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ABSTRACT
FLOW INJECTION IN MICROBORE CAPILLARIES

By

Dana M. Spence

Flow injection (FI) employing capillary tubing with inside diameters of 75 pm or
less is described. Capillary flow injection combines many of the advantages found in
conventional FI and air-segmented continuous flow analysis (ASCFA). Capillary FI
maintains the simplicity, speed of analysis, and the ease of automations of conventional FI.
However, it also reduces the amount of dispersion due to convective forces due to the
small inside diameter, not unlike the minimized dispersion due to air-segmentation in
ASCFA. In addition, Capillary FI also reduces the amount of sample volume needed,
reagent consumption, and waste generation by two orders of magnitude in selected cases.
Design considerations, fundamental dispersion studies, stopped-flow methods, mixing
efficiencies and a new method of simulating FI are reported.

Design considerations are reported since much of the system components had to
be modified such that the miniaturized instrumentation could be used in conjunction with
conventional detectors, injectors and pumping mechanisms. The fundamental dispersion
studies indicated that there was still a need for proper mixing techniques within a CFI
system thus, studies involving mixing in capillary FI were performed. Stopped-flow
methods are reported not only to show some of the benefits of performing such a

technique in a miniaturized format, but also to reveal some of the possible pitfalls that one



may encounter only in a CFI format. Finally, a FI simulation is performed which uses a
non-linear partial least squares regression algorithm to predict response signals and peak

shape in a capillary FI system.
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Chapter 1

Continuous Flow Analysis: History,
Current Status, and Miniaturization

1.1 DEFINING A CONTINUOUS FLOW ANALYZER

Automated analyses in the laboratory have become routine over the past few
decades. Many of the techniques that have benefited from automation are those which
employ some form of a continuous flowing stream of reagent, be it a gas, liquid, or
supercritical fluid. This continuous flow allows for the reagent(s) to be carried to a point
in the instrument manifold where typically an optical or electrochemical measurement is
made. Although there are numerous techniques which employ a continuous flow, the
definition of continuous flow analysis (CFA) which will be used throughout this work will
only refer to air-segmented continuous flow analysis (ASCFA) or flow injection analysis
(FIA). There are some forms of chromatography, for example, that could definitely be
considered as continuous flow techniques. However, there are some forms, such as paper
chromatography, that require an “off-line” detection scheme and capillary migration as the
pumping mechanism. Most users of ASCFA or FIA will agree that some form of constant
flow pumping mechanism and on-line detection scheme are requirements worthy of the

title, continuous flow analysis. In addition, from this point forward, based on



2
discussions by Pardue' and Mottola’ regarding the steps in a complete analysis, we will

refer to the non-segmented form of CFA as flow injection (FI) rather than FIA.

Adhering to the above definition, CFA was first developed in the 1950’s by
Leonard Skeggs.’ This system, later developed by the Technicon Corporation as the
Autoanalyzer, used air-segmentation within the reaction tubes in order to avoid
intermixing between samples as they traversed towards the detector. For the next twenty
years or so the Autoanalyzer, although going through a few minor improvements and
upgrades, was the method of choice for continuous flow and automated analyses.
However, in the mid-1970’s simultaneous experiments on non-segmented CFA were
reported by Kent Stewart and co-workers* and by Elo H. Hansen and Jaromir Ruzicka’.
It was Ruzicka and Hansen who would name this technique flow injection analysis. After
the reports by Stewart and Ruzicka and Hansen, CFA was essentially divided into
segmented vs. non-segmented modes. Since this split of continuous flow methods, both
ASCFA and FI have matured and improved in their efficiencies and in the scope of their
applications. It is therefore worthwhile to compare and contrast these two techniques
with regard to advantages, disadvantages, simplicity, applicability, and potential for the

future.

1.2 COMPARISON OF ASCF TECHNIQUES AND FI

Since the inception of FI in 1975, proponents of ASCFA and FI have argued as to
which method is more appropriate for determinations involving continuous flow. It is not
difficult to understand why each side believes that one method is advantageous over the

other since both methods are powerful in different ways. For example, consider the
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typical air-segmented manifold depicted in figure 1.1. The manifold is comprised of a

pump, typically a peristaltic pump, flow-rated polyvinyl chloride (PVC) tubing to
introduce the reagents and sample, some sort of reaction tubing, any required mixing aids,
a debubbler or electronic bubble gate, and of course a detector. The debubbler or
electronic bubble gate is needed so the detector does not record the constant fluctuations
brought about by successive zones of air and liquid passing through the flow cell. If the
detector had to measure both the liquid portion of the stream and the air portion, one can
imagine the unsteady baseline that would result. Thus, the bubbles must either be
physically removed using the debubbler or electronically gated using the bubble gate. A
more detailed description of both of these methods is described elsewhere®.  The
important feature of ASCFA is that the air bubbles introduced do not allow for excessive
sample dispersion due to convective forces since they actually behave as barriers. In
addition, any dispersion that does occur within the liquid solution between two bubbles
results in a secondary flow which promotes excellent mixing. This bolus flow pattern is
shown in figure 1.2. This reduced dispersion makes ASCFA the system of choice when
complex chemical procedures are involved or when long reaction periods are necessary.

A typical FI system is shown in figure 1.3. An examination of this manifold reveals
some differences between it and the ASCFA system shown in figure 1.1. For example, a
valve capable of introducing reproducible amounts of sample is necessary in the FI system.
Also, there are no air bubbles being introduced into the flowing streams and therefore, no
requirement of removing the air bubbles prior to detection with either a debubbler or an

electronic bubble gate. In addition to its simple instrumentation, FI is often the system of
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Figure 1.2.  View of the bolus flow profile that develops between the segments of an
air-segmented continuous flow system. The air bubbles act as barriers,
breaking up the laminar flow profile. This leads to minimized dispersion
and enhanced mixing of reagents.
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7
choice due to its high degree of automation, high sample throughput, and reproducible

sample handling capabilities. As commonly practiced, FI depends upon precise timing,
reproducible injection of samples, and a controlled amount of dispersion of the sample and
reagent zones involved. The parabolic flow profile, shown in figure 1.4, is the result of
the laminar flow in FI streams. Of course, there will be some contribution to the overall
dispersive process from diffusion and this is also depicted in figure 1.4. However, it is
usually the convective forces which dominate the dispersive processes in conventional FI
tubing.

1.3 FLOW INJECTION AS AN ANALYTICAL TOOL

The FI technique is fast approaching its silver anniversary and the numbers of
papers, conferences and applications dealing with FI continue to grow’. No longer is FI
simply a means of automating a simple reaction, or used to carry a plug of sample from

n_n

point "a" to point "b" in a process stream. On the contrary, FI is finding increased use in

12,13

such techniques as kinetic methods of analysis®'', extractions'?'?, preconcentrations'*, and

immunoassays'*'®.

FI has recently been used as a source of renewable surfaces in
chemical microscopy techniques'’.

Despite its widespread acceptance in analytical and process control laboratories,
there are some tasks for which FI is not ideally suited. Patton and Crouch'® have
compared FI with ASCF methods and concluded that FI has advantages where the
chemistry and sample manipulations are relatively simple and the reactions are fairly rapid.

In other situations, the dispersion that occurs in FI methods can lead to a lack of

sensitivity or an inability to detect a product at all. Dispersion and the resulting zone
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Figure 1.4.  Development of the parabolic flow profile in an unsegmented, open tube
used in flow injection.
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broadening can also severely limit the sampling frequency of FI methods involving

complicated chemistries, extractions, or slow reactions. These same authors concluded
that no one system was the total answer to all of the necessary problems in continuous
flow analyses. However, it does seem logical that the ideal continuous flow analyzer
would simply combine the low dispersion associated with ASCF and the simplicity and

efficiency associated with FI systems.

1.4 ENHANCEMENT OF FI THROUGH MINIATURIZATION

As previously discussed, the ability to reduce the amount of dispersion in a non-
segmented stream would definitely enhance the efficiency of a FI system. It is thus
noteworthy to point out that there are other methods one can employ (in addition to air-
segmentation) to reduce the amount of dispersion in a system involving flowing streams.
For example, the laminar flow profiles can be disrupted in FI by incorporating solid
particles such as beads'® or by simply tightly coiling the reactors***'. In a determination of
chloride using a simple displacement reaction, Patton showed that both methods improved
the signal to noise ratio. However, the improvement in signal to noise ratio was only
about 10% and the peak widths were roughly the same. Thus, it would seem that other
instrumental changes need to be considered if FI is to be raised to a new level of
usefulness and practicality.

The Aris-Taylor theory of dispersion, embodied in equation 1.1 states that the
dispersion (zone variance) is directly proportional to the square of the tubing radius. In
equation 1.1, the overall variance o’ due to flow contributions is described by the

residence time T, the tubing radius r, and the molecular diffusion coefficient Dn. Thus,
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by using tubing of smaller diameter, the amount of dispersion due to convective forces

should be decreased. This lowering of dispersion would then allow for systems

) Tr?
= 1.1

requiring complex chemistries or long reaction periods to be employed in a FI setup rather
than having to resort to ASCF. Also, since zones from one injection to the next should be
less broadened inside the reactor, more samples per unit time could be introduced, thus
improving the efficiency of the technique. Reagent and sample consumption should also
be decreased substantially in such miniaturized systems. There have already been several
excellent articles describing the advantages of miniaturized instrumentation.”>?*

Despite the advantages of operating on a microscale, FI has only recently found

success in a miniaturized form. In 1983, Ruzicka and Hansen?*?

were performing FI in
micromachined conduits on substrates not much larger than a thick credit card. The cross
sectional area of the channels was approximately 0.8 mm’ however, the authors did not
indicate the depth of the etched channels. The reagent consumption in such cases was on
the order of 200 pL to 1 mL per run. However, in the second edition of their book on
FI*, these same authors list some caveats to those who want to attempt further
miniaturization of the reaction conduits to the low um regime. First, with such tubing
diameters, the resistance to flow is high which may make conventional pressure-induced

flow difficult. The major advantages of narrow bore tubes should be observed at low flow

rates (ca. 1-10 uL min™'), where the authors have reported difficulties in achieving stable
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flow rates. Some researchers’’”' have overcome this problem through the use of

electroosmosis as the pumping mechanism. In other recent work, though FI was not the
main focus nor even mentioned in the reports, syringe pumps using microliter-volume
syringes were able to deliver steady flow rates needed to introduce reagents either into a
mass spectromenter’’ or a second capillary’® for further separation. The work presented
in this dissertation is the first that employs a simple peristaltic pump to drive the necessary
reagents in a capillary-based FI system.

A second caveat given by Ruzicka and Hansen is that narrow bore tubes may be
easily clogged by particulates, which could limit the utility of the method. Finally, typical
spectrophotometric flow cells are of much larger volume than is optimal with narrow bore
tubes leading to nonuniformity of the detected solution and dispersion (dilution) within the
detector. In chapter 2, the fabrication of a flow cell with an internal volume below 1uL
that has a path length of 1 cm is described.

Despite these obstacles, we felt that many of the problems associated with a FI
system in the capillary format were no longer insurmountable. Thus, the remainder of this
dissertation describes the steps taken in order to develop and characterize capillary flow
injection or CFI. The second chapter describes many of the initial design considerations
with regards to the method of sample injection, flow cell design, and methods for adapting
the micrometer-sized capillaries to conventional 1/16” plumbing. The reproducibility of
the capillary system is reported as well as data obtained from a multi-reagent CFI system.

Chapter 3 describes an investigation of various pumping mechanisms, namely

peristalsis, positive displacement (a syringe pump), and a dual piston pump. The pressure
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output capability of each pump was investigated as well as baseline noise levels. This

study showed that the dual piston pump was not capable of delivering the necessary low
volumetric flow rates needed in CFI. The results from this study then allowed for some
practical considerations for designing more complex system manifolds in the capillary
format.

Attempting to understand the forces controlling zone dispersion is the focus of
chapter 4. The second moment, or variance, about the mean was determined for a series of
determinations involving a dye injected into a buffered stream. Solving three equations
simultaneously allowed for the zone variance to be expressed as a function of reactor
length, flow cell volume, and injection volume. Implications of these findings towards the
development of second generation CFI systems are presented.

Chapter S is, in many ways, an extension of chapter 4. In chapter 4, the amount of
dispersion that occurs within a conventional FI system is compared to a CFI system. It
was found that the amount of dispersion occurring within the reactor in a capillary system
is greatly reduced. Though at first thought this may seem to be a definite advantage for
the capillary system over its conventional counterpart, it does have its drawbacks. For
example, it was previously noted earlier in this chapter that FI methods depend on a
controlled amount of dispersion for mixing to occur within the reactor tubing. Thus, if
there is too little mixing there will be no resultant reaction. Therefore, chapter 5 is an

investigation of the extent of mixing that is occurring within the capillary system and a

description of when the mixing is complete. The fast reaction between Fe** and SCN™ was
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investigated in order to characterize the extent of mixing in both a CFI and a conventional

FI system. Studies involving a mixing tee of nanoliter volume is also reported.

The work presented in chapter 6 demonstrates the instrumental differences
between conventional and capillary FI methods. In this chapter, results from an initial
investigation of stopped flow injection in the capillary format are presented. A
determination of ascorbic acid is made based on its reduction of toluidine blue. It was
found that a more complex manifold was required in the capillary format in order to
operate in the stopped flow mode.

Finally, chapter 7 contains results from a simulation to demonstrate the benefits
and caveats of a CFI system. This simulation uses a non-linear partial least squares
(NLPLS) regression algorithm to generate a calibration set that is subsequently employed
to give four parameters (area, width, centroid, and distortion) that describe the simulated
peak. The program sends these parameters into an equation describing an exponentially
modified Gaussian (EMG) peak and calculates the expected absorbance versus time.

The final chapter of this dissertation attempts to take the reader into the near
future and describes some possible techniques and applications that may benefit from CFI.
In addition, some insight as to improvements that need or should be made for second

generation CFI systems is presented.
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Chapter 2

Design Considerations for Capillary Flow Injection Systems

The use of fused silica capillaries has greatly enhanced such techniques as gas and
liquid chromatography, and of course separations based on electrophoresis'>. Although
there have been numerous discussions about capillary flow injection (CFI), Liu and
Dasgupta were the first to report on CFI with 75 um inside diameter capillaries as the
tubing and electroosmotic flow (EOF) as the pumping mechanism*®. EOF was used in
order to overcome what was thought to be a major obstacle to CFI, namely a stable and
reproducible flow rate at the uL min"' level.

This chapter describes some of the initial designs used for the CFI systems. In
addition to a simple single-line manifold, this chapter also describes some initial work
performed with multi-reagent systems. In these CFI systems, fused silica capillaries with
inside diameters of 75 um have been used as the reactor tubing. In order to benefit from
such a system operating on a micro-scale, much of the equipment used in conventional FI
had to be modified. Thus, fused silica capillaries were adapted to a regular 4-port
switching valve, while a flow cell was designed and constructed to allow UV-visible

absorption measurements on sample volumes in the nL range. In addition, Y-shaped

16
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connectors were employed, to allow multiple reagent systems to be used in a capillary

manifold.
2.1 EXPERIMENTAL
2.1.1 Pumping Mechanism

Figure 2.1 shows a typical single-line manifold employed in this work. A
peristaltic pump (Ismatec, model IP-12) was used to induce flow. In order to reduce
pump pulsations encountered in air-segmented applications, the pump had been previously
modified in our laboratory’ by doubling the number of rollers from 8 to 16. The reagents
were introduced into the capillaries using typical flow-rated tubes (Cole Parmer) with
inside diameters of 0.19 mm. The capillaries are simply inserted into the flow rated
tubing. No leaking was experienced except at pressure drops exceeding 110 psi (7.6 bar).
2.1.2 Injector

The injector used was a 4-port switching valve (Upchurch Scientific, model
Ve101D) with a non-metallic rotor. The non-metallic rotor was used so that future CFI
studies using electroosmotic flow (EOF) could be performed with the same injector.
Coupling the capillaries to the injector presents a small obstacle.

An adapter sleeve (Upchurch Scientific, model Fe230), Polyetheretherketone
(PEEK) nut, is slid over the fused silica capillary. Next, a steel lock ring and ferrule
(Upchurch Scientific, model Pe250X) are slid over the adapter sleeve. When screwed into
a threaded hole, the lock ring and ferrule clamp down on the sleeve holding the capillary.

The adapted capillary resembles that shown in figure 2.2.
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2.1.3 Photometric Flow Cell Designs

Figures 2.3 and 2.4 show the flow cells designed for the photometric detector used
with the CFI system. The flow cell in figure 2.3 is made from black Delrin and, save for
the various nuts used in the design, is all one unit. The design consists of two threaded
holes for nuts which hold the adapted capillary tubing (prepared as described previously).
These serve to introduce the flowing stream and carry it to waste, respectively. At the
bottom of each of these threaded holes is a channel with an inside diameter of 0.020 inches
and length of 0.025 inches. This channel then intersects the flow path, which has an optical
path length of 3 mm. The ball lenses (Edmund Scientific, model SF-8, 4 mm) serve a
dual purpose. First, they are used to block the flow from leaking out each end of the flow
cell. Secondly, one lens focuses the light from the source into the cell and the second
focuses it onto the detector. Two large screws are used to hold the spherical ball lenses
in place so they will form a tight seal against the flow path. One of the larger screws
contains a channel in which a fiber optic can be inserted in order to bring the light into the
flow cell. The second screw was constructed in such a way that it has a cylindrical
extension which carries the light to the detector after having passed through the flow cell.
The entire flow cell is about 3 inches x 3 inches.

The flow cell shown in figure 2.4 is very similar to that shown in figure 2.3.
However, this flow cell is much more versatile since the internal volume can be varied. It
is also constructed of black Delrin and utilizes the ball lenses in the same manner as
previously described. However, it differs in that it is comprised of two identical units each

with a hole (1/16 inch i.d.) drilled to a length of 0.48 cm. Within this drilled hole, one can
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Figure 2.3 Cross sectional view of fixed volume flow cell. The path length
is 3 mm with a volume of approximately 0.67 uL.. The
capillaries are adapted to the cell in the same manner as when
set in the switching valve.
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Figure 2.4 Cross sectional view of variable volume flow cell with a PEEK
sleeve constituting the flow path. The rubber O-ring creates a
tight fit around the sleeve to prevent leaking. Parts A and B are
then brought together and tightened with Allen screws.
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insert a sleeve (1/16 inch o.d.) made of PEEK with inside diameters ranging from 0.008

inches to 0.020 inches or greater if necessary. The two units are attached by means of
four Allen screws and threaded holes. A rubber O-ring is used so that no leaking occurs
when the two pieces are joined together. With this flow cell, the internal volume can be
changed from 320 nL to 2.2 pL while still maintaining a path length of 1 cm.
2.1.4 Mixing Aids and Connectors in CFI

We have also investigated the use of multiple line manifolds for CFI
determinations. There are several commercially available Y-shaped connectors for
capillary tubing. The Y connectors chosen for this study (FTF International) are prepared
by using a heat gun for about 45 seconds on the capillary after sliding it into the Y
connector. The intense heat melts the polyimide coating on the capillary. Upon cooling,
the capillary becomes set in the Y connector. In addition, the Y connector can be
reheated and the capillary pulled out if replacement is necessary. Other mixers were
studied and these are presented in more detail in chapter 5.

The mixers described in chapter S are more advantageous in terms of simplicity.
For example, the Y connectors described in the previous paragraph can be difficult to
prepare and once set, are not easy to reuse. The mixing tee employs standard 10-32
threading and allows for easy adaptation of the fused silica capillary tubing through the use
of the special PEEK adapter sleeves mentioned earlier. In addition, the nuts, sleeves, and

tubing can be easily interchanged when using this tee.
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2.1.5 Reagents

All solutions were prepared with distilled water (DW). No special filtering of the
solutions was needed.

Iron Determination Solutions. A 1.3 mM FeSO, (Baker) stock solution was made
by transferring 0.202 g FeSO, to a 1-L volumetric flask and diluting to the mark with DW.
Iron standards with concentrations ranging from 0.270 mM up to 1.10 mM were prepared
by appropriate dilution of the stock solution with DW. The 1,10-phenanthroline
(G.Frederick Smith) was prepared by dissolving approximately 0.2 grams in about 5 mL of
methanol. This solution was then transferred to a 200 mL volumetric flask and diluted
with DW.

Nitrite Determination Solutions. All of the solutions for this determination should
be stored in amber glass bottles to minimize photodecomposition effects. A S0 mM nitrite
(Baker) stock solution was made by transferring 0.863 g of NaNO, to a 250 mL
volumetric flask and diluting to the mark with DW. The working solution of nitrite (500
pM) was made by a 1:100 dilution with DW. A 58 mM solution of sulfanilamide (Baker)
was made by combining 10 g sulfanilamide with 100 mL of concentrated HCl in a 1-L
volumetric flask followed by dilution to the mark with DW. A 3.8 mM solution of N-(1-
naphthyl)ethylenediamine dihydrochloride reagent (Baker) was made by transferring 1.0 g
of the N-(1-naphthyl)ethylenediamine dihydrochloride to a 1-L volumetric flask and
diluting with DW.

Phenol Red Solutions. Borate buffer (pH 9.5) was prepared as described

elsewhere’. The 1 mM stock solution of phenol red (Baker) was prepared by adding 0.1 g
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of the dye to a 500 mL volumetric flask and diluting to the mark with 0.001 M NaOH.

The working phenol red solution used in the sample throughput and reproducibility studies

was composed of 25 mL of the stock solution diluted to S00 mL with the borate buffer.

2.2 RESULTS AND DISCUSSION

2.2.1 Reproducibility of Injections

Although injection valves are available with sample sizes as low as 20 nL, most of
these are fixed volume injectors because they contain internal sample loops. Thus, in
order to vary the sample size, the rotor must be changed. With other injectors, an external
loop may be changed rather easily. However, the swept volume alone associated with
these valves (on the order of a few puL) is often too large for our studies. Therefore, we
decided to base our injections on time rather than on an injection loop. Figure 2.5
demonstrates the principle behind timed injections. In figure 2.5a, the sample and reagent
streams are flowing to waste and to the detector, respectively. The valve is then switched
using a computer-controlled pneumatic actuator for a period of time as shown in figure
2.5b. When the valve is switched back to its original position in figure 2.5c, the reaction
coil contains a sample zone which is carried to the detector.

Figure 2.6 demonstrates the reproducibility of injections made with our valve. The
reproducibility, reported as the RSD of the peak height for repetitive injections of the
phenol red into the borate buffered stream, is ~ 1%. The construction of such a valve is
also advantageous since any volume of sample can be injected. The user can either vary
the time the valve is in the injection mode or simply have a different flow rate in the

sample stream. Changing the flow rate can be accomplished by using different types of
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Figure 2.5 Principle behind timed injections. Figure 2.5a shows the valve
in the non-inject mode. In figure 2.5b the actuator has switched
the valve to the injecting position. Here, sample is being
pumped into the reaction coil for a specified amount of time.

In figure 2.5c, the valve is returned to the non-inject mode. The
sample plug is now being carried to the detector.
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Figure 2.6.  Response signals for repetitive injections of phenol red into a borate
buffered stream. The RSD of the peak heights is 1.2%.
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flow rated tubing typically used in conventional FI. A drawback to such a technique is

that sample must continually be pumped through the valve. However, most conventional
flow injection systems utilizing an injection loop continuously pump sample in order to
maximize sample throughput. The exception to this occurs when a syringe is used to fill
the sample injection loop. However, since the capillary volume is minimal, even
continuous pumping at relatively high linear flow rates does not result in high sample
consumption. For example, the total amount of sample used to obtain the eight FI peaks
in figure 2.6 was approximately 80 pL even though sample was being continuously
pumped through the valve. A single injection using conventional sized tubing is on the
order of 30 pL. Thus, if one were to obtain the same data using conventional flow
injection, 240 pL of sample would be consumed at an absolute minimum, three times that
of the CFI system. If the sample were continuously pumped in a conventional FI system
(as with an external injection loop) with tubing diameters of 1 mm, the amount of sample
consumed would be >10 mL. Thus, sample consumption is greatly reduced in a CFI
system.
2.2.2. Absorbance Linearity of Fabricated Flow Cells

Detection has been one of the few shortcomings of capillary zone electrophoresis
(CZE). Quite often, analysts are forced to use on-column detection methods since any
sort of additional plumbing will lead to band broadening and thus lower resolution. Other
methods® have been used in CZE such as the use of multireflection throughout the inside
of the capillary, rectangular capillaries to help minimize stray light and end-column

detection. Recently, a capillary bent into a "Z" has been used to increase the effective path
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length’. These Z-cells are commercially available and, with low volume, are excellent for

techniques using capillaries and small volumes of reagents. However, these Z-cells are
expensive, and since resolution is not a large concern in FI methods, the two different flow
cells described earlier were designed with volumes slightly larger than the capillary Z-cell,
but smaller than those typically used in FI applications.

Figures 2.7 and 2.8 show the results of the iron determinations using the flow cells
in figures 2.3 and 2.4, respectively. Each data point is the average of three replicate
injections. In this determination, the 1,10-phenanthroline complexation of the ferrous ion
results in the Fe(1,10-phenanthroline)** product that absorbs at a wavelength of 508 nm.
Both flow cells show good linearity with r* values of 0.997 and 0.998 for the curves in
figures 2.7 and 2.8, respectively. The Student t test shows that both intercepts (-2.0 x 107
for the flow cell shown in figure 2.3 and -9.0 x 107 for the variable volume cell shown in
figure 2.4, respectively) are not significantly different from zero at the 99% confidence
level.

2.2.3 Multiple Reagent Manifolds in CFI

A final aspect of this study was to determine whether or not manifolds requiring

multiple reagent streams could be implemented in the capillary format. Thus, a

determination of nitrite was performed using the Griess reaction'®"".
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Figure 2.7.  Calibration curve for Fe** using the variable volume flow cell.
The volume of the flow cell was approximately 0.67 uL while
the path length was 3 mm. The volume injected was 1.75 pL.
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Figure 2.8. Calibration curve for Fe** using the variable volume flow cell.
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This reaction, shown below, produces a product detectable at 550 nm. The manifold used

SO,NH, SO,NH,
NH, N=N
®

SO,NH,

0 H

!
+ @@ (NNED) —> HzNﬁ-@N:N (O D-N-CH,CH,NH,

0 ©),

SN HNCH ,CH,NH,

for this study is that shown in figure 2.9. The RSD of the peaks obtained by this study,
shown in figure 2.10, was 2.1%. Another aspect of this particular experiment is that a
sleeve with an inside diameter of 0.008 inches was used, thus effectively reducing the flow
cell volume to approximately 260 nL. This study indicates that multiple reagent flow
injection systems may be implemented with success in the capillary format. More detailed
studies involving pressure drops and mixing in multiple line capillary flow injection

systems are described in chapters 3,5, and 6, respectively.
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Figure 2.10. Response signals for the determination of nitrite by the Griess reaction.
The RSD in peak height is 2.1%.
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2.3 CONCLUSIONS

The use of fused silica capillaries as the reagent vessels for flow injection analysis
has been described. In addition, special pumping, injection, and detection schemes have
been presented and proven beneficial. The flow cell volume has been effectively decreased
in order to allow for detection of sub-ul. sample volumes. The use of Y-shaped
connectors allows for multiple line manifolds to be implemented, enabling c;omplex

reactions to be studied.
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Chapter 3

An Investigation of Pressure in Capillary Flow Injection Systems

Ruzicka and Hansen'’ discussed flow injection (FI) miniaturization via
microconduit technology over a decade ago. In their monograph’, these same authors
point out several possible pitfalls in miniaturizing FI. Liu and Dasgupta*’, reported FI in
the capillary format with 75 pum fused silica capillaries as the reaction conduit. Although
fused silica capillary and on-column detectors became available in the 1980's along with
valve-based injection techniques®, capillary flow injection (CFI) has developed rather
slowly. The major reason for this has been the need for a reliable pumping system that can
deliver steady flow rates in the uL min"' range.

Dasgupta and Liu’ have also reported on various pumping schemes commonly
employed in FI systems and have described the use of electroosmotic flow (EOF) as a
reliable and steady pumping technique. We® have previously reported on a CFI system
employing capillary tubing with inside diameters of 75 um as the reaction tubing and a
modified peristaltic pump to propel the necessary reagents. In addition, this system
showed no apparent pulsations from the pump used to propel the reagents and samples.

Although we have shown in work performed to date that peristaltic pumps can provide the

37
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necessary reproducibility in both continuous and stopped-flow CFI regimes’, the

limitations of such pumps for CFI have not been reported. For example, most
manufacturers of peristaltic pumps guarantee pressures up to approximately 2.8 bar.
However, performance characteristics at higher pressures have not been reported.
Likewise, there is a need to investigate pressure drops and flow stability with syringe
pumps, especially when tubing of capillary dimensions is considered.

This work reports on internal pressures, pumping stability and baseline noise levels
for a CFI system using two different peristaltic pumps, a syringe pump, and a typical dual-
piston HPLC pump. Our goal is to show the limitations of each type of pump investigated
since it is anticipated that peristaltic, syringe, and HPLC pumps will have importance in
different applications. Because of its completely different operating mechanism, EOF is

not considered here with the pressure-induced flow systems.

3.1 EXPERIMENTAL

3.1.1 Reagents

Phenol Red Solutions. The preparation of the phenol red dye and the borate buffer
were described in chapter 2.

Reagents for Glucose Determination. All reagents for glucose determinations
were used as received. The glucose (Sigma) standards were made from a 1 g/L stock
solution in DW. The glucose oxidase enzyme solution was prepared by dissolving 0.12 g
of glucose oxidase (Sigma, Type II, from Aspergillus niger) in 50 mL of DW. The
composite reagent solution consisted of 10 mL of glucose oxidase solution, 5 mL of

10mM 4-aminoantipyrine (Sigma), 5 mL of 10 mM 3,5-dichloro-2-hydroxphenyl! sulfonic
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acid (Sigma), 12 mg of horseradish peroxidase (Sigma, Type II) and 20 mL of 0.05 M

phosphate buffer mixed together in an amber bottle before use.
3.1.2 Apparatus

Fused silica capillaries (75 pm i.d. x 365 pm o.d., Polymicro Technologies) were
used as the manifold tubing for all studies. The pressure measurements were made using a
pressure gauge with a maximum pressure of 200 psi. These pressures were subsequently
converted to bar (1 psi = 0.069 bar) A tee adapter (Upchurch Scientific) allowed for the
pressure gauge to be implemented on line. This adapter is constructed with a 1/4” thread
common to most pressure gauges on the top and standard 1/16” threads on each side of
the adapter. These 1/16” threads then can hold a standard 1/16” nut which houses the
PEEK sleeves which in turn allow the fused silica capillaries to be adapted to standard
fittings. Three different types of pumping mechanisms were investigated. A typical 8-
roller peristaltic pump (Ismatec, model IP-12) was investigated as well as a modified
version of this pump with 16 rollers'®. The adaptation of the fused silica capillaries to the
flow rated tubing used in conjunction with the peristaltic pumps has been described
elsewhere®. The syringe pump used in this study was a dual channel model (Harvard
Apparatus, model 22). Various disposable syringes (Becton Dickinson), ranging in size
from 5.0 to 20.0 mL, were coupled to a 25 gauge syringe needle. The fused silica
capillaries were then adapted to the needle using flow rated tubing (Cole Parmer) with an
inside diameter of 250 um. The final pump investigated was a dual piston HPLC pump
(Hitachi L6200 Intelligent Pump). The fused silica capillaries were adapted to the HPLC
pump using PEEK adapter sleeves (Upchurch Scientific) of 0.015” inside diamter and

1/16" outside diameter coupled to stainless steel nuts (Upchurch Scientific).
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3.1.3 Procedure for Pressure Measurements

The pressures were measured using the pressure gauge in-line with the manifold.
The basic schematic for all pressure measurements is shown in figure 3.1. The solution
pumped through the system for all measurements was distilled water at room temperature,
typically 22 + 1° C. In order to measure the flow rates, the amount of water pumped
through the system per unit time (the amount of time was approximately 1 h, therefore
evaporation of the water was negligible) was collected and weighed. From the density of
water at 22 °C, the volumetric amount of water per unit time was calculated. Since the
amount of solution pumped through the fused silica capillaries is very small, equilibration
of the pressure gauge sometimes required more than one hour. The exact equilibration
time depends on the flow rate.

The procedure for the determination of the glucose standards was very simple.
The enzyme composite reagent and the glucose standards were both pumped continuously
at 4.4 pL min' using the peristaltic pump. Injections of the glucose sample into the
enzyme reagent stream were performed with a four-port switching valve'’ that was
switched for a period of 15 seconds resulting in a sample injection volume of
approximately 1 pL.. The response signal was then measured at a wavelength of 510 nm

using a colorimeter with a 1 cm path length flow cell®.
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Figure 3.1.

Schematic of the system used to measure the pressure gradient in a
capillary. L1 represents a portion of fused silica capillary that was
kept as short as possible, typically about 15 cm, whereas L2 is the
capillary that was varied when the pressure gradient was
investigated as a function of reactor length. Procedural details are
contained within the text.
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3.2 RESULTS

3.2.1 Maximum Attainable Pressures
Peristaltic Pumps. Experiments were performed to determine the back pressure
limitations of the three types of pumps. The Hagen-Poiseuille equation shown below

describes the pressure drop, AP, along an open tubular column of length L with radius

8Lnv
AP = 3.1

2

r containing a solution of viscosity ) traveling at a linear flow rate of v. In order to assure
that the manifold with the pressure gauge in-line was operating properly, a plot of AP
versus linear velocity was made with values of AP calculated from equation 1 compared to
those measured experimentally with the 16-roller peristaltic pump. The viscosity was
assumed to be 1 cp. This comparison, shown in figure 3.2, indicates that the system is
behaving according to theory. In figure 3.2, the maximum measured pressure was 3.96 +
0.03 bar at a linear velocity of 11.4 +0.1 cms™. However, it may be necessary at times to
use a column longer than the 62 cm reactor used to obtain the data shown in figure 3.2.
Therefore a plot of AP versus capillary length was constructed and is shown in figure 3.3.
Notice that at a column length of 200 cm, the observed AP is much less than the predicted
value given by equation 3.1. It is important to note that in this particular figure, the pump
was not adjusted to compensate for the increased capillary length. When the combs over
the flow rated tubing were tightened or the pump rollers increased, we were able to

achieve pressures of greater than 10.3 bar. However, these pressures could not be
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Figure 3.2.  Calculated and measured pressure gradients as a function of
increasing flow rate using the manifold shown in figure 3.1. The
measured values were obtained with the peristaltic pump.
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Figure 3.3.  Calculated and measured pressure gradients as a function of
increasing reactor length using the manifold shown in figure 3.1 and
the peristaltic pump. The observed values deviate from predicted
values because of the pump’s pressure output limitations.
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sustained for a long time because flow rated tubing becomes worn much faster under such

conditions. In fact, at times, the flow rated tubing would burst, thus losing all pressure.
From our studies we believe that the maximum operable pressure using this peristaltic
pump is approximately 7.6 bar. Any pressures greater than this value were unstable.

Syringe Pump.It was noticed during the studies with the syringe pump that the
maximum attainable pressure was inversely dependent upon the radius of the syringe
barrel containing the reagents. The syringe pump used in this study will shut off if the
backpressure becomes too high since the motor-driven turnscrew used to push the syringe
ends could be ruined. Thus, the pump was monitored with the pressure gauge until pump
shut-down, at which point the pressure was immediately measured. Table 3.1 shows the
maximum attainable pressures for three different syringe sizes.

Dual Piston HPLC Pump. The dual piston HPLC pump shows the most promise
for determinations that require long capillary lengths and/or extremely high flow rates
since thes<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>