donor stream and transported into the electrodialyser. Analytes in
the sample donor stream were electrodialysed under the influence of an applied
d.c. potential through the passive neutral membrane to the acceptor channel.
The electrodialysate ions were swept from the electrodialyser unit and mixed
with molybdenum chromogenic reagent in the reaction manifold system. The

following reactions took place:

Phosphate in an acidic medium and excess molybdate reacts to form
molybdophosphoric acid. During a selective reduction of this acid a product
with an intense blue colour is formed. The intensity of this colour is proportional
to the phosphate concentration. This method is based on the following

reactions: [25]

H,PO, + 12 H,MoO, — H,P(MoQ,,) + 12 H,0O

Mo(VI) + reducing agent — Mo(V) (slow reaction)
The second reaction is the rate determining step.” There was a choice of two
recjucing agents for use namely ascorbic acid and SnCl,. Even though the

ascorbic acid forms a more stable reduction product [26] (leading to a higher

reproducibility) and the ascorbic acid itself is more stable than the Sn(ll). (Sn(ll)

This coloured reaction product was transported to the spectrophotometer for measurement at a wavelength of 660 nm.
Experimental work done by the author on a diode array spectrophotometer indicated that the peak maximum shifted to
longer wavelengths with time. The shift with time was very slow however and all the analysis were done at the
abovementioned wavelength.
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is easily oxidised by atmospheric oxygen). The Sn(ll) was preferred to the
ascorbic acid. The reason for this choice was the fact that the reduction
reaction rate for the Sn(ll) is much higher than for the ascorbic acid which led

to better sensitivity and a higher sampling rate. [27]

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 [24] software package
(obtainable from MINTEK) for computer aided flow-analysis was used
throughout for device control and data acquisition. All the data given (mean

height values) are the average of 10 replications.

3 ——__ 5em
4/

Dialyser

Figure 7.13 Schematic presentation of the flow/electrodialysis system for
the determination of phosphate based on the molybdenum
colour reaction.
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7.2.2.4 Procedure

The configuration of the Fl system is shown in Figure 7.1. The pump and valves

operated as described below.

7.2.2.41 Operation of pump and valves

The pump (Figure 7.13) was never switched to the “off’ position during the
analysis. The Valco 10-port electrically actuated injection valve was used to
Inject the phosphate sample solution into the water carrier stream. |n the “load”
position, sample phosphate solution was aspirated through the respective
sample loops to waste, filling the whole sample loop. Upon switching the valve
to the “inject” position, part of the respective water carrier stream was

interrupted and the full sample loop was placed into the water carrier stream.

The timing diagram for treating the samples is outlined in Figure 7.14. The
system was switched on and allowed to run for about 10 min in order to
equilibrate the flow dynamics of all parts of the system. The computer was then
actuated and the timing sequence started in the “load” position which was only
used at the beginning of the analysis. The following timing sequences were

followed with time regulation from the FlowTEK [24] program:
i Starting of the system (Loading)
Pump: Pump was switched to the “on” position. The carrier donor and
acceptor water streams were pumped at a rate of 0.80 m¢ min™.
Aspiration of the sample solution into the injection loop was at a rate of

2.9 m¢ min",

Valve: The valve was in the “load” position.
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Potentiostat: The potentiostat was set to “on” position at 20 V.
il Electrodialysis and detection

At time T = 0, the pump was kept in the “on” position. The valve was
switched to the “inject” position whereupon the whole sample solution
loop was placed into the carrier water stream. The sample plug was then
transported to the donor channel of the electrodialyser. In the
electrodialyser, under the influence of an applied d.c. potential, the
phosphate ions migrated towards the anode in the acceptor channel.
The applied potential over the membrane was kept at 20 V for the
duration of the electrodialysing and analysis steps. Attime T =45 s, the
computer started reading the signal coming from the detector. The
electrodialysed phosphate ions were pumped to the detector at rate of
0.80 m¢ min™. Just prior to the detector a homemade de- bubbler was
introduced (operating at a flow rate of 0.16 m¢ min™) to remove most of
the gaseous products formed at the anode which interfered with the
phosphate colour product signal. At time T = 100 s, the valve was
switched back to the “load” position so as to fill the loop again for the

next run.
iii. Completion of a run

Attime T = 200 s, the computer stopped measuring the signal from the
detector. The donor and acceptor channels were rinsed and the next
sample was aspirated into the sample loop. At T =250 s, the Valve was
switched to the “inject” position which marked the beginning of analysis

of second sample.
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Figure 7.14 Timing diagram for the determination of phosphate with the
molybdenum blue colour reaction.

7.2.2.5 Results and discussion

Different from the aim of investigation in paragraph 7.2.1, in this section it was
the aim to obtain the maximum migration for phosphate through the membrane.
The optimisation of this system was for that reason also built round this aim.
The determination of the phosphate after dialysis was secondary to the dialysis
of the phosphate. For this reason the optimisation and evaluation of the
proposed flow system was based upon the factors influencing the phosphate

dialysis in the electrodialyser. The following parameters were optimised:

- Flow rate of donor and acceptor channels.
- Applied d.c. potential.
- Injection loop volume.

- Addition of electrolytes to the sample.
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Figure 7.15 The influence of the donor and the acceptor flow rate on the %
RSD (A) and the peak area (B).
All experimsntal parameters were evaluated on the basis of % RSD

(reproducibility) and peak area (sensitivity).
7.2.2.5.1 Flow rate of the donor and acceptor channels

During the optimisation of the flow rate in the donor and acceptor channels the
other experirnental parameters were kept constant at the following values:

- Applied d.c. potential; 15V

- Injection loop volume: 90 !l
The concentration of the phosphate ions was kept constant at 50.0 mg ¢™". The
donor and the acceptor channels were always flowing at the same rate and it
was varied batween 0.42 and 2.00 m¢ min™. The results can be seen in Figure
7.15.
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As was expected there was a decrease in peak area with increasing flow rate.
The reasons for this is that due to the higher flow rate, less time is available for
the phosphete ions to migrate across the membrane. Furthermore, even if the
number of phosphate ions that did migrate, the higher flow rate in the acceptor
channel led to a higher dilution factor of the dialysate ions. The % RSD also did
increase with an increase in the flow rate due to the lowering of the signal to
noise ratio. Even though the peak areas at low flow rates compared very
favourably vith those at the higher flow rates but high % RSD values were
obtained at “hese low flow rates. The high % RSD was due to unstable flow
patterns at too low flow rates. (Different from the copper system discussed in
Chapter 5, unstable flow will influence zinc system since the zinc will not be
plated under these low flow rates. Thus, in the zinc system detection took place
during the low flow rates whereas in the copper system plating took place under
low flow rate conditions) A flow rate of 0.80 m¢ min™ was a good compromise

between too high % RSD values and too low peak areas.

7.2.2.5.2 Applied potential

-400

- 350
L300
4250

% RSD

200

ealy )jesad

150

4100

50

Applied potential / V

Figure 7.16 The influence of applied d.c. potential on the % RSD (A)
and the peak area(B) for the proposed molybdenum biue
colour reaction.
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The applied d.c. potential was proven to be the single most important parameter
for an increase in the signal peak area. During the optimisation of the applied
d.c. potential all other experimental parameters were kept constant at the
following values:

- Flow rate of donor and acceptor channel: 0.80 m¢ min™.

- Injection loop volume: 80 wl.
The concentration of the phosphate sample was 50 mg ¢"'. The applied
potential was varied between 0 and 30 V. The results can be seen in Figure
7.16. A sharp increase in the peak area was observed with increasing applied
potential from O to 20 V. After 20 V the increase somewhat flattened off. The
reason for this flattening in the peak after 20 V is that it can be assumed that at
20 V most of the phosphate ions will migrate to the acceptor channel. Even
though not as obvious as in Figure 7.16, the same can be derived from Figure
7.17. With increasing potential, the number of phosphate ions that migrate will
not increase accordingly. The high % RSD value at 5V is due to the low signal
to noise ratio. The increase in the % RSD from 20 V and higher is due to the

formation of more gaseous products at the anode than the de- bubbler can

0.4
0.35 +
03 +

02 +
S0.15 |
<017
0.05 1

Curtrent /mA

5 10 15 20 25 30
Applied potential /V

Figure 7.17 Effect of the applied d.c. potential on the change in
the acceptor channel indicating the flux of ions
through the passive neutral membrane
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handle. The optimum applied d.c. potential was taken at 20 V.

7.2.2.5.3 Injection loop volume

For the optimisation of the injection loop volume the other experimental
parameters were kept constant at the following values:
- Flow rate of donor and acceptor channel: 0.80 m¢ min™.
- Applied d.c. potential: 20V.
The concentration of the phosphate sample was 20.0 mg ¢"'. The results are
depicted in Figure 7.18. The optimum volume was taken at 80 «(. Even though
the sensitivity was not as high as with the larger volumes, the precision was

much better

7.2.2.5.4 Influence of added electrolyte

During the optimisation of the proposed flow/electrodialysis system, perfect

% RSD
Baly Yead

20 40 60 80 100 120 140

Injection loop volume / 1.0

Figure 7. 18 Influence of injection loop volume on % RSD (A) and peak
area (B).
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conditions availed during the optimisation of each experimental parameter.
Under normal circumstances when analysing real samples, other electrolytes
may also be present in the sample solution. It was therefore of utmost
importance to evaluate the influence of electrolyte concentrations on the
proposed system. Potassium nitrate was added, in different concentrations, to
the sample solution (sample solution phosphate concentration were kept
constant at 30 mg (). All the experimental parameters was kept at the
optimised values. The results are depicted in Figure 7.19. It is clear that
electrolyte does have a large influence on the migration of the phosphate ions.
As can be seen in Figure 7.19, the peak area increased with increasing
electrolyte concentration up to a concentration of 1 mol ¢”". After 1 mol ¢, there
was no further increase in the peak area with increasing electrolyte
concentration. This increase in peak area with increasing electrolyte
concentration was due to the fact the phosphate ion was less hydrated and thus
the effective: radius decreased leading to a smaller viscous drag (implying a
higher migration rate across the membrane, see chapter 3). For real samples,
electrolyte was added to the samples so that the final electrolyte concentration

in the sample was at least 1 mol ¢
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% RSD
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Figure 7.19 The influence of electrolyte concentration on the % RSD (A) and the peak
area (B).

7.2.2.5.5 Interferences

The most common interferences in the determination of phosphate is Si(lV),
Fe(lll), Cu(ll) and arsenate (AsO,*) . [11, 25] What is of interest, was that by
making use of the electrodialyser, all cationic interferences were removed. This

only left us with the arsenate which was not present in the samples that were
analysed.

7.2.2.5.6 Data and calibration of the optimised system

The optimised parameters for the proposed electrodialysis-FI-AAS analyser for

the direct determination of phosphate with the molybdenum blue colour reaction

were as follows:
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- Flow rates of donor and acceptor channel: 0.80 m¢ min™
- Applizd d.c. potential: 20V

- Injection loop volume: 80 !

- Minimum electrolyte concentration: 1 mol ¢!

The performance of the proposed analyser was critically evaluated under the
optimum cecnditions. The calibration graph was linear between 15 and
200 mg (" with a relationship between peak area and phosphate concentration

given by the equation;

y=1.021x + 102.4, 7.4

where y = peak area and x = phosphate ion concentration in mg .

A linear regression coefficient, the variance (r?) of 0.997 (n = 11) was obtained
over this concentration range. The number of runs per hour for the proposed
system was 14. The detection limit was calculated to be 10.27 mg ¢!, and the
sample interaction as 0.0887%. The detection limit and the sample interaction

was determined by making use of equations 7.2 and 7.3 respectively.

7.2.2.5.7 Samples

All samples were prepared in a 1 mol ' KNO, solution. The following samples
were analysed:

Sample 1 Shake ‘n Grow Fern Food

Sample2  Grokon Potplant Food

Sample 3  Wonder 3:2:1 (22)

Sample 4 Wonder African Violet Food

The results are depicted in Table 7.1. The fertilisers were dissolved in the

electrolyte solution. The amount of fertiliser dissolved depended on the
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distributer’s note. The phosphate concentration after preparation was ca 70
mg (. The distributer’s note only indicated the concentration of phosphorus.
It can be seen from table 7.1, that all the concentrations obtained with the
proposed method corresponded very well with the concentrations obtained with
the standard method. For sample 2, it was found that the concentration of
phosphate was far to low. The reason for this might be that the phosphorus was

not in the ortho-phosphate form.

Table 7.1 comparison of samples analysed by the proposed system and a standard

method of analysis for phosphate.

7.3 Conclusions

The direct method completely overshadowed the indirect method of phosphate
analysis. It is very obvious that the direct determination of phosphate is much more
liable for general use than the indirect method of analysis. Very high detection limit for
the indirect method made it very difficult to defend this analysis method. High % RSD
values for such high concentrations were unacceptable. Thus the sensitivity, precision

and the sample throughput of the direct method was much more acceptable. The ease
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of use and compatibility of the direct method was also much better than the indirect

method.

Concerning the direct method, it was proven to be a very effective way for the
determination of phosphate in water solutions. It exhibited a very wide linear response
for the peak area versus concentration of phosphate. For this reason a wide range of
phosphate concentrations could be analysed without prior dilution or pre-concentration

of the sample.

In this Chapter it was also shown that the phosphate ion’s drift speed can be changed
by adding an electrolyte. By the addition of the electrolyte, the drift speed of the
phosphate ion under the influence of the applied d.c. potential increased tremendously
due to the fact that the viscous drag caused by the water molecules which
encapsulated the phosphate ion. The addition of the electrolyte led to the partial
decapsulation of the phosphate ion which led to lower viscous drag and higher drift

speeds and thus also a better percentage dialysis.

By comparing the anions analysed with the electrodialyser, it can be seen that the
phosphate system ‘was far more superior to the chloride system (Chapter 4). The main
reason for this lay in the development of the homemade de-bubbler. As is evident from
the results from Chapter 4, the main problem that hampered the detection of the
chloride was the gaiseous products that were produced at the anode. For this reason
it was not possible to work at optimum flow rates for the chloride as was the case with

the phosphate.
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Chapter 8

Conclusions

As was indicated in Chapter 1, there is an ever increasing demand for better accuracy,
lower detection limits, higher sample throughput and the need for automation. Flow
injection analysis (FIA) lend itself perfectly to the fulfilment of these demands due to its
versatility. FIA were used extensively with a variety of different detectors to fulfil some
of the abovementioned requirements. To further improve the performance of FIA it was
used in tandem with numerous sample modifying methods. Modifying in the sense of
preconcentration, dilution, derivitisations, conversions and sample cleanup so that the
detector is able to respond accurately in an acceptable response time. One of these
in tandem methods was the use of a dialyser equipped with a passive neutral
membrane. This FlA/dialysis tandem system was applied very successfully in
automated sample dilution and cleanup systems. Dialysis, however, was found to be
a very slow process which gave rise to unacceptably high detection limits. This then
led to a tremendous decrease in the applications of passive dialysis systems in tandem
with FIA. Since passive dialysis were so easily incorporated into FIA systems, means
of circumventing the massive dilution factor, accompanied with passive dialysis, had

to be found without reducing the extent of its advantages.

The proposed system kept the dialyser intact and only introduced electrodes in the
donor and acceptor channel respectively. By applying a d.c. electrical potential across
the membrane then increased the movement of ions from the donor to the acceptor
channel. The reasons for the increase in the percentage dialysis from the passive

dialyser to the electrodialyser were two fold.

The first reason was the increased concentration on the donor side of the passive
membrane (in the case of the electrodialyser. This was due to the migration of ions

under the influence of the applied d.c. electrical potential from the bulk of the donor
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channel to the surface of the membrane (donor side). The ions accumulated as a thin,
highly concentrated analyte layer which of course gave rise to a higher concentration
gradient for diffusion across the membrane. In the case of the passive dialyser, the
concentration gradient across the membrane was only due to the concentration of the
analyte in the sample bolus. Thus the electrodialyser acted as a preconcentration
method of the analyte in the acceptor stream which led to a higher concentration

gradient across the membrane.

The second reason was the increased movement of ions across the membrane. The
movement of ions across the membrane took place due to not only one force, but to two
separate forces. The first force for the transport across the passive membrane was the
concentration gradient whereas the second force was the electrical potential applied

across the membrane.

It was found that the percentage dialysis increased from ca 7% in passive dialysis to
over 90% in some applications (the proposed electrodialysis system). The dilution
factor was reduced to a large extent. In the electrodialysis system it was possible to
introduce controllable dilution without changing the surface area of the membrane.
This was accomplished by changing the applied d.c. electrical potential to suit the

specific need.

The advantage in the passive dialysis system of sample cleanup was retained in the
proposed electrodialysis system. It was found that the electrodialyser was capable of
discriminating against opposite charge (opposite in charge to the analyte) and neutral
interferences. Interferences of opposite charge to the analyte migrated away from the
membrane and were then kept in the donor channel. The interference from neutral
species were diminished to a very large extent. Since the neutral species did not
migrate under the influence of the applied d.c. electrical potential, the transfer of these
species to the acceptor channel were minimal. Even though some neutral species

could have diffuse to the acceptor channel due to the concentration gradient, the
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transfer of analyte ions was far more superior to the transfer of neutral interfering

species.

Comparison of the passive dialysis system to that of the electrodialysis system can be
taken a step further. In passive dialysis, preconcentration of the analyte can be done
only outside the dialyser unit. On the other hand, in the case of the electrodialyser, it
was possible to preconcentrate the analyte in the dialyser unit itself. (The
electrodialyser unit could thus be used as an analyte preconcentration tool). The
reduction of a metal analyte ion made it possible to preconcentrate the analyte on the
cathode in the acceptor channel. This led to a tremendous decrease in the detection

limit of the system in which it was possible to reduce the metal analyte cation.

Unfortunately we are not living in the perfect world. Many problems arose with the
development of the electrodialyser system, many of which we were able to reduce to

certain extents.

The introduction of the electrodialyser unit into the FIA system was very troublesome.
Tremendous problems were experienced with the initial development of the
electrodialyser unit and the initial introduction thereof into the FIA system. Choices
were to be made of types of electrode- and electrodialyser unit materials. Experiments
were done on the physical dimensions of the electrodialyser unit. Changing and fitting
of the membranes and the cleaning of the electrodialyser unit took very long periods
of time. Due to reactions that took place at the electrodes during analysis, erosion of
the electrodes took place. Small particles of the electrodes led to blockages of the FIA
system and sometimes also interfered in the detector. The blockage problem forced
the use of larger than necessary couplings to the electrodialyser unit which led to

increased dispersion.

One of the first problems encountered was in the use of electrochemical detectors with

the electrodialyser unit. The use of electrochemical detectors showed very poor
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results. No matter how well the electrodialyser unit was grounded, interferences
occurred in these type of detectors. Low precision and large baseline drift was
experienced. This reduced the versatility of the FlA/electrodialysis system to a large

extent.

Another problem encountered was the formation of gaseous products at the electrode
in the acceptor channel. These gaseous products caused major problems in the
UV/Vis spectrophotometric detectors and to a lesser extent in the Flame atomic
absorption spectrometer. This necessitéted for higher than optimum flow rates in the
dialyser unit which led to higher dilution of the dialysate in the acceptor channel, lower
mass transfer rates and in the long run higher detection limits and a poor precision.
Even though the homemade de-bubbler used, removed much of the gaseous products,
it did not solve the problem completely. The de-bubbler had a slow-moving stream
area (to allow the gas bubbles to separate from the liquid) which i.ncreased the dead

volume and of course led to an increased dispersion.

In conclusion one can make the following comments: The newly developed
electrodialysis system can be introduced into a laboratory for routine analysis. Full
advantage must be taken of its superior application ( superior to passive dialysis) in FIA
systems. Care must however be taken to minimise factors leading to dispersion of
analyte samples. Time must also be allowed for the development of each individual

application.
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