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ABSTRACT

DESIGN AND CONSTRUCTION OF A MULTICHANNEL DETECTOR
FOR FLOW INJECTION ANALYSIS

By

Edwin Josué Castellanos

A novel flow-through photometer suited for Flow Injection Analysis
was constructed and tested. The new detector features a multichannel
parallel design especially suited for multideterminations in flowing
systems. The simple photometer uses an LED as light source to avoid
the need for a wavelength selection device. A reference photodiode in a
feedback loop controls the forward current for the LED, assuring a
constant level of light. The observation cell in every channel is
constructed of Delrin and Kel-F and every component is removable.

The figures of merit for the new photometer are determined by the
type of LED used in a given determnination. In the present thesis, the
detector was used in the enzymatic determination of sugars in food
samples using the leucomalachite green-HoOo detection reaction. The
calibration curves were linear up to absorbances of 0.9. The deviation
from linearity was mainly caused by a polychromatic light effect. The
sensitivity of the detector to variations in the flowing liquid limited the
precision of the measurements. Still, the results were satisfactory when

the new detector was used in the glucose determination in apple juice.
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INTRODUCTION

Analytical chemists are always in the search of simple instruments
that can replace tedious manual methods or long instrumental
determinations and perform in a faster and more reliable way. Flow
Injection Analysis (FIA) has proven to be very effective in this sense,
making the handling of liquid samples an easier task.

The determination of sugars in food samples is an example of an
analytical procedure that is not always suited to the changes and needs
of modern industry. The official method of analysis dictated by the
Association of Analytical Chemists is a non-selective volumetric method
that can only determine the total amount of sugars present [1] but not
the individual concentrations of specific sugars. To accomplish the
latter, the use of High Performance Liquid Chromatography (HPLC) is
recommended, a procedure which can be very elaborate and time
consuming.

The work presented in this thesis is part of a larger research
project in Dr. Crouch's group which aims at the construction of a novel
analyzer for sugars in food samples based on immobilized enzymes and
FIA principles. The system will provide a fast and simple way of
determining up to six nutritionally important sugars in food samples
with complex matrices without prior separations. Work on the project
has been going on for several years already, with various researchers
focusing on different aspects, such as immobilization processes, sample
preparation, and construction of the FIA manifold [2-6].

1
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My part in the project was to construct a simple and inexpensive
detector with a parallel design; that is, a detector able to monitor six
different flowing streams simultaneously. The determinations are based
on photometric measurements using LED's as light sources.

A goal of the research was to build a detector suited to the needs of
the sugars analyzer but applicable also to a FIA system in general.

The sequence of the chapters follows the way the project was
completed. The first chapter reviews the work done in the area by other
researchers, whose ideas gave origin to my project. In the second
chapter, the detector is presented as part of the complete sugars analyzer
to show how the characteristics of the final instrument influence the
requirements for the detector. Then, in the third chapter, a more
detailed description of the detector is included beginning with the design
process of the flow-cell. This chapter ends with a discussion of the
detector electronics. Chapter IV presents the experiments performed in
order to fully characterize the new detector and to compare it to the one
currently in use. The thesis ends in Chapter V with conclusions and
recommendations concerning how to attain an optimum performance

from the detector.
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CHAPTER 1
PHOTOMETRIC DETECTORS FOR FLOW INJECTION ANALYSIS

One of the most attractive characteristics about FIA is the
simplicity of the instrumentation needed. Much effort has gone into
keeping the system simple, including the detector. A simple photometer
with a LED as the light source has provided excellent results for this
purpose. This chapter reviews the work done to construct such flow-
through photometers, wofk that was used to develop the ideas for the
six-channel detector described in this thesis. A brief presentation of FIA
and its many applications with different analytical techniques precedes
the review as a means of introduction. The chapter concludes with a
discussion of the different possibilities in FIA for a multidetermination of
analytes in a sample.

A. FLOW INJECTION ANALYSIS AND ITS USE WITH OTHER

TECHNIQUES

Flow Injection Analysis (FIA) has developed throughout the past
decade as an important method of analysis due to its versatility and
simplicity [7,8]. The basic components of a FIA system (pump, injection
valve, reaction coil, and detector) can be arranged in many different ways
to adapt to applications in such varied fields as agriculture,
biochemistry, food science, and clinical chemistry, to name but a few.

3
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4
Many review articles in the different areas of application are available in
the literature as well as three monographs [7-14]. The reader is referred
to those sources for a comprehensive description of the available
methodology.

As noted by Poppe [15], the definition of a detection system in FIA
can be ambiguous. In many cases the FIA system is much simpler than
the detection system, so that it is no longer valid to talk of a detector for
FIA; rather, it is more accurate to say that the FIA apparatus serves as a
sample introduction system for the more complex instrument. It also
happens, with techniques such as HPLC, that the detection device is the
whole flow injection system itself, with the sample being delivered by the
chromatographic separation unit instead of being injected [16]. In any
case, FIA systems have made easier the task of sample handling before a
final instrumental measurement.

FIA has been used in conjunction with a variety of detectors and
analytical techniques. It would be impossible in the short space of this
work to review even briefly the different methods that may be used in
FIA. Just to give an idea, the monograph by Ruzicka and Hansen (7]
lists seventeen spectrometric methods, eight electrochemical methods,
nine separation methods, eleven gradient techniques, kinetic methods
(enzymatic and non-enzymatic), plus a variety of less common
techniques such as enthalpimetry and viscosimetry.

Spectrophotometry is by far the most widely used detection
technique, employed in more than 40% of the published papers [7]. A
reason for this is the fact that spectrophotometry is the most common
analytical technique, so there are methods available to determine almost
any type of analyte. Also, it is very easy to adapt a spectrophotometer to
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a FIA system provided that its optical components produce a light beam
small enough in diameter to be sent through flow cells of small
apertures. A flow cell of the Hellma type is commonly used, but the so-
called Z cell is also very well-suited [7].

Two optical techniques that are gaining popularity in the FIA field
are atomic absorption (AAS) and inductively coupled plasma
spectrometry (ICP). FIA has proven to be an excellent injection system
for these instruments, increasing their sensitivity over 100 times [17,18].

Apart from the optical techniques, electrochemical methods have
also been coupled with success to FIA systems, and research is directed
now to the miniaturization of electro-sensors and the use of ion-selective

field effect transistors (ISFET's) [19].

B. LED-BASED FLOW-THROUGH PHOTOMETRIC DETECTORS

In a conventional design of a FIA system using spectrophotometric
detection, the flowing stream with the sample has to be taken back and
forth from the FIA manifold into the spectrophotometer adapted with a
flow-through cell. Conceptually, it is better to introduce the detector into
the manifold system rather than to pump the carrier stream into the
detector, thus avoiding extra tubing and higher dispersion. If the use of
a spectrophotometer is necessary, this can be accomplished by using
fiber optics to transport the light to the manifold [20].

In many cases, though, a full spectrophotometer is not needed. If
the FIA system is to be used only on a specific chemical determination,
the wavelength selection capability of a spectrophotometer becomes
superfluous, and the measurements can be made with a simple

photometer. If a light source with a narrow emission band is used, a
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filter to isolate a given wavelength is not needed, which simplifies the
photometer even further.

A light emitting diode (LED) emits light with a bandwidth ranging
from 20 to 50 nm which is monochromatic enough for the purposes of
most FIA determinations. A photometric measurement in the visible
region can thus be carried out using the LED as the light source and a
photodiode or phototransistor as the light detector.

The replacement of the tungsten lamp by a LED for photometric
determinations in the visible region is nowadays more feasible with the
commercial availability of ultra-bright LED's. This special type of LED
can reach luminous intensities as high as 5 candelas (about 1000 times
brighter than normal LED's). The brightest LED's available emit at 660
nm, the natural wavelength of emission for the Gallium Phosphide pn
junction. Doped Gallium Phosphide LED's are available at lower
wavelengths and lower brightnesses, typically of 0.3 candelas [21].

An advantage of LED's over conventional tungsten lamps is their
low power consumption. LED's typically dissipate 75 mW, compared to 3
to 5 W for miniature tungsten lamps. Despite using considerably less
power, LED's can still attain high luminous intensities due to narrow
bands of emission and high luminous efficacies.

The first applications of LED-based photometers for analytical
purposes were to static systems [22,23]. Betteridge et al. [24] applied the
idea to design a flow-through LED-based photometric detector for FIA.
The detector was extremely simple and inexpensive, having the LED and
phototransistor glued in a block of plastic with holes drilled in it to form
the flow-cell. Despite its simplicity, the detector proved to have an
adequate level of sensitivity and detection limit.



7

Sly and co-workers [25], from the Betteridge laboratories, improved
the original detector by designing a more flexible circuit that allowed
different gains and LED currents, and by placing the LED and
phototransistor perpendicular to the flowing stream and outside the
carrying tube. The detector showed better resolution, but higher
detection limits. The sensitivity was maintained by the improved
amplification circuit.

A variation of this principle was implemented by Hooley and Dessy
[26] in a system with a multi-LED detector for kinetic studies in flow
systems. They combined the ideas of Sly [24] and Anfilt [23] et al. to
construct a detector with the light path perpendicular to the flowing
stream, and with improved circuitry: the light source was modulated to
reduce the effects of ambient light, and a reference photodiode was
added in a feedback loop to monitor the light from the LED and keep its
intensity constant. A total of eight detection heads were used to monitor
the reaction mixture at different positions along the manifold.

Still another modification to the original detector of Betteridge et
al. was made by Trojanowicz et al. [27]. The detector built by this group
had removable holders for the LED and the photodiode, making their
replacement an easy task. This is an important feature since different
LED's have to be used for different determinations.

C. MULTIDETERMINATION AND MULTIDETECTION
The flexibility of a FIA system offers the choice of several solutions
for a given problem. A good example is found in multideterminations
(the determination of two or more analytes in a sample) such as
determining six sugars in food samples. The first decision is whether the
analysis will be sequential, determining n analytes from n sequential
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injections of the same sample, or simultaneous, doing the entire analysis
from a single injection. The simultaneous choice calls for multidetection.

Multidetection, as defined by Luque de Castro and Valcarcel [28],
refers to obtaining two or more signals from a single injected sample. To
accomplish this, the options are several [29,30); a summary of them is
presented in Figure 1-1. From the study of Figure 1-1 and from the
preceding discussion, it can be deduced that a multidetermination can
be achieved by multidetection, but multidetection does not necessarily
produce a multidetermination. An example of the second situation is
found in the use of FIA for kinetic studies, where several signals at
different times are obtained from the same chemical system.

Figure 1-2 shows examples of FIA manifolds to obtain sequential
multidetection. The arrangement of several detectors in series (Figure 1-
2 c) is most adequate for kinetic measurements. For other types of
measurements, the choice of a single detector (Figure 1-2 a,b) or several
detectors in parallel (Figure 1-2 d.e) depends on the nature of the
chemical composition of the individual channels. If the systems are
compatible, they can be mixed at the end, and only one detector is
needed for the determination; otherwise, several detectors in parallel are
required. For our system, the option of six detectors in parallel is
preferred not for the incompatibility of chemical systems (all the
channels will carry the same reagents with slightly different pH's), but
rather for time reasons: waiting for six peaks to elute through one
detector would substantially increase the time of analysis.

A single injection (Figure 1-2 d) will also help to keep the time of
analysis short. Low reproducibility in equally splitting a small sample



Multidetermination
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Figure 1-1: Possibilities for Multidetection and Multidetermination
using Flow Injection Analisis.
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into six portions could be problematic; a simultaneous multiple injection
may avoid this situation (Figure 1-2 e, f).

The sugars analyzer under construction in our laboratories, will
then, make a simultaneous multidetermination of sugars in food samples
from a single injection, or at least from a simultaneous multi-injection,
and the detection will be sequential with six detectors in parallel.
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CHAPTER I1
OVERVIEW OF THE DETECTOR

In the first part of this chapter, a brief description of the sugars
analyzer under construction in our laboratories gives background
information for introducing the multichannel detector. The ideas from
other researchers for LED-based detectors, presented in Chapter I, were
adapted to the specific detection requirements of the multichannel
sugars analyzer. This chapter presents a study of those requirements
and gives a general overview of the features of the detector. A more
detailed description of its design and construction is given in Chapter III.

A. THE SUGARS ANALYZER

Work on different aspects of continuous flow analysis has been
going on for over a decade in our group, so it is difficult to define exactly
when the first research concerning the sugars analyzer was done.

The idea of determining six sugars in food samples simultaneously
was first suggested by Stults [4] who used a FIA system designed by
Patton [3]. Previously, Thompson [2] had determined glucose using FIA.
These are probably the first projects closely related to the FIA sugars
analyzer as it is being currently used.

With the final version of the FIA sugars analyzer, the determination
of up to six sugars in food samples will be simpler and faster (as

12
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compared to traditional methods such as HPLC) for two main reasons:
first, the highly parallel design of the system, and second, the elimination
of any prior separations, since the selectivity for each sugar is achieved
by the use of specific enzymes. An ultimate goal is to produce a
miniature analyzer that operates on battery power so that it can be taken
into the field for speedy determination of sugars in, for example, fruit
Jjuices, in order to determine the optimum harvest time.

Stults [4,31] worked on the optimization of a single channel
glucose analyzer using immobilized glucose oxidase. It was suggested
later that this concept could be extended to make a parallel multichannel
sugars analyzer, as shown in Figure 2-1. Within this scheme, each
sugar is converted to its oxidized form by the action of the enzyme
reactor containing the corresponding oxidase with the release of
hydrogen peroxide. Figure 2-2 shows the enzymatic reactions used to
determine the six sugars. Kurtz worked on the immobilization
procedures for the enzymes involved [5].

The Hp09 released by the oxidation reaction of sugars can be
detected by reacting it with a dye in the presence of horseradish
peroxidase. The change in color in the oxidized dye is detected
colorimetrically. Therefore, the simultaneous determination of the six
sugars can be accomplished by detecting the appearance of a single
colored substance: an oxidized dye.

There are several reactions involving the oxidation of a dye by
hydrogen peroxide. The Trinder reaction [32],

Hy0g + AAP + DCPS PE2I425¢ o4 dye + HyS0,
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where AAP = 4-aminoantipyrine and DCPS = 3,5-dichloro-2-
hydroxyphenyl sulfonic acid, was the first option investigated. Later, the
oxidation of the leucomalachite green (LMG) reaction to form the highly
colored malachite green (MG):

HgOg + LMG -P28935%G + H,0

was found to give higher sensitivity and lower detection limits. The
reaction was optimized by Aspris [6] who investigated the application of
the analyzer to real samples.

All previous research in our laboratories has been done with a FIA
system designed by Patton [3]. This system uses a simple dual-beam
photometer [33] to monitor the formation of the colored dye. The
photometer uses a miniature tungsten-halogen lamp as light source and
a bifurcated fiber optic that serves two functions: to split the beam to
produce a reference; and to transport the main beam to the observation
cell. This cell is a commercial flowcell (PN 178-13724-02, Technicon
Instruments; Tarrytown, NY) with sapphire windows, 1.0 cm pathlength,
and 0.05 cm internal diameter. The wavelength of interest is isolated by
interference filters that can be exchanged to suit the particular
application. This type of detector has been applied only as a
single-channel analyzer.

B. THE MULTICHANNEL DETECTOR
From the above discussion of the sugars analyzer, it can be seen
that the instrument is a typical example of the case discussed in Chapter
I in which a full spectrophotometer serving as detector is unnecessary.
No wavelength selection capability is needed since the species to be
determined is always the same.
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The concept of a LED-based photometer was applied to construct
the six-channel detector schematically shown in Figure 2-3. Basically,
the instrument consists of six independent, LED-based, flow-through
photometers such as the one in Figure 2-4 placed in parallel. Detailed
drawings and specifications describing materials and components,
construction, and dimensions are found in chapters III and IV. The
remainder of this chapter is dedicated to an overall description of the
various features of the detector.

Table 2-1 summarizes the general requirements for the detector, as
well as the features included in the instrument that satisfy these
requirements.

Each one of the individual photometers composing the
multichannel detector (Figure 2-3) is seen to have three main parts: the
measuring cell, the light regulating electronics, and the signal processing
electronics.

The measuring cell (Figure 2-4) is made of black plastic and
houses the observation cell which consists of a cylinder made of Kel-F
with holes for the flowing stream drilled in it. The side of the observation
cell facing the LED has a lens to focus the light, and the other side
features a glass window. This cell is connected to the rest of the FIA
system by stainless steel tubes. The measuring cell has two removable
holders for the LED and two photodiodes, one of them looking at the tip
of the LED and the other one at the other side of the observation cell.

The light level from the LED is kept constant by means of the
photodiode next to it. The photocurrent produced by this reference

photodiode is converted to a voltage and then compared to a reference
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Table 2-1:

Description of Features Included in the Multichannel Detector to Fulfill

Specific Requirements
for the Sugar Analyzer
Requirement Feature
of system: of detector:
1- Fixed Wavelength Easily done with LED as light
source
2- Simple Use of LED eliminates need for
monochromator and/or filters
3- Inexpensive Can be constructed in-house

4- Low energy requirement
5- Portable

6- Replaceable parts

7- Rapid Response

8- Adjustable gain

9- Broad working range,
adequate sensitivity
and detection limit.

LED's suitable for battery operation

Weight less than 5 1b. (without
power supply); small size

All active components in removable
holders

Six signals can be monitored
simultaneously. User can choose
number of channels to use

Gain adjustable from 1 to 60
Parameters adjusted by

selecting different LED's or
by changing driving currents
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voltage. The output of this comparator controls the amount of current
supplied to the LED, and will vary it to counteract any light variations.

The current from the photodiode across the observation cell, which
is linearly related to the transmittance of the liquid in the cell, is
converted to voltage and then amplified with a variable gain amplifier.
This gives the final output signal of the detector.

As previously mentioned, using LED's as light sources is an
excellent alternative when no wavelength selection capability is needed.
In the multichannel detector, the LED is easily removed, thus providing
additional flexibility in choosing the wavelength of analysis. High
brightness LED's with peak emissions at various wavelengths in the
visible spectrum are available from different manufacturers for the
determination of analytes absorbing visible light.

The use of LED's greatly simplifies the photometer and eliminates
wavelength isolation components, which in turn reduces the price of the
detector. Likewise, a reduction in cost is achieved by replacing the
commercial miniature flow-cell, with prices as high as $200, with a flow-
cell constructed from a piece of plastic material with the necessary holes
drilled in it. Keeping the costs of individual detectors low is important
when six of them are going to be used.

Apart from simplifying the instrument, LED's require considerably
less power than tungsten lamps. This is an important factor to consider
if the instrument is operated on batteries. Battery operation capability is
a desirable feature in an instrument that might be taken to the field.
Light weight (less than 5 pounds without power supply), and small
dimensions (the six detectors are enclosed in a 12"x15" case) also

contribute to the portability of the detector.
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The design and construction of the instrument provide easy
revision and maintenance of the different parts. All the active electronic
components are easily removable, as are the parts in the plastic
observation cell.

With respect to output characteristics, the parallel design for the
six channels will keep the time of analysis per sample similar to that for
the determination of a single sugar. The output level is adjustable by
means of a variable gain amplifier to compensate for solutions of different
absorbances.

The three important characteristics for a detector —linear range,
sensitivity, and detection limit— may be adjusted by using different
LED's and by varying the current driving them. Using the brightest LED
available, with peak emission at 660 nm and narrower bandpass, will
give the broadest dynamic ranges, but for the detection of malachite
green, with a peak absorption at 618 nm, the sensitivity will be low and
the detection limit subsequently high. The use of a LED with peak
emission closer to 618 nm with lower brightness and broad bandpass
will increase the sensitivity and lower the detection limit at the expense
of reducing the dynamic range. The brightness of the LED can be
increased by increasing the current driving it, but not without two
drawbacks: increased emission bandwidth and reduced lifetime.



CHAPTER III
DESIGN AND CONSTRUCTION OF THE FLOW-THROUGH
PHOTOMETER

We saw in the previous chapter that the multichannel detector is
simply a set of six independent photometers operated simultaneously.
This chapter includes a detailed description of the design and
construction of one of these photometers. This work was completed in
two phases: construction of the photometric cell and construction of the
electronics. This chapter is divided accordingly in two main sections.

A. THE PHOTOMETRIC CELL
The construction of the body of the colorimeter took most of the
time of the project primarily because of difficulties in machining the
different pieces. Two designs were discarded before any tests were done
on them because of problems in construction. The observation cell

presented a special problem because of its small dimensions.

1. Choice of Materials
Factors taken into consideration in choosing the materials
included availability, mechanical and optical characteristics, and
resistance to chemical attack. Plastic materials have been the choice in

23
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the construction of previous LED-based photometric flow-cells due to
their chemical resistance and light weight.

Trojanowicz et al. [27] used Teflon in their cell. This plastic is well-
suited for its opacity and high resistance to chemical attack, but it is
difficult to machine, especially when considering the dimensions needed
to construct a miniature flow-cell.

Plexiglass was also considered since it has been used in the
construction of components for FIA manifolds. This plastic shows
excellent mechanical and chemical properties but its transparency would
present problems concerning stray light.

The material chosen was black Delrin, a plastic from DuPont with
good mechanical properties and low cost. Delrin is readily attacked by
solutions of extreme pH (acid or base) [34], so it can only be used in the
parts of the colorimeter that will not be in direct contact with any
solution. Although the determination of sugars using the enzymatic
method discussed in the preceding chapter only involves solutions of
moderate pH, and therefore using Delrin in the composition of the cell
would pose no problem, using this material would limit the applicability
of the detector to other systems. Another problem arises rega<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>