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Synopsis

Process Analytical Science (PAS) is a rapidly developing sub-discipline of Analytical
Science. Tried and tested analytical principles are applied in modified instrumental
architectures that enable the real-time monitoring of key process constituents.
Process. Analyzers are becoming vital and valuable components of sophisticated
distributed control strategies. Their acceptance and usefulness is resulting in ever
increasing demands on the process analysis researcher. Chemical sensors, first
believed to be the ultimate solution for the process controller; have not enjoyed the
wide spread application initially predicted. Their long term reliability has not
materialized in all but a few cases. An intermediate or alternative approach is
required which will incorporate the conceptual simplicity and size of sensors and the

predictable and controlled environment of well established flow-based sample
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manipulation procedures such as flow-injection analysis (FIA) and the various

branches of chromatography.

This study describes the development of such a technique which has been called
Sequential-injection Analysis (SIA). The theoretical basis on which the technique is
founded is outlined together with the progression of thinking which lead to its
conceptualisation. [ts successful implementation depends entirely on microprocessor

controlled flow programming. The development of a device control and data
acquisition package was mandatory and is described. The study then focuses on

establishing the operational parameters affecting the design of a SIA manifold.

Having established the manifold design principles, SIA is evaluated as an approach
to sample manipulation. The wet chemical unit operation of trace enrichment is
applied to SIA. Although the use of SIA for many traditional FIA applications is
envisaged, the use of SIA principles with chemical sensors as the means of detection
is seen as the uitimate application of this flow-based analytical technique. Some
would be so bold as to claim that it is possibly the basis of successful
implementation of chemical sensors. Its usefulness and advantages over FIA in such
an application is demonstrated. The hardware requirements for the future optimum
development of this approach to process analysis as well as some future areas of

work conclude the study.
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Samevatting

Die wetenskap van prosesanalise is ’'n snelontwikkelende subdissipline van die
Analitiese Wetenskap. Beproefde analitiese beginsels word aangewend in gewysigde
instrumentasie wat die monitering van hoof prosesbestanddele in re€le tyd moontlik
maak. Prosesanaliseerders word steeds belangriker en waardevoller komponente in
gesofistikeerde verspreide-beheer strategie€. Hulle aanvaarding en nuttigheid bring
eskalerende eise mee vir die prosesanalitiesenavorser. Chemiese sensors wat eers
beskou is as die eindoplossing vir prosesbeheer, geniet nie die wydverspreide
toepassing wat oorsproﬁklik voorspel is nie omdat hulle langtermyn betroubaarheid
net in 'n paar gevalle bewys is. ’n Tussentydse of alternatiewe benadering, wat die
konseptuele eenvoud en grootte van die sensors kombineer met die voorspelbare en
beheerde milieu van goed gevestigde vloeigebaseerde monsterhanteringsprosedures,

soos vloei-inspuitanalise (VIA) en chromatografie, word benodig.
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Hierdie studie beskryf die ontwikkeling van so ’n tegniek wat sekwensi€le-

inspuitanalise (SIA) genoem word. Die teoretiese basis waarop die tegniek berus,
word geskets saam met die vooruitgang in denke wat gelei het tot sy totstandkoming.

Die suksesvolle implementering van die tegniek maak volkome staat op vloeibeheer

deur midel van 'n mikroverwerker. Die ontwikkeling van 'n apparaatbeheer- en
dataverkrygingsprogram was daarom noodsaaklik en word beskryf. Daarna fokus die

studie op die bepaling van bedryfsparameters wat die ontwerp van 'n SIA

vioeisisteem beinvioed.

Nadat die ontwerpbeginsels vir die vloeisisteem vasgestel is, word SIA geévalueer as
‘n benadering tot monster-manipulasie. Spoorverryking as eenheidsbewerking word
aangewend ten opsigte van SIA. Al word die gebruik van SIA beoog vir sommige
tradisionele VIA aanwendings, word die gebruik van SIA beginsels met chemiese
sensors as metingswyse beskou as die uiteindelike aanwending van hierdie vloei-
gebaseerde analitiese tegniek. Sommige sal hulle verstout om te sé dat dit moontlik
die basis vir die suksesvolle implementering van chemiese sensors is. Die nut en
voordele bo VIA in so 'n aanwending word aangetoon. Die studie word afgesluit
met die hardeware behoeftes vir die toekomstige optimum ontwikkeling van hierdie

benadering tot prosesanalise, en ’n aantal toekomstige studievelde.

v
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Chapter 1

Evolution of Sequential-Injection Analysis

1.1 FLOW-BASED ANALYSIS FOR PROCESS ANALYSIS

Process Analysis is a branch of Analytical Science, established in the 1950s in the

petrochemical industry, which has enjoyed considerable interest and growth in recent

years. This has manifested itself in several areas. Notably:

In 1982 the Centre for Process Analysis (CPAC) was established as a joint

industry / university venture with start up funding from the National Science

Foundation (NSF). The aim of this venture was to stimulate research and

technology transfer between academia and industry in the field of Process
Analytical Chemistry

In 1992, the journal Process Control and Quality was established to provide an
outlet for technical papers, review articles, and case studies in the field of Process
Analysis. |

Clevett, a renowned Process Analysis consultant and editor of the above
mentioned journal, published a book entitled "Process Analyzer Technology"
(John Wiley and Sons‘, New York, 1986) which is fast becoming a reference book

for this emerging field.
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In 1994, the third international symposium on Process Analysis, Anatech will be
held in Europe. The preceding two symposia were held in Europe (1990) and the
United States (1992). In each case, delegates form all over the world listened to
papers from authors originating on all five continents.

Major corporations have established research programmes focused specifically at
the development of technology in this field.

Several international instrument manufacturers have established programmes to
develop instrumentation for the field.

Several small groups focused on the research, development, and technology
transfer in this field have begun to appear in most industrialized countries.

In Séuth Africa, we have noticed an increased awareness in industry of the
benefits of Process Analysis. Instrument suppliers are adding Process Analyzers
to their product range.

At Mintek, the decision was taken in 1992 to establish a Process Analytical
Science research group. The aims of this group are to develop technology and
instrumentation for Process Analysis in the metallurgical and associated chemical

industries both locally and internationally.

From this we can see that Process Analysis is grounded on a strong research base. This

base stretches across disciplines involving various analytical techniques, associated

fields of engineering, and computational science.

One technique that has enjoyed attention in many of the avenues mentioned above is

the field of flow-based analysis. At CPAC, the Flow-injection Analysis (FIA) group is
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highly successful and has, through a stimulating visiting researcher programme, had an
impact on groups right around the world. In fact it was during a year long visit by the
author to CPAC at the University of Washington that Sequential-injection Analysis
(SIA) had its origin. The evolution of this technique from its roots in FIA is an
interesting discussion and serves to illustrate the relationship between SIA and other

flow-based analysis techniques. It will become clear from this discussion that FIA and

SIA share many theoretical elements, instrumentation, and applications. It will also
show what additional avenues and benefits have been realized by adopting this novel

approach to flow-based analysis.

This discussion will begin by examining the origin, theory, and instrumentation of FIA.
As this is developed, common elements which affect SIA will be highlighted. The
discussion will then turn to gaining an understanding of the implementation of flow-
based analysis in process analysis. This discussion will highlight the need for certain
refinements to the then existing flow-based methods of analysis, that eventually led to
the development of SIA. Having defined SIA, some of the major areas of research
requiring attention in this new field of endeavour will be identified. These areas form

the basis of this study.
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aim to make radical changes to the conventions which have become accepted through

wide spread use.

Some debate also follows when variations of an existing technique are proposed and
then given a new name. One example of this is the approach which has been termed
reversed Flow-injection Analysis (rFIA) where the reagent is injected into a

continuously flowing sample stream. Is this a new technique or simply a flavour of the
existing technique? Arguments for both sides are equally convincing. It is the opinion
of this author that heated debate on these subjects is counter productive and diverts
attention from the natural growth and development of the field of study. Rather this
energy should be channelled into proclaiming and investigating the benefits of the latest

development.

This investigation reports on an interesting and potentially powerful development in the
field of flow-based analysis. No space will be allocated to debating whether this
development represents a fundamental advancement of the field to the point of
justifying a new name or whether it is simply a variation on the existing technology.
Rather it will be taken as a fait accompli and the potential that this new approach opens
and the possibility for further development of the field that it unleashes will be
highlighted. As further work is conducted in the field, the advantages that the new

approach offers will determine whether the new terminology remains or disappears.
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For convenience, sample dispersion has been defined as limited (D = 1-3), medium
(D = 3-10), and large (D >10). Flow-injection systems designed accordingly have been
used to achieve a number of different sample manipulation unit operations. Zagatto et

al’ pointed out that in confluence systems, these parameters should be re-evaluated.

Zagatto et al® proposed a generalized parameter, volumetric fraction, to describe the

composition of specific element of fluid after a dispersion process. They defined
volumetric fraction X, ,,, where s is the solution considered, ¢ is a temporal coordinate,
and k is a spatial coordinate. X without subscripts refers to the volumetric fraction of
the sample at the time corresponding to peak maximum at the detector. This parameter

offers the possibility of evaluating more complex manifolds.

Although Ruzicka and Hansen always recognized the limitations of their approach to
theoretical modelling with respect to the influence of chemical reactions’, it was not
until 1981 that the kinetic implications of a chemical reaction were included in

theoretical models by Pardue and Fields*®, and Painton and Mottola*!".

Betteridge et al.”” took a different approach by developing a model which operates on
individual molecules. The so-called Random walk model was chosen because it is well
suited to investigating sample size, chemical kinetics, and the combination of reaction
rate and physical dispersion. This model successfully predicted many observations
made with real flow-injection systems. For example, peak height decreases

exponentially with time when no chemical reaction is occurring, and high flow rates

11
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to instrument vendors. Such vendors can afford to offer a versatile and thoroughly

debugged system which is configurable to meet individual requirements.

Also in the early development of SIA, hardware (specifically the pump) had a negative
impact on progress. While the sinusoidal flow syringe pump was suitable for

demonstrating the principle, the sinusoidal flow pattern complicated operation of the

analyzer. Several investigators reverted to the use of peristaltic pumps. Considering
that SIA was developed specifically (though not exclusively) with the process
environment in mind and peristaltic pumps are not ideally suited to the process
environment, this is a step backwards rather than an advancement. The specification for

ideal SIA instrumentation is set out in paragraph 1.6.5.
1.4 FLOW-BASED ANALYSIS FOR PROCESS ANALYSIS
1.4.1  Automated Wet Chemical Analysis

Automation in the laboratory environment received a considerable boost with the
introduction of FIA by Ruzicka and Hansen in 1975'. This approach to sample
manipulation gained world-wide popularity in both industrialized and developing
countries. Instrumentation costs were small compared to many other methodologies,
and the assembly of flow-injection manifolds from components borrowed from
chromatographers or machined by in-house machine shops meant that even laboratories

with a limited budget could participate.
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It was the wet chemical laboratory which benefitted most from the power and versatility
of FIA. The classical literature was scoured for suitable wet-chemical procedures that
could be implemented in flow-injection manifolds. Separation, trace enrichment,
dilution, and many other typical unit operations carried out in a wet chemical laboratory
were adapted for use in flow-injection manifolds. Colorimetric, electrochemical, and

other detectors were equipped with suitable flow cells and incorporated into manifolds.

Many classical methods of analysis, which over the years had been replaced by
instrumental techniques such as atomic-absorption spectrophotometry, obtained a new
lease on life. Also, methods which had been discarded because it was difficult to
ensure reproducible handling of a sample or which made use of unstable reagents that
could be prepared in situ, could again be explored in the controlled environment of a
flow-injection manifold. Electrochemists, beginning to feel the impact of sensitive
instrumental techniques, found new avenues opening to them as flow-injection provided
them with novel options in the manipulation of samples prior to electrochemical

detection.

FIA was not just a curiosity for the researcher. Rather there is a growing trend to
replace the tedium of manual sample manipulation in service laboratories with flow-
injection analyzers fed by autosamplers. A dramatic new approach to wet-chemical

analysis is emerging®’.

Part of the reason for its growing popularity is evident when examining the steps

required to develop a flow-injection method (Figure 2). When confronted with a
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existing wet chemical .
Figure 3: Application development flow diagram

method is suitable.

’ If not, search the literature for a suitable measurement chemistry.
. If none, can be found develop a chemistry from scratch.
° Identify the unit operation which together form the method. In this regard, a

proven battery of flow-injection unit operations, and flow-injection components

such as dialysis units, phase separators, flow-through stirrers, etc. is of great

assistance.
. Design an FIA manifold that will achieve the desired sample manipulation.
. Test the methodology in the flow-injection manifold. Pay special attention to the

optimization of manifold parameters and reagent concentrations, and interferences.
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from the chromatographer despite significant difference in operating conditions, notably

pressure.

While the absence of versatile commercial systems can usually be tolerated in the
laboratory, in the process environment it has severely limited the wide spread
application of FIA as a process analyzer technique. Only organizations with large

research departments and budgets can afford to develop their own in-house flow-

injection process analyzers.

Instrument suppliers seeking to address this need should heed the following guiding

specifications.
1.4.4.1 Sampling system

Generally, sampling systems are developed to meet the requirements of the particular

process being monitored. The following desirable options should be provided for:

. The sample may have to be pumped out of the process.
. The sample may have to pass through a polishing filter.
. For high value or toxic sample there should be a provision to return unused

sample to the process.

. The ability to monitor multiple streams should be incorporated.
. In some cases it may be 'necessary to carry out some form of sample conditioning,
e.g. cooling.
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*  Maintenance requirements should be kept to a minimum and should be
conveniently undertaken.

*  Some form of self diagnosis should be considered.

*  High dissolved solids and particulate material must be handled in an unattended

fashion for extended periods of time.

1442 Calibration

Most detectors used in flow-based analysis require regular calibration. The mechanical
system used should be as simple as possible, probably dependant on a multi-position
selection valve. Of greater importance, the calibration algorithms and strategies require
careful thought and attention. Some options which should be handled by the controlling

software include the ability to:

. Intersperse calibration measurements with sample measurements.

° Average replicate measurements after sensible outlier rejection.

. Select the number of calibrants.

. Apply one of several curve fitting algorithms and even multi-variable calibration

techniques. This option will become more important as there is a move towards
multi-element techniques based on detector arrays.

. Periodically check the validity of the calibration.

. Waive calibration if the previous calibration is still valid.
° Include statistical measures to establish the goodness of fit of the calibration
curve.
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29,30

flow™", These two techniques address the above mentioned disadvantages in most

instances and raise questions around the requirement for monotonous flow.

It is apparent that the only reason why this mode of thinking has become entrenched is
due to the dominance of linear, preferably constant, and forward flow in the theory of

FIA. The convenience of being able to inject the sample into the continuously flowing

carrier stream at any time has had a strong influence on the development of FIA and its

supporting theory.

Rios et al’’ and Toei*® were the first to deviate from this approach. They demonstrated
in experiments where the flow rate was varied (positive or negative ramp), that as long
as the injection is synchronized with the start of the flow change cycie, reproducible
results can be obtained. This observation holds important implications for addressing

some of the limitations experienced with systems based on monotonous flow.
1.5.2  The Random Walk Model

A theoretical description of the zone dispersion process in the analyzer tubing is a
central issue in flow-based techniques. As dispersion is a random process, the random
walk model can be used to describe it. Einstein used the random walk model to explain
Brownian motion®. He showed that a group of molecules taking a series of random
steps will finally reach a Gausian distribution around the origin, the spread being

determined by the number of steps and the mean size of each step. For a molecule
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It is not unreasonable to envisage an instrumental arrangement that presents process
solutions, after suitable physical modification, to an array of sparingly selective sensors.
The responses from these sensors would then be manipulated to yield selective
information on critical plant constituents. Such an approach offers some hope for the
wide scale utilization of chemical sensors as it offers a means of overcoming existing
limitations in the areas of calibration, reagent renewal, sensor lifetime, and sensor

diagnostics.
1.5.4  Instrumental Layout

The instrumentation used in SIA is quite similar to that used by FIA and includes a
pump, selection valve, reaction coils, and a detector equipped with a flow-through cell.
Components are linked with narrow-bore teflon tubing and one of several connector
types. Several arrangements of these components have been used. Initially the detector
was placed between the pump and selection valve (see Figure 4). Later this
arrangement was altered to place the detector in one of the arms of the selection valve.
The reason for this will be discussed in a subsequent chapter. Also some workers have
used a peristaltic pump or micro volume piston pump called a Tecuria pump

(Figure 4c). The advantages and implications of this approach will also be discussed

in a subsequent chapter.

Each measurement starts by drawing wash solution into the manifold. This solution

flushes the reaction products from the manifold at the end of the experiment. The
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selection valve is then advanced and successive aliquots of sample and reagent solution
are drawn into the manifold. In the manifold the resultant stack of reagents and sample
are transported (with oscillation or stopped flow, if required) through a reaction coil to
the detector by reversing the flow of the pump. As the detectable species passes
through the detector flow cell, the signal is registered and can then be related to

concentration using normal calibration procedures.

1.6 RESEARCH REQUIREMENTS FOR SEQUENTIAL-INJECTION ANALYSIS

Once the initial concept of SIA had been demonstrated®’, several areas of research

became apparenf and form the body of this study.
1.6.1  Device Control and Data Acquisition

The effective and reliable use of flow programming implies the requirement for a
highly reproducible means of generating the flow programme. While early FIA
analyzers were often manually operated and data acquisition and display was typically
achieved by means of a chart recorder, this is clearly not adequate in SIA. SIA relies
implicitly én flow programming for the determination of volumes of reagents and
samples. Where a non-linear flow rate profile is used the need to synchronize the start

of an experiment with a specific instant in the flow cycle is of paramount importance.
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Volumes in SIA are frequently determined by the time that a particular stream is
selected or on the number of strokes a pump executes. Control of such parameters is
best achieved under micro processor control. Also in the research environment, the

ability to alter the sequencing order and relative volumes is most important and should

be executed conveniently.

Data acquisition from one or more detectors and subsequent manipulation of the data is
also best achieved electronically. Subsequent examination of the data and the execution
of various diagnostic procedures requires data to be in an electronic format, (typically

as an ASCI] file).

These specifications were used as a starting point for the design of a PC-based device

control and data acquisition package called FlowTEK™.
1.6.2  Manifold Design Principles

Although meaningful results were obtained using the initial manifold design, that
manifold was clearly in no ways optimized. Workers at the University of Washington
and Mintek investigated basic manifold design principles. Parameters that were
investigated included flow reversal, sample and reagent volumes, and factors that had a
direct bearing on the degree of zone penetration. Whereas dispersion proved to be a
key parameter in the description of flow-injection manifolds, zone penetration is a more

important parameter in SIA. It is interesting to note that many of the principles
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established in this study are directly applicable in flow-injection manifolds that make

use of double injection techniques to achieve a stack of well defined sample and reagent

Z0ones.

This investigation also began to highlight some of the important considerations for

suitable devices such as pumps, selection valves, and flow-through detector cells.

1.6.3  Application to Measurement Problems

Having examined the principles of good manifold design, the developed theories must
be tested with some real applications. Trace enrichment and separation using sorbent
extraction was selected as interesting typical sample manipulations that an SIA system

would have to tackle. The suitability of SIA for this application is demonstrated.
1.6.4  Sensor Injection

SIA will doubtless find application in certain specific areas, particularly in the field of
process analysis. In fact already, Shell Development Company makes use of SIA to
monitor pH. Its true application though will probably be as a front end to sensors. To
date sensors have been notoriously unreliable. Already in the biochemical field,
analysts are requiring sensors to be part of tlow-injection manifolds particularly when

operated in the process environment. SIA offers a more versatile sample manipulation
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strategy for chemical sensors than does FIA. This is demonstrated by investigating a

cyanide selective sensor and its operation in an SIA manifold.
1.6.5  Design Criteria for Instrumentation

As is the case for FIA, SIA instrumentation is generally borrowed from

chromatographers or built from scratch in precision machine shops. One company in
the United States advertises itself as being a supplier of components for FIA and SIA.
This represents a significant step forward for the technique and heralds the wide
acceptance of the technology by a broad spectrum of users. Nevertheless, catalogues
are still thin in this area and the following specification are an attempt to set out some
important requirements for future commercial components and SIA systems. The
similarity to specifications for similar devices for flow-injection process analyzers is

quite evident.
1.6.5.1 Pump

. The flow rate must be highly reproducible and reliable. Continuous maintenance
free operation for periods of weeks is necessary for process applications.

. Reméte control via TTL or switch contacts should enable immediate stop, start,
forward, and reverse pump actions. Pump inertia should be negligible. The

ability to control the pump speed via an analog input is seen as a desirable though
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not essential option. In this regard, the option of having either a high or normal
pump speed may be adequate.

Flow rates of between 0.5 and 10 cm’.min™ are seen as being optimal.

Pump pulsing should be kept to a minimum.

All wetted parts resistant to a broad range of solvents and acids. It is unlikely

that a single material would be able to satisfy all requirements for inertness and

therefore two or three options should be available. While this is an important
criteria, it is not as critical as for FIA as by far the majority of time, only the
wash solution will be in contact with pump components.

The pump should not be adversely affected if it runs dry. It should also be self
priming.

Connection to typical 0.5 mm, 0.8 mm, and 1.5 mm i.d. tubing should be by
means of standard fittings

Power requirements should be low enabling the pump to be incorporated in
portable systems. It would be desirable to offer a 12 V version.

An intrinsically safe option would be required for certain applications.

Physical size should be kept as small as possible.
1.6.5.2 Selection Valve

Continuous maintenance free operation for periods of weeks is necessary for
process applications.

Flow paths should have a minimal effect on dispersion.
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Table I
Minimum specifications for FlowTEK interface board

(satisfied by the PC-30B and ADA 2200 interface boards)

Analog input channels 4 single ended (12 unused by the program)
12-bit resolution
Input range (0 to 10 V)

Input impedance (>100 kQ/100 p)

Acquisition rate (3x10" sec™ variable)

Digital 1/O 24 in 3 ports programmable as Input or Output
TTL compatible

Required power 100 mA at + 5V

PC connection Uses a fully bussed full length 8-bit slot of an

80x86 computer

2.2.3  Distribuiion board

A distribution bo