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I. INTRODUCTION

Flow Injection Analysis (FIA) has been recently introduced as a new
approach to automated chemical analysis (1). In FIA, a small volume of
sample is injected into a fluid stream which contains a chemical reagent,
The fluid stream carries the sample through the analyzer where, by means
of a suitable transducer, the product of the reaction between the analyte
in the sample and the reagent in the fluid stream prdduces an electrical
signal proportional to the concentration of the analyte. FIA has been
most successfully applied to simple colorimetric procedures, although the
technique is being adapted to more complex means of detection,
Principles, applications, and trends in Flow Injection Analysis have been
discussed in a recent review article by Ruzicka and Hansen (2).

This thesis is primarily concerned with the use of a flow-through,
tubular electrode as an amperometric detector for FIA, The use of
an electrochemical detector is of mutual benefit for the continued
development of FIA and electroanalytical chemistry, Electrochemical
detection offers simplicity to FIA in that the analyte can often be
detected directly without the reaction of the sample with a reagent.

This eliminates the problem associated with.designing the apparatus so
that there is enough time for the reaction to occur befors the sample
reaches the detector. Electrochemical detection also offers selectivity
in that only electrcactive species are detected. Selectivity is
particu]ér]y important in the analysis of complex samples and can be
controlled to some extent by the choice of the potential of the electrode

and the mode of detection (3)., FIA with electrochemical detection has



some advantages over more conventional methods of electrochemical
ana]ysié, i.e., polarography, where the sample 15 manually introduced and
removed from the e]ectrochemica1 cell. With FIA, the electrochemical
analysis of a large number of samples can be automated and performed in

a short time (v100-200 samples h']) with moderately high precision. Also,
electrochemistry is performed on a small volume of sample; typically,
0.100 mL of sample or less is used in FIA while at lTeast 10-25 mL of
sample is required for a voltammetric cell.

The amperometric response of a flow-through electrode in FIA différs
from the response of a flow-through electrode in more typical applica-
tions. Usually, in electroanalytical applications, a sample containing a
uniform concentration of analyte 15 passed through the electrode at a
constant flow rate for an extended length of time producing an ampero-
metric response that is constant and proportional to the concentration of
the.analyte in the sample. This amperométric response is referred to as
a "steady-state current" since the response of the electrode does not
vary with time. In FIA, the sample is dispersed, because of the small
vo]uma of sample and the motion of the fluid stream, to a degree that a
steady-state current is never achieved. The amperometric response of the
electrode appears as a peak-shaped function of time, the height of which
is taken to be proportional to the concentration of the analyte in the
sample. The short time and small volume of sample in FIA are benefits of
measuring a nonsteady-state signal. However, a nonsteady-state signal is
dependent on the extent of the dispersion of the sample and factors

which affect dispersion also affect the amperometric response of the



electrode. The extent of dispersion must be the same for each sample if
the results of the analysis are to be accurate.

Unfortunately, to date, the effect of the dispersion of the sample
on the response of the electrochemical detector has been overlooked. The
characteristics of an electrode are determined for the case of a steady-
state current and the assumption is made that the electrode will behave
in a similar fashion for FIA. In the research reported in this
thesis, the effect of dispersion on the amperometric response of a
tubular electrode was studied. Equations describing the dispersion of
a sample in FIA were developed and applied to tubular electrodes to
predict the émperometric and coulometric response of the electrode to é
dispersed sample. In this thesis, the theory is compared to experi-
mental results. The factors that influence the response of the electrode,
the limitations of the theory, and the relative merits of the use of
peak current and peak area as analytical measurements are discussed. The
steady-state behavior of the tubular electrode is also described and a
comparison between the experimental and theoretical behavior of the

tubular electrode is made.



II. INSTRUMENTATION AND APPARATUS
A. Electronic Instrumentation

A block diagram of the electronic instrumentation is shown in Figure
II-1. Four ﬁodu]es comprised the instrument: a Timing Module, a
Potential Control Module, a Waveform Generétor, and a Data Acquisition
Module. The instrument was designed with an emphasis on versatility of
operation. By making the appropriate connections between modules and
the adjustment of the controls on the modules, a variety of DC and pulsed-

potential electrocheniical techniques were performed.

1. Timing Module

The Timing Module generated a sequence of pulses which controlied
and coordinated the potential of the working electrode and the measure-
ment of cell current in voltammetric and amperometric experiments. The
duration of each pulse was variable and independent of the duration of
other pulses. The control of an event was not inherently delegated to a
particular pulse by the design of the module but'assigned to a pulse by
the operator through connections made external to the module. These
features provided flexibility in the control and timing of events.

A block diagram of the Timing Module is shown in Figure II-2. The
module was designed to produce a sequence of seven pulses. Fach pulse
was generated by a monostable circuit conétructed from a 555 Timer
integrated circuit (Figure II-3). The monostable was compatible with
the family of digital circuits known as TTL and responded to, and

produced, digital signals corresponding to TTL 1ogic'1eve1s (HI=+5V,



Figure II-1. Block diagram of pulse voltammograph
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Figure II-3. Diagram of 555 Timer in monostable configuration
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LO=0 V). A HI-to-LO transition at the trigger terminal of the mono-
stable initiated a LO-to-HI transition at the output terminal., The
duration of the HI level, i.e., the pulse width, was determined by the
values of an external resistance, Rt’ and an external capacitance, Ct, as

shown by Equation II-1.
Pulse width = 1.1 tht (II-1)

For each monostable, Rt was 9,09 k@ in series with a 100-kQ, 10-turn
potentiometer. The potentiometers were equipped with 10-turn digital
dials. The dial setting, D, indicated the effective resistance, Rp’ of
the potentiometer as a percentage of the nominal resistance, Rn’ as

shown by Equation II-2.
D/100 = Rp/Rn (I11-2)

The timing resistance, Rt’ was the sum of the 9.09-kQ resistance, Rs’ in

series with Rp. The pulse width, T, as a function of the dial setting is

shown in Equation II-3.
T = 1.1(Rn/j00)CtD + 1.1 RSCt | (I1-3)

The capacitance, Ct’ was selected from five capacitors by way of a rotary
switch. With this arrangement, the pulse width of each monostable could
be varied from 0.1 ms to 12.0 s over five ranges of Ct'

Because of the large tolerances allowed in the manufacturing of
capacitors, each range of each monostable was calibrated to permit the
accurate setting of the pulse width. A Heath Universal Digital Instru-
ment was used to measure the pulse width at several dial settings, D, for

each range. Since Equation II-3 is linear, the pulse width was plotted
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as a function of D and was fitted to a straight line by using the method
of Tinear least squares. The pulse width for a particular set of Ct and

D could then be calculated from Equation II-4

T=Mns,c? + Bns,c (11-4)

where Mms,c was the slope of the least-squares fit and Bms,c was the
intercept. The subscripts ms and ¢ indicate that each set of M and B
values is unique for one range of one monostable. Values of Mms,c and
Bys,c are Tisted in Table II—Tf | |

The sequences of pulses produced by the monostables were organized
into .three groups. The main sequence was comprised of honostab]es MS 1,
MS 2, and MS 5. The remaining four monostables were arranged into two
“subsequences with monostables MS 3 and MS 4 in one group and monostable
MS 6 and MS 7 in the other. Within a sequence, the trigger terminal of
a monostable was connected to the output terminal qf the preceding mono-
stable. The HI-to-LO transition at the end of a pu]se initiated a new
pulse at the output of the foi]owing monostable, Thus, once the first
monostable in a sequence had been triggered, the following monostables
were activated in order of succeésion upon the termination of the pulse
from the preceding monostable,

The subsequences. of the pulse trains were branches of the main
sequence. The trigger terminal of monostable MS 3, the first monostable
of the first subsequence, was connected fo the output terminal of mono-

stable MS 1. The trigger terminal of monostable MS 6, the first mono-

stable of the second subsequence, was connected to -the output terminal of



Table II-1.

Timing constants for the Data Acquisition Module

c

t Monostables
uF | Range MS 1 MS 2 MS 3 MS 4 MS 5 MS 6 MS 7
Mns,c (ms) [| 0.01073 | 0.01110 | 0.01168 | 0.07085 | 0,01118 | 0.01089 | 0.01141
o ] Bps,c (ms) || 0.0960 | 0.1004 | 0.1044 | 0,0966 | 0.1005 | 0.0961 | 0.1017
Mns,c (ms) || 0.1086 | 0.1122 | 0.1111 | 0.1729 | 0,1157 | 0.1111 | 0.1119
e Bus,c (ms) [} 0.976 | 1.017 1.007 | 1.017 | 1.050 | 0.990 | 0.995
Mus,c (ms) |} 1.071 1.050 1.083 | 1.111 1.116 | 1.093 | 1.089
B Bus,c (M) || 9.56 9.45 9.69 9.79  |10.08 9.64 9.65
00| 4 Mus,c (s) || 0.01184 | 0.07054 | 0.01043 | 0.01154 | 0.01095 | 0.01200 | 0.01155
Bus,c (8) 0.1057 | 0.0939 0.0946 | 0.1017 | 0.0982 | 0.1051 | 0.1008
100.0 : Mns,c (8) 0.1142 | 0.1130 0.1148 | 0.1179 | 0.1162 | 0.1139 | 0.1159
Bus,c (s) 1.021 1.017 1.028 | 1.049 1.050 | 1,032 | 1.028

€l
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monostable MS 2. As with a sequence, each subsequence was activated by
the output of the preceding monostable, .

The cycle of operation was initiated by an external signal at the
trigger terminal of monoétable MS 1. Trigger signals were produced from
a 60-Hz sine wave to help eliminate noise from 60-Hz radiation. The
trigger signals comprised a sefies of pulses which were spaced 16.7 ms
apart and had a pulse width of 40 ns. .Since the trigger signals had a
constant relationship to the phase of the 60-Hz wave, the pulses from the
monostables had a constant relationship to the phase of any 60-Hz back-
ground noise. The measurement of current, which was controlled by a
puTse, was made over the same portion of the 60-Hz wave during each cycle
of operation. Changes in values of the current due to the random
samp]ing-df the 60-Hz noise were, therefore, eliminated.

The cycle of operation was generally longer than one 60-Hz cycle.

To prevent the restarting of the main sequence before the end of the
preceding cycle, a NAND gate and logic circuitry were used to control the
triggering of monostable MS 1, The trigger-shaping circuit was connected
to an input terminal of the NAND gate. The other input terminal of the
NAND gate was connected to the logic circuit, A trigger signal could
pass through the NAND gate onTy when the signal from.the logic circuit
was HI. At the beginning of a cycle of operation, all monostables in the
main sequences were deactivated and the gate was open. The first trigger
signa1 to pass through the gate initiated the cycle and informed the
logic circuit that the cycle had started, The logic circuit closed the

gate to prevent the passage of more trigger signals. The termination of
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the pulse from monostable MS 5 informed the logic circuit that the cycle
had been completed, The logic circuit then opened the gate. The next
trigger signal started the cycle of operation over again. The time
relationships between the trigger signals, operation of the gate, and
the output of the monostables are summarized in Figure II-4,

Electrical pulses controlled operétions of the instrument by the
activation of digitally driven analog switches Tocated in the other
modules. The monostables of the main sequence were used to control the
generation of the potential waveform for voltammetric and amperometric
experiments. The monostables of the first and second subsequences were
used to control the measurement of current after changes in the potential
of the electrode produced by monostables MS 2 and MS 5, respectively.
The first monostable in each subsequence Was employed to produce a time
delay between the beginning of a potential step and the measurement of
current. The measurement of current was affected by the second mono-
stable of the subsequence. Analog switches were closed by either a HI
or LO Tevel signal depending on the design of the switch., Inverted
output, in addition to the noninverted output, was provided for all

monostables with the exception of monostables MS 3 and MS 6.

2. Potential Control Module

Housed in the Potential Control Module was a three-electrode

_ potentiostat. The potentiostat maintained a potential difference
between the reference and working electrodes in the electrolysis cell
equal to a signal voitage applied to the input terminal of the potentio-

stat. By passing the cell current through the counter and working



Figure II-4, Timing chart
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electrodes, the potential was maintained without drawing appreciable
current through the reference electrode; thus, errors in the control of
potential due to the IR drop across the junction of the reference
electrode with the cell were minimized. Cell current was measured by a
current-to-voltage converter connected to the working electrode.
Circuitry to compensate for constant'background current and to integrate
the output of the current-to-voltage converter were also included in the
Potential Control Module. The circuits in the Potential Control Module
were constructed from operational amplifiers according to conventional
designs. Details of\the'design and construction of the Potential Control

Module are found in Reference 4,

3. Waveform Generator

The Waveform Generator supplied the voltage signal to the Potential
Control Module. The Waveform Generator contained a triangular-waveform
generator and three sources of constant voltage. The triangular-waveform
generator and each of the voltage sources were connected by analog
switches to the input of a summing amplifier. Under the direction of the
Timing Module, the analog switches were opened and closed in various
sequences and combinations. The potentials at the inputs of the summing
amplifier were combined and appeared at the output of the Waveform
Generator as a complex waveform. For cyclic voltammetry, a triangular
waveform was required. For amperometry, only a signal of constant
voltage was required, These simple waveforms were produced by grounding

the control input of the analog switch of the triangular-waveform
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generator or one of the constant voltage sources. Details of the design

and construction of the Waveform Generator are found in Reference 4,

4, Data Acquisition Module

The Data Acquisition Module contained a sample-and-hold circuit. A
schematic diagram of the circuit is shown in Figure II-5, The circuit
was adapted from a design found in the Titerature (5).

In experiments where the potential of the electrode was stepped, the
cell current changed rapidly as a function of time. The samplie-and-hold
circuit served as an interface between the current-to-voltage converter
and a recording device. The circuit obtained the instantaneous signal at
a given time after application of the potential step, and then retained
‘that value until the next sampling period.

The major components of the sample-and-hold circuit were two dual
SPST analog switches (AD7513), two operational amplifiers (AD540 and
AD503), and a 10.0-uF capacitor. In the output section of the circuit,
the 10.0-uF capacitor was connected to the noninverting input terminal of
the AD503. The AD503 was used as a potential follower The potential
follower served as a high-impedance buffer between the capacitor and a
recording device. A recording device could then measure the potential
across the capacitor at the output of the follower without causing an
appreciable loss of charge from the capacitor and a degradation of the
signal. The input section consisted of the AD540 operational amplifier,
The AD540 provided a high-impedance input for the sample-and-hold circuit
and a low-impedance current source to charge the capacitor, Signal

sources were connected to the noninverting input of the AD540.



Figure II-5. Schematic of Data Acquisition Module
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The input and output sections were electrically joined by analog
switches. The connection depended on the logic signal at the control
input. A LO signal closed the switches to form the "sample" configur-
ation of the circuit. The output of the potential follower was fed back
to the inverting input of the AD540. The output terminal of the AD540
was connected to the capacitor and the noninverting input of the
potential follower. In this configuration, the AD540 kept the voltage at
the output of the sample-and-hold circuit equal to the voltage of the
input signal. In the process of maintaining this balance, the 10.0-uF
.capacitor was charged to the voltage of the input signal. The AD540 was
capable of supplying 25 mA of current. This insured the rapid charging
of the capacitor and the rapid "tracking" of the input signal inspite of
the large capacitor, The 2.2-uyF capacitor, connected across the feedback
loop, dampened the oscillations and removed high-frequency noise. At the
end of the sampling period, a HI logic signal at the control input opened
the feedback loop. The capacitor and the output of the follower were
then isolated from the AD540 and the input signal., The capacitor
retained the last voltage of the sampling period., This voltage remained
at the output of the sample-and-hold éircuit until the next sampling
period. The loss of potential during the holding period was minimized
by choosing a capacitor of high quality and of large capacitance, and by
using an operational amplifier with a low input bias current,

Al11 solid state components were purchased from Analog Devices, Inc.,
Norwood, MA. The 10.0-uF capacitor was from Electronics Associates, Inc.,

Long Branch, NJ. Al1 other components were obtained from local suppliers.
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B. Flow Systems

In an experiment where the émperometric response of a flow-through
electrode is studied as a function of the flow rate of the fluid stream,
~ the ideal flow system would have the following qualities:

1) The flow system should maintain a constant flow rate throughout
én experiment.

2) The flow rate should be easy to regu]ate and be reproducible -
from day to day.

3) The flow rate should be steady with a minimum of pulsations.

4) The flow system should have a large eluent reservoir to
minimize interruptions during an experiment.

5) The flow system should have a high degree of reliability.
Whethér or not a flow system has the above qualities ultimately depends
on the design and quality of the pump used in the construction of the
flow system, For the experiments in this thesis, three flow systems
were developed., One system was based on syringe pumps, another system

used a reciprocating pump, and a third system utilized a peristaltic

pump .

1. Flow System I

Flow System I, shown schematically in-Figure II-6, was constructed
from two syringe pumps from Pine Instrument Co., Grove City, FA. These
pumps were manufactured with Teflon pistons in precision-bore (1.0-in
i.d.) Pyrex cylinders. Each cylinder had a capacity of 100 mL., Leakage

of solution at the piston-cylinder interface was prevented by two



Figure II-6.
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compression seals made from Fetfe, an inert and pliable fluoroelastomer
from Ace Glass, Inc., Vineland, NJ. The piston was driven by an electric
motor through a screw drive. Flow rate was controlled by the speed of
the motor which was set by a 10-turn potentiometer. Motor speed was kept
constant by a negative-feedback circuit through a signal from a
tachometer mounted on the drive shaft. Each pump produced flow rates of

0.1-1.0 mL min'1. When the pumps were operated in parallel, flow rates

1 were obtained. No calibration of the flow rate was

up to 2.0 mL min~
necessary. The flow rate was read directly from the dial of the
potentiometer. Connections were made with Teflon tubing (0,79-mm i.d.)
and polypropylene fittings. The tubing, fittings, valves, and tee were
from Altex Scientific; Inc., Berkeley, CA.

The general operating characteristics of the flow system were
excellent. Constant flow rates were obtained almost immediately after
starting the pumps. Flow rates were easy tb adjust and were reproducible
from day to day. The limited capacity (100 mL) of the pumps was,
however, a distinct drawback. The actual working volume of each pump was
50-60 mL, At the moderate fiow rate used in this research, the pumps had
to be refilled every 1.0-1.5 h, Refilling the pumps involved shutting
the system off, switching the pumps from the detector to the eluent
reservoir, then manually cranking the pistons back to their starting
position. In addition to the inconvenience of filling the pumps, the
operator had to be constantly aware of the volume of the solution
remaining in each pump to avoid running out at an inopportune time.

The system was best suited to short experiments and was used in the
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study of the amperometric response of the tubular electrode under steady-

state conditions.

2, Flow System II

Flow System II (Figure II-7) was assembled to overcome the short-
comings of Flow System I. This system incorporated a Milton Roy Model CK
Instrument miniPuméE)purchased from Laboratory Data Control, Riviera
Beach, FL. Flow was produced by two reciprocating pistons, Liquid was
drawn from the reservoir during the back stroke of each piston and dis-
charged into the flow system on the forward stroke. To smooth the
delivery of eluent, the pistons were designed to operate 180° out of
phase with each other; Flow rate was controlled by adjustment of the
length‘of the stroke of the pistons and could be varied from 0-6 mlL min'l.
The length of the stroke was manually adjusted through a micrometer and
read as a percentage of the maximum length of the stroke. Flow rates
were calibrated by measurement of the volume of a solution (20-30 mL)
deliverad into a 50 mL buret during a specified time period.

A Model 709 pu]seDampenes:Z also from Laboratory Data Control, was
used to smooth the pulsing flow from the pump, The pulse dampener was
constructed with an adjustable spring-loaded bellows. Maximum dampening
occurred when the spring tension on the bellows equaled the back
pressure of the flow system., The bellows were designed to operate at
200-1200 psi. In order to provide sufficient back pressure; 40 ft of
0.10-in i.d, x 1/16-in o.d. stainless steel tubing, Alltech Associates.
Arlington Heights, IL, was used as a flow restrictor. Connections

between fhe pump, pulse dampener, and fiow restrictor were made with



Figure II-7. Flow System II
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0.050-1in i.d. x 1/16-in o.d, stainless steel tubing and stainless steel
Swagelok fittings, also from Alltech Associates.

Altex Teflon tubing was used for the inlet lines to the pump (1.5-mm
i.d. x 1/8-in o0.d.) and for all plumbing downstream from the flow
restrictor (0,79-mm i.d. x 1/16~in 0.d.). Connections of the Teflon
tubing to the pump and the flow restrictor were made with Swagelok
fittings. Al1 other connections were made with Altex fittings. The
sample-injection valve was also from Altex,

The characteristics of Flow System II were very good. Flow rates
were constant, easy to set, and reproducible. Pulsations in the flow
were minimized to an acceptable level, even though they could not be
entirely eliminated. The principal advantage of Flow System II was the
large eluent reservoir. A 2-L reservoir was used which contained enough
eluent for an entire day. Although the initial adjustment of the pulse
dampener frequently required up to 30 min, the system functioned all day
without further attention.. Flow System II was practical for long
experiments and was used in the study of dispersion in Flow Injection

Analysis.

3. Flow System III

Flow System III, shown in Figure II-8, was based on a Minipuls 2-HP4
peristaltic pump from Gilson Medical Electronics, Inc,, Middleton, WI.
Eluent was supplied to the pump from a 2-L reservoir, The rate of flow
depended on the rotation speed of the pump and the diameter of the
manifold-tube and was continuously adjustable over a large range of flow

rates for a given diameter of the manifold-tube by controlling the speed



Figure II-8. Flow System III
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of the pump. For the studies described in this thesis, two ranges
of flow rates were required: the flows from two 0.76-mm i.d. vinyl
manifold-tubes were combined tokprovide flow rates in the range 0.4 - 2.6

], and a 2.29-mm i.d. vinyl manifold-tube was used to produce flow

mL min~
rates in the range 1-9 mL min']. Flow rate was calibrated by the same
procedure used to calibrate the flow rate of Flow System II. Pulsations
in the fluid stream were dampened by an inverted glass T-tube and an
adjustable needle va]ve. The glass T-tube contained an air bubble

(0.5 mL) in the stem. Pulsations were minimized when the back pressure
generated by the needle valve Was great enough to divert a small amount
of the fluid stream into the stem of the T-tube during the high-pressure
portion of the pu]sations. The need]é valve was constructed by the
Chemistry Shop at Iowa State University and has been described elsewhere
(6). A1l connections were made with Teflon tubing (0.79-mm i.d.) and
Altex tube-end fittings., The sample injection valve was from Altex.

The quality of the fluid stream produ;ed by Flow Stream III was
similar to the quality of the fluid stream produced by Flow System II.
Flow System III was, however, easier to operate and maintain than Flow
System II., The only disadvantage of Flow System III was that only
approximate flow rates could be set according to a calibration curve.
Flow rate was primarily determined by the speed of the pump which was
accurately set through a dial; however, the pressure of the rollers
against the manifold-tube, the wear in the manifold-tube, and the back
pressure of the flow system also affected the flow rate, and these

parameters varied from day to day. After the flow rate was set and the
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pulsations were dampened, the flow rate was measured to determine an
accurate value, Typically, the variation in the flow rate from the
initial setting was 0.2 mL min'] for the smaller manifold-tube and

+0.3 mL m1‘n’1 fdr the larger manifold-tube Whether or not this is a
drawback depends on the study being conducted. In general, Flow System
IIT was excellent for Flow Injection Analysis. Flow System III was used

in the later steady-state experiments and dispersion experiments.
C. Electrodes

Two tubular electrodes were used in this study. Both were
constructed in the Chemistry Shop at Iowa State University,

Electrode I, shown in Figure II-9, was constructed from a platinum
disk with dimensions 1/4-in o0.d. x 0.149-cm thickness, A 0.096-cm i.d.
tubular channel was drilled through the center of the disk to form the
surface of the electrode, Prior to assembly, the flat surfaces of the
disk were covered with a thin film of fingernail polish. The nail polish
was applied to help guard against contact with solution which might seep
into the platinum-Teflon interface of the assembled detector. A platinum
wire was used to align the bore of the electrode with the upper and Tower
halves of the electrolysis cell.

Electrode II was constructed according to the design in Figure II-
10. A square piece of platinum, 0.25 in x 0.25 in x 0.159-cm thickness,
was cast in an Epoxy disk and pressed into a 1-in i.d. cup machined into

a piece of glass-filled Teflon used to construct the lower portion of the



Figure II-9. Electrode I
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detector. The tubular channel was drilled to 0.0794-cm i.d. after
assembly of the electrode.

The electrolysis cells were completed with a fiber-junction calomel
electrode (Model 39270), Beckman Instruments, Inc., Fullerton, CA, for
the reference electrode, and a coil of 21-ga Pt wire for the counter
electrode, In both designs, waste liquid was removed from the upper
compartment of the cell by aspiration.

Electrode I was used in the initial studies of steady-state
current.. The performance of Electrode I was excellent when properly
sealed; however, the seal was not durable and had to be reformed every
2-3 days. The characteristics of the electrode varied with the quality
of the seal, Electrode II was designed to overcome the problems of
sealing associated with Electrode I. Judging from the features of
voltammograms, Electrode II was not as well-sealed as the best
assemblies of Electrode I, but the quality of the seal for Electrode II
was very good nonetheless. Electrode II was very stable and was used
for months before deterioration was noticed. Apparently, the epoxy
used in casting Electrode II was slightly permeable to solutions. The
life span of the electrode was increased by storing the electrode in a
desiccator. Electrode II was used in most of the experiments described

in this thesis,
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ITI. THE EVALUATION OF THE STEADY-STATE RESPONSE OF A
TUBULAR ELECTRODE

A. Introduction

In-a recent publication, Blaedel and Iverson have postulated the ex-
istence of a component of the steady-state current at a tubular electrode
which is independent of fluid flow rate (7). My experience with analyti-
cal applications of tubular electrodes and an examination of their
pub1ishéd data have led me to conclude that the postulation of Blaedel
and Iverson was based on a mathematical artifact of inaccurate data
analysis. In this thesis, I propose an alternate interpretation of the
results of Blaedel and Iverson in the hope of correcting misconceptions
in the literature about the analytical response of tubular electrodes.

The solution to the equation of convective-diffusional mass transfer
to the inner surface of a tubular electrode is given by Equation III-]
and is presently the accepted basis for the consideration of the amper-

ometric response of a tubular electrode (8-11),

= 2/3,2/3, 1/3 }
ISS = 5,43nFD™" "L Ve Co (ITI-1)

In Equation III-1:

mass transport limited, steady-state current (C s']);

Iss =

n = number of electrons involved in the electrochemical reaction
per molecule of electroactive specie (eq mo]"]);

F = the faraday (C eq”');

D = coefficient of diffusion of electroactive specie (cm2 s']);
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L = length of the electrode (cm);

Ve = volume flow rate of the solution through the electrode
(e s71);

C0 = bulk concentration of the electroactive specie in the sample
(mo1 cm'3).

Although the dependence of ISS on various experimental parameters
predicted by Equation III-1 has been verified for several experimental
systems, the accuracy of Equation III-1 may be limited under certain
conditions because of the practical difficulty of constructing an experi-
mental system which satisfies all the mathematical assumptions made in
the derivation of Equation III-1, In the derivation, the following
assumptions were made:

1) The parabolic laminar flow profile is approximated by a linear
equation in the region of the diffusion layer at the surface of the
electrode.

2) Cylindrical diffusion to the inner surface of the tubular elec-
trode is approximated as Tinear diffusion,

3) Mass transport from axial diffusion is negligible compared to
the mass transport by convection,

4) The fraction of'analyte consumed by the reaction at the elec-
trode is negligible so that the boundary condition C = C0 applies at the
axis of the tubular electrode.

The approximations listed above for the derivation of Equation III-1
have been tested by Flanagen and Marcoux (12). In their study, the

amperometric response of a tubular electrode was calculated by a
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computational method known as digital simulation without reliance on the
assumptions. When the results of the simulation were compared with

currents derived from Equation III-1, Flanagen and Marcous found the

assumptions to be valid only when LD/v. was less than 1078, For values

6

of LD/vf greater than 107", the errors in Equation III-1 increased as the

failure of the assumptions increased in severity. The error was small

6 and 1.0x10°% but increased

rapidly for LD/vf greater than 5.0><10'4. Tubular electrodes as commonly

for values of LD/v¢ between 1.0x10°

applied for analysis are described by LD/vf vé1ues of 1.0)(10'4 to
_1.0><10'2. Based on the criterion of Flanagen and Marcoux, Equation
ITI-T is vé]id only for the shortest electrodes when operated at
relatively high flow rates (e.g., L=0.16 cm, D= 1.0><10'5 cm2 s'];

Vg = 10 mL min']). The amperometric response for long electrodes and low
flow rates deviates significantly from Equation III-1.

There are many causes for deviation of the observed response of
pragtfcal thu]ar electrodes from the theoretical predictions of Equation
ITI-1 other than the Timitations inherent in the derivation of the
equation. The assumption of laminar flow is easily negated by the
turbulence produced at irregularities in the wall of the tubular channel,
particularly at the interface of the inlet channel with the electrode
surface. Capillary leakage may also occur at this interface and analyte
diffusing into the jnterfacia1 space undoubtedly is electrolyzed with a
response different than predicted by Equation III-1., A more serious
limitation on the theory, which fs well within the control of the

analyst, is the result of the selection of an electrode potential which
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is not within the region for a mass-transport limited reaction. The
reversibility of electrode reactions is frequently decreased by adsorp-
tion of impurities from solution during the electroanalytical application,
and deviation of the actual response from the theoretical is increased as
the flux of the electroactive species is made larger, i.e., higher Ve and
Co' These causes for deviation are easy to idealize in theory, but
difficult to eliminate in practice.

In my experience, deviations of the response of the electrode from
predicted behavior are common. Compliance of the experimental amper-
ometric response to Equation III-1 should never be assumed and should be
verified for each electrode under the specific operating conditions
characteristic of the particuiar application,

The customary proof of the compliance of a tubular electrode with
Equation III-1 is a linear plot of the experimental values of plotted Iss
versus vf]/3 (7,13,14),  Blaedel and Iverson studied the response of a

tubular electrode for vf in the range 1-10 mL min'].

Plots of ISS versus
vf]/3 were apparently linear; however, lines generated from the data by
linear least-squares calculations did not extrapolate to zero for vf==0.

The response of the electrode was concluded to be of the form
V= A+ a3 (I11-2)

where B is the slope of the plot and A is the intercept. The component

1/3

of the current represented by vi was taken to be the mass transport

limited steady-state current, Iss’ as described by Equation III-1. The

intercept, A, was postulated to represent a flow-rate independent



a4

current, Iind' Iind was observed to be a linear function of C0 for a
given set of determinations; however, Iind was also found to vary from
day to day and to be dependent on the method of electrode pretreétment.
Since the current was dependent on Co’ but independent of flow rate, the
source of Iind was concluded to be the axial diffusion of the analyte to
‘the electroactive surface at the ends of the tubular electrode. The
slopes of the straight lines calculated by Blaedel and Iverson by the
least-squares method (B in Equation III-2) were found to be inversely
related to the intercept. Furthermore, all lines calculated by Blaedel

1

and Iverson intersected at Vg = 1T mL min ' when extrapolated to

- c =1
Ve = 0 mL min .

The weak point in Blaedel and Iverson's treatment of the data was
their assumption that ISS is a linear function of vf]/3. Rather than
utilize Equation III-1, the amperometric response of their electrode is

described better by an empirical form of Equation III-1 given below,

- o
ISS = nFAK1vf Co (I11-3)

In Equation III-3, A is the area of the electrode (cm2), K, is a propor-
tionality constant (s(a"]) cm(]'3a)), and o is the value of the exponent
for the flow rate., The exponent o in Equation III-3 should be determined
experimentally from the slope of a plot of log ISS versus log Vo
Published values of o obtained in this manner vary from 0,320 to 0.362
(9,14-17). I have determined values as low as 0,234 for an electrode
which had not been polished, but typical values are in the range 0.280 to

0.340. Though in reasonable agreement with theory, these values deviate
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enough from the theoretical va]de of 1/3 to cause significant impact on
the'intercept for experimental results plotted on the basis of an assumed
value of a. | |

When the steady-state amperometric respbnse of an electrode whose
flow-rate dependence is vfa is plotted versus vfj/3 (o # 1/3), the
plot is a curve, not a straight line. Because of the small
deviation of-the experimental value of o from theory, the curvature
is slight and not easily detected by visual examination. The plots of
Isslversus vf]/3 appear to be linear due to the small number and 1imited
range of the values of flow rate examined, particularly when theory has
preconditioned the researcher to expect linearity., The application of a
least-squares calculation to the data imposes linearity on the plot and
disguises the true relationship between Iss and Ve Although the Tinear
fit is a good approximation for the function over the range of Ve
normally tested, the .linear equation fails to represent the behavior
of the electrode adequately outside the range of vf'tested, especially as
Ve approaches zero., For an electrode responding to Equation III-3, the
slope of the tangent to a plot of ISs versus vf_..l/3 will be

1/3

3anFAK, v 0"]/3C . The plot of I__ versus v will be a straight Tine,
1°f 0 S f

s
independent of Ve only for a=1/3. For small deViations of o from 1/3,
the plot will appear to be adequately fitted by a straight line for
large Vg with a slope which iis nearly proportional to a. The curvature
of the plot of Iss versus va3 from the straight 1iné which fits the

1

data at large Ve will be greatest in the region Ve 0 mL min~ ', where

data are usua11y not obtained because 6f the difficulty in controlling
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the flow rate. Because the slope of the linear fit of the data is pro-
portional to o for large values of Veo and since all straight lines must
intersect at Ve = 1 mL min'1, the intercepf of the calculated line will be
positive for o < 1/3 and negative for o > 1/3. This is all consistent
with the data reported by Blaedel and Iverson.

I conclude that Iind is an anomalous consequence of the inappropriate
extrabolation of a linear least-squares fit to nbn]inear data and not due
to the presence of a flow-rate independent current. In the sections that
follow, I provide a recalculation of the results of Blaedel and Iverson

and the results of my own experiments to support my contention.
B. Recalculation of Blaedel and Iverson's Data

There are four features of the experimental results of Blaedel and
Iverson that are important in Aeveloping my argument.

1) Both positive and negative intercepts were obtained for plots
of I__ versus Ve (Tables 1 and'II in Reference 7).

ss
2) The intercept was a linear function of C0 (Figure 3 in Reference

7).

3) An inverse relationship was observed between the values of slope
and intercept (Tables I and II in Reference 7).

4) Al11 fitted Tines intersected at vf]/3 =] mLV3 m1'n']/3
(Figure 2 in Reference 7).
Features 1 and 2 are the essential basis for the postu]ation of Blaedel
and Iverson for the existence of I'nd' Features 3 and 4 will be used

3
specifically to support my argument that the conclusion of Blaedel and
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Iverson is the result of an incorrect assumption concerning the dependence
of Iss on ve. The recalculation of Blaedel and Iverson's data based on
my model of fhe behavior of an electrode accounts for all four features
listed above.

To support my argument, I have reproduced the features of the experi-
mental results of Blaedel and Iversoh by assuming the general response of

the electrode as given by Equation III-4

- L
I = KV €y (I11-4)

where K{ equals nFAK] of Equation III-3, I then calculated slopes and

intercepts of plots of Iss versus va3

using the method of linear least
squares. The values of K{, Co’ and Ve were taken from Blaedel and
Iverson's paper (7) so that a direct comparison could be made between

their published results and my calculations.

1. The determination of Ki

The value of K; for my simulation was determined from Figure 2 in

1/3

Reference 7. Figure 2 contains a plot of ISS versus Ve for electrodes

submitted to different procedures. According to my interpretation, each
pretreatment resulted in a slightly different value of .

1/3

When Equation III-4 is plotted as a function of Ve ' Equation

III-4 can be written as

s B, 1/3
ISS = K] oVf Vs (III-5)

where B is the deviation of the exponential power of Ve from 1/3;

B=a-1/3,
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Since the o values in Figure 2 of Reference 7 are unknown, Equation

' _
III-5 is solved for K1 by using the value of ISS corresponding to‘vf= 1.
For vf='l, vfa is equal to 1 for all values of a., Thus, Equatibn ITI-5

becomes

! o . =0
ISS = K]CO[I mL™ min ] (I11-6)

This property of vfa accounts for Feature 4 of Blaedel and Iverson's

data as stated previously.

173 . 1 was estimated

For the actual calculation of'K;, I _at Ve

sS
from Figure 2 of Reference 7 to be 60 nA for C0 equal to 4 uM. By sub-

stituting these values in Equation III-6, I calculate
K, = 15 nA min® uM™1 mL™

The values of K; can also be obtained by the analysis of the data

in Table 1 of Reference 7. Table 1 presents the data of Figure 2 in the

linear form of

_ 1/3 -
Iss = Sve + Iind (111-7)
where S is the slope of the plot which was taken by Blaedel and Iverson

to be equal to 5.43nFD2/3L2/3CO. If Equation III-7 is a good approxi-

mation of the response of the electrode in the region of Vg = 1, then
Blaedel and Iverson's representation of the amperometric response can be
translated into my representation as shown in Equation III-8,

- 1/3 _— B, 1/3
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V3. B 1 and Equation III-8 becomes Equation

Again, at Ve = 1, Ve Ve

IIT-9,

- ' . -
I, = SII oLV 3min~ 137 + Loy = KiCo[l mL® min™®] (111-9)

Substituting the average values of S and Iind from Table 1 of Reference 7

into Equation III-9,

1

]
For C, = 4 uM, K; = 15,03 nA min® uM'] mL™® which is in excellent

K; = 60.1 nA

agreement with the value calculated directly from Figure 2.
To simulate the features of Figure 2, I calculated ISS using Equation
ITI-10 for a's in the range of 0.280 - 0.360 in 0.005 increments with the

inclusion of o = 1/3.

I, = 60(nA min® mL‘“)vf“ (111-10)

The experimental values of flow rate used by Blaedel and Iverson were
estimated from Figure 2 in Reference 7 to be 1, 2, 3, 4, 6, 8, and 9 mL

min'1. The results of the calculations are listed in Table III-1,

2. Calculations of slope and intercept for simulated data

The next step is to show that if the simulated data in Table III-1

1/3

were plotted versus Ve s then a least-squares fit of the data would

produce Blaedel and Iverson'’s slopes and intercepts for values of
a# 1/3.
The equations used by Blaedel and Iverson to calculate the slope (B)

and the intercept (A) of a least-squares fit are found in Reference 18
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Table III-1. I__ for various o and Vg as calculated from Equation III-10

sS
Io (nA)
\\\ Ve (mL min'])

;\\\\\ 1 2 3 4 6 8 9
0.280 60.0 72.9 81.6 88.5 99.1 107.4 111.0
0.285 60.0 73.1 82.1 89.1 100.0 108.5 112.2
0.290 60.0 73.4 82.5 89.7 100.9 109.7 113.4
0.295 60.0 73.6 83.0 90.3 101.8 110.8 114.7
0.300 60.0 73.9 83.4 90.0 102.7 112.,0 116.0
0.305 . 60.0 74,1 83.9 91.6 103.6 113.1 117.3
0.310 60.0 74.4 - 84.3 92.2 104,6 114.,3 118.6
0.315 60,0 74,6 84.8 92.9 105.5 115.5 119.9
0.320 60.0 74.9 85.3 93.5 106.5 116.7 121.2
0.325 60,0 75,2 85.7 94.2 107.4 117.9 122.5
0.330 60.0 75.4 86.2 94.8 108.4 119.2 123.9
1/3 60.0 75.6 86.5 95,2 109.0 120.0 124.8
0.335 60.0 75.7 86.7 95.5 .T109.4 120.4 125.3
0.340 60.0 75.9 87.2 96.1 110.3 121.7 126.6
0.345 60.0 76.2 87.7 96.8 111.3 122,9 128.0
0.350 60.0 76.5 88.1 97.5 112.3 124,2 129.5
0.355 60.0 76.7 88.6 98,1 113.3 125.,5 130.9
0.360 60.0 77.0 89.1 98.8 114.4 126.8 132.3
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with corrections published in Reference 19, The equations are listed

below with Blaedel and Iverson's original notation.

B = Xy - _(Zx)(Zy)/N (I11-11)
XX

A=y - BX (I11-12)

In Equations III-11 and III-12:

N = number of data points;
y = Ly/N;
X = Ix/N;

_ w2 2

1/3 1/3

For a plot of ISS versus ve' %, y = ISS and x = Ve '

The slopes and intercepts can be computed more accurately if
'Equations ITI-11 and III-12 are rewritten and simplified using the param-
eters of my model. In rewriting the equations, the following

substitutions are made:

X = ZVf1/3
Iy = I = ZK;Covf“ = K;COvaa
Ixy = K;Covaavf1/3 i} K;Covaa+1/3
sz = va2/3
(2x)2 = (va1/3)2

Equation III-11 becomes Equation III-13

gy OF1/3 _1g, /35, ol
B = f2/3 T " {/3 3 ! K:Co (111-13)
va - N(va )
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and Equation III-12 becomes Equation III-14

v o (Zv atl/3 - l&v ]/3Zv a) IRY ]/é] '

I f Ve Ve ) Mg
A N_'cho
O, 2/3 atl/3.. 1/3
va va - va va ) )

573 1,173,
273 1732 K1 (I11-14)
f

1
N v

- B

Interesting implications can be drawn from Equations III-13 and
III-14. The dependence of the slope and intercept on N and Ve indicates
that the number of data points used in the calculation, and the values
of Ve chosen, influences the results of the calculation. This implies
that the results of the calculations are affected by the nature of the

data as well as the values of the data, Also, for a = 1/3,

|‘ 2/3 1 V1/3)2

ZV - _(Z 1
f NYOF !
B = K,C = [1]K,C
lfvfz/s T f1/3)2‘1 1% 1%
and
va1/3 val/jT ' '

However, for a # 1/3, if the same N and set of vf's are used throughout
a concentration study, the slope and intercept will be a linear function
of Co' This explains Blaedel and Iverson's observation that the inter-

cept of the linear fit to the experimental data was proportional to Co’
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The slope and intercept of a linear fit was calculated for the data
in Table III-1 for each value of o using Equations III-13 and III-14.
The results are shown in Table III-2, Values of I s» as calculated from
Equation III-10, are shown in Figure III-1 as a plot of ISs versus vf]/3
for a = 0,300, 1/3, and 0.360. There is considerable similarity between
the lines in Figure III-1 of this theSis and the lines in Figure 1
of Reference 7, particularly between the plot for o = 0,300 in Figure
ITII-1 and Curve II-C in Figure 1. The plots in Figure III-] appear to be
Tinear for all values of o used in the calculation, and one might conclude
from mere inspection of the plots that each corresponds to a tubu]ar
electrode whose response is in compliance with theory,
A comparison of Blaedel and Iverson's experimental results and the
data in Table II-2 shows several important correlations:
1) The magnitude of the calculated slopes and intercepts agree
with Blaedel and Iverson's data over the range of o used.
2) The relationship between slope and intercept are the same
for a given a in both studies. For example, for a slope
of 50 nA min® mL™®, the intercept is ~9.7 nA in both studies.
3) Both the results of my calculations, and Blaedel and
Iverson's data, show an inverse relationship between the
slope and the intercept. As the slope increéses, the inter-
cept becomes more negative. »
4) 1In both studies, negative intercepts are observed for values

of slopes > 60 nA which corresponds to values of a > 1/3.
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Table III-2. Results of the least-square fit for a plot of ISS versus
v.'/3 for the data in Table III-1

£
a Slope (nA minl/3 mL']) Intercept (nA)
0.280 47,1 13.4
0.285 48,2 12.2
0.290 49.4 11.0
0.295 50.6 9.8
0.300 51.7 8.6
0.305 52,9 7.3
0.310 54.2 6.1
0.315 55.4 4.8
0.320 56,6 3.5
0,325 57.9 2.2
0.330 59.1 0.9
1/3 60.0 0.0
0.335 60.4 | -0.4
0.340 61.7 -1.8
0.345 63.0 -3.1
0.350 ' 64.4 -4.6
0.355 65.7 -6.0
0.360 67.1 -7.4




Figure III-1. Recalculated values of steady-state current

from data in Reference 7
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These correlations are best illustrated in Figure II1I-2 where a quanti-
tative comparison is made between my results, and Blaedel and Iverson's
data. In Figure III-2, the slope is plotted as a function of intercept.
The results of my calculations are represented as a line which corre-

sponds to values of o in the range 0.280 - 0,344, Blaedel and Iverson's
data were taken from Tables I and Il of Reference 7, and are represented
by the open circles and triangles. The agreement between the calculated

line and the data of Blaedel and Iverson is excellent.

Taking into consideration the correlations discussed above and the

concentration dependence of Equation III-14, the day-to-day variation in

the slope and intercept and the dependence of the slope and intercept on
the pretreatment of the electrode are easily explained if the true value
of a, which correctly describes the béhavior of the electrode, fluctuates

about the value of 1/3.
C. Experimental

1. Instrumentation and apparatus

The instrumentation and apparatus used in this study are discussed
in Chapter II. Most experiments were performed with Flow System III

using Electrode II as a detector. Where noted, E1ectrbde I was used with

Flow System I.

2. Preparation of solutions :

A solution of 0,10 M sto4 and a solution of 0.10 M H2504 containing

4

5.0 x 107" M KI were used in this study. The 0.10 M H2504 was prepared



1/3

Figure III-2. Correlation of slope (dISS/dvf ) with Iind

o - Data from Table I, Reference 7

A - Data from Table II, Reference 7

--- - Calculated from Equation III-10
for o = 0.280 - 0,344 |
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by diluting 11.2 mL of concentrated sto4 to 2 L with deionized water.

2 M KI was made by dissolving 8.3023 g of

A stock solution of 5.0 x 10°
KI in deaerated 0.10 M H2804 and then diluting to 1 L with 0,10 M H2804.
A 10 mL aliquot of the stock solution was diluted to T L with 0,10 H2504

4 M KI. The working solution

to make the working solution of 5.0 x 10~
was deaerated and kept under a nitrogen atmosphere to prevent the

oxidation of iodide by dissolved oxygen.

3. Procedures

The electrodes were preconditioned in the conventional voltammetric
manner by repeated scans of the applied potential between the Timits
-0.2 V and 1.0 V versus SCE until consecutive current-potential curves
for solutions containing iodide were reproducible. The limiting-current
plateau for the anodic wave for iodide was in the range 0.7-0.9 V versus
SCE and the measurement of ISS was made at a potential of 0.8 V versus
SCE.

The sensitivity of the detector was generally observed to decrease
slightly over an extended period of use (several hours) or upon storage
overnight. The sensitivity was restored by polishing the inner surface
of the tubular electrode prior to the voltammetric pretreatment.
Polishing was with 1 um Metadi diamond paste from Buehler Ltd.,
Evanston, IL. The paste was applied to a 22-ga Pt wire which was drawn
back and forth in the tubular channel of the detector. The paste was
cleaned from the channel with a stream of distilled water flowing at

high pressure.
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D. Results and Discussion

Values of ISS are shown in Table III-3, This includes data obtained
without the benefit of the polishing procedure applied just prior to the.
measurement of ISS (Exp. A) as well as data for the same electrode
obtained following the polishing procedure (Exp. B). Plots made of
ISS versus vf_.]/3 shown in Figure III-3 (open circles) appear to be linear
and the slopes and the intercepts of the'plots are given in Table I[II-3.
The values of o are significantly less than 1/3 for the data given in
Table III-3. The linear least-squares fit to the plots gives intercepts
which deviate significantly from zero. The experimental value of a,
determined from plots of log Iss versus log Vg, are also given in
Table III-3, as well as the slopes and intercepts for the linear fits to
plots of ISS versus vfa using experimental values of o, The confidence
Timits (90%) and the coefficient of correlation (R) are given in Table
III-3 for the intercept and the slope of each plot for each experiment.

A comparison of the confidence limits for the plots of ISS versus vf.‘/3
to the corresponding plots of ISs versus vfa show§ that there is Tess
relative uncertainty in the value of the slopes for the plots of

ISS versus vfa. The value of the intercept is also much smaller for the
plots of ISS versus vfa and can be considered to be zero when compared to
the range of the confidence limits. The increase in sensitivity which
results from polishing the electrode is probably caused by removal of
adsorbed material which blocks the active surface area. The value of a

is Tow, however, even after po1iéhing. Tubular electrodes are difficult

to polish adequately; thus, the Tow values of o may be attributed to the
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Table III-3. Experimental values of ISS and the results of least-squares

calculations
Exp. A vf , Issa Exp. B vf r Issa
(mL min™ ") (uA) (mL min™ ") (uA)
1.66 15.96 1.70 16.16
2.5 17.77 ‘ 2.53 18.13
3.90 19.79 3.89 20.57
5.21 21.28 5,24 22.36
6.07 21,73 6.08 23,21
 6.96 22.34 6.93 24.05
7.93 23,18 7.85 24.85
8.93 23,82 8.83 25.60
ISS VS, Vf]/az
slope (uAmin1/3mL”]/3) 8.66:0.43 10.83%0.31
intercept 5.95+0,74 3.39+0.54
R - 0.9976 : 0.9993

log Iss vs. log Vf:

slope (a) 0.234+0.003 0.280:0.002

R 0.9987 0.9997
ISS Vs, Vfa:

slope (pAmin®mL™®) 14.20%0.57 13.93+0,28

intercept (uA) 0.12+0,84 0.095+0.44

R 0.9987 0.9997

aISS corrected for background observed in absence of iodide.



Figure III-3. Plots of experimental values of ISS
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effects of electrode kinetics which at the higher flow rates causes the
value of the current to be less than the mass-transport limited value.
For other cases observed in my experimental work, the nonzero inter-

1/3

cepts of the linear least-squares fit to the plots of Is versus Ve

s
were significant only when the experimental values of o were not équa] to
1/3. Some examples are reported in Table III-4. The data for Table

III-4 were acquired using Electrode I with measufement of Iss at a- flow
rate of 0.5, 1.0, 1.5, and 2 0 mL min™] for a solution of 5.0 x 10°% M
KI. Fingernail polish was applied to the flat surfaces of the platinum
disk of Electrode I prior to assembly to help guard against contact with
solution which might seep into the platinum-Teflon interface of the
assembled detector. The importance of a good seal to the performance of
Electrode I is shown in Figures III-4 and III-5, In Figure III-4, the
voltammogram of the oxidation of iodide taken with a well-sealed electrode
is shown. The voltammetric features of the voltammogram are well defined:
the curve in the region of the mass-transport limited current is flat and
broad, the rising portion of the curve is sharp indicating a reversible
reaction, and there is no evidence of any appreciable background current
or process. The voltammogram in Figure III-4 corresponds to Experiment 4
in Table III-4. The voltammogram in Figure III-5 is characteristic of an
electrode that is not properly sealed. The voltammogram in Figure III-5
was recorded the day before the voltammogram in Figure III-4 was recorded.
In the interim, the electrode was disassembled and resealed, The most
notable feature of the voltammogram in Figure II1I-5 is the large sloping

background current. Because of this background current, the voltammetric



Table III-4. The results of least-squares calculations for various experiments using Electrode I

5

Experiment 1 2 3 4 6
1/3,
ISS VS, Ve '
stope (uA min'/3 m"1/3) 12,43 10.20 10.51 11.49 9.73 11.85
Intercept (uA) -1.54 0.26 -0.004 0.26 1.46 0.11
log ISS vs. log Ve
Slape (o) 0.374 0.325 0.333 0.327 0.290 0.329
a
ISs VS. Vg
Slope (yA min® mL™%) 11.07 10.46 10.52 11.74 11.22 12.00
Intercept (uA) -0.21 0.00, -0,02 0.02 -0.01 -0.03

99



Figure III-4., Voltammogram from a well-sealed electrode for

the oxidation of I~ in 0.10 M sto4
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Figure III-5,

Voltammogram from a leaky electrode for the

oxidation of I” in 0.10 M H2504
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features of the curve become distorted and are not as well defined as
in Figure III-4. The behavior of the background current appears to be
analogous to the behavior of a resistor in a simple DC circuit in which
Ohm's law is obeyed. This is attributed to the high resistance of the
solution in a capillary leak. Generally, the background current of a
sealed electrode is stable and can be measured in the absence of the
analyte. The value of the background current can then be used as a
correction in the measurement of I . The measurement of I__ for the
electrode of Figure III-5 was impossible due to the slow and steady
decay of the background current as a constant potential. Because of
its decay, the value of the background current was different for each
meaéurement of ISs which made a correction impossible. The electrode
of Figure III-4 is an extreme case; however, perfectly sealed
electrodes are difficult to construct and to maintain and most
e]ectrode§ leak to some degree. If leakage occurs to the extent that
the baékground current is unstable and significant when compared to the
value of ISs being measured, then errors in the measurement of ISs will
be reflected in the values of the intercept and slope for the Teast-

squares fit of a plot of Iss versus vf1/3.

E. Conclusion

The validity of the cohcept of a flow-rate independent component of
the steady-state current in tubular electrodes which has been proposed

as making a significant contribution to the total current, even

1

for moderately large Ves €805 > T mL min~ ', has been brought into
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serious question. The concept was originally proposed to explain the
nonzero intercepts obtained for linear extrapolations of plots of Iss
versus vf“ which were made with the assumption that o was equal to the
theoretical value of 1/3, The actual value of o describing the response
of practical electrodes may vary significantly from 1/3 and should be
calculated from plots of log ISS versus 1og Ve Plots of ISS versus vfa
which are constructed using the experimental value of o have an
intercept which is virtually zero within the uncertainty of the data.

I speculate that these findings for tubular electrodes are also applic-

1/2 for flow-

able to the interpretation of plots of Iss versus v
through detectors constructed from planar electrodes (20,21). Nonzero
intercepts for linear extrapolations of those plots have also been

explained as the result of a significant flow-rate independent current,
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IV, THE CURRENT-TIME RESPONSE OF A TUBULAR ELECTRODE IN
FLOW INJECTION ANALYSIS

A. Introduction

A natural application of tubular electrodes is the determination of
an electroactive species in a fluid stream. In early applications, the
solutions to be analyzed were passed through the electrode with experi-
mental conditions chosen so that steady~state currents were observed
(22-30). The relationship between the electrical current and the
concentration of the analyte for the steady-state application is

'described by Equation III-T,

= 2/3,2/3, 1/3 )
I = 5.43nFD L™ "ve " 7C, (ITI-1)

In more recent applications, tubular electrodes have been used as
detectors in Liquid Chromatography (LC) (31-38) and in Flow Injection
Analysis (FIA) (37-41)., In these applications, a sample of the solution
to be analyzed is introduced into a continuous stream of a nonelectro-
active reagent. The sample is carried to the electrode by the fluid
stream. Passage of the sample through the electrode prodUces a current
* which is a "peak-shaped" fuhction of time The maximum of the current-
time curve (32,33,35,38) and the area under the current-time curve (31,
32,34,37,38,41) have been found to be proportional to the concentration
of the analyte in the sample.

The applications of fubu]ar electrodes to FIA and LC differ from

steady-state app]ic&tions in that the dispersion of the analyte plays an
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important role in the amperometric response of the electrode. As the
sample is carried toward the electrode. the analyte in the sample is
dispersed either by chromatographic processes (in LC) or by differences
in the rate of axial mass transport caused by the nonuniformity of the
radial flow-profile (in FIA). Because of dispersion, the concentration
of the analyte in the flow stream is neither uniform nor equal to the
original concentration of the analyte in the sampTe. Both the axial and
radial distribution of the analyte are affected by dispersion; thus,
factors which influence dispersion consequently influence the ampero-
metric response of the electrode.

The relationship between the dispersion of a sample injected into
a fluid stream and the amperometric response of a tubular electrode has
not been investigated in previous studies reported in the chemicai
literature. In previous works, the behavior of the tubular electrode in
a dispersive system was described in general terms by the equation for
the steady-state current (Equation III-1) (3,4,31,32,37,39,42). The
tacit implication was that the peak current, the current at the maximum
of the current-time curve, is analogous to a steady-state current.
This Ted to the assumption that parameters which affect the steady-state
current will also affect the peak current in the samé manner,

The comparison of the amperometric response of a tubular electrode
in a dispersive system to the steady-state current has several drawbacks:

(1) The steady-state equation does not describe the time-dependence

of the amperometric response of an electrode in a dispersive

system,



75

(2) The equation for the steady-state amperometric response does
not predict the proper proportionality constant relating the
peak current to the concentration of the analyte in the
sample,

(3) In FIA, the amperometric response of the electrode depends on
the volume of the sample, VS’ and the volume of the flow
system between the injector and the electrode, VR' In chroma-
tography, the amperometric response of the electrode depends
on the volume of the sample, VS’ and factors which affect the
partitioning of the analyte between the fluid stream and the
column. The steady-state equation does not take these param-
eters into account. N

(4) The steady-state equation cannot be integrated in a satis-
factory manner to predict the charge passed through the
electrode during the electrolysis of the injected sample.

(5) The dispersion of a sample in a fluid stream and the mass
transport of the analyte to the surface of an electrode are
both dependent on the flow rate, Ve This is reflected in the
observed relationship between the peak current and flow rate.
The steady-state equation expresses only the flow-dependency
of the mass transport to the surface of the electrode and does
not consider the contribution of dispersion,

In the past, points 1 through 4 were recognized as limitations of the
steady-state equation (3,32) and were readily apparent when the steady-

state equation was compared to experimental results. Point 5
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illustrates a case where the comparison of steady-state current to peak
current was insidious. Routine laboratory experiénce taught that peak
current was a function of flow rate., Since the steady-state equation
predicted a dependence of the current on the cube root of the flow rate,
peak current was assumed to have the same relationship. If experimental
results deviated from the predicted rélationship, the differences'were
attributed to problems with the electrode or to the electrochemistry.
Although these misconceptions were not usually discussed formally, they
were prevalent for a number of years (3).

This is a particu]ar problem in the development of electrochemical
detectors for Liquid Chromatography. Flow Injection Analysis is often
used prior to the application of chromatography to characterize the be-
havior of the electrode and the electrochemistry of the analyte (3,4,37,
38,42-44). The column is removed from the flow system and the injector
is connected to the electrode with a piece of tubing, Since no analysis
is actually performed, a more appropriate name for this technique would
be "Flow Injection Amperometry". The thought is as follows: In the
absence of a column, the signal from the electrode is analogous to a
steady-state current and can be used to study the behavior of the
electrode and the electrochemistry without complications due to the flow
system. Actually, one type of dependency on the flow system is
unintentionally exchanged for another type.

A desirable objective would be to develop a general theory of
dispersion to explain the current response of an electrode in Liquid

Chromatography and in Flow Injection Analysis. Theories on band
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bkoadening in Liquid Chromatography (45,46).and on dispersion in Flow
Injection Analysis (47-53) have been published, Thése works are based
on‘mode1s which assume that the signal from a detector in a dispersive
system is a gaussian-shaped function of time. The dispersion is
expressed in terms of empirical parameters such as HETP, the height
equivalent to a theoretical plate; N, the number of 1magfnary mixing
stagés in a flow stream; ts the mean residence time in an imaginary
mixing stage; and wo, the width of the peak when extrapolated back to
the moment of injection. The results provide useful qualitative infor-
mation about factors which influence dispersion; but, the relationship
between real parameters and dispersions is always expressed in terms of
empirical parameters, Because of the heavy reliance on an assumed mass
distribution and on the use of empirica1‘parameters, the models above do
not provide enough information to describe the amperometric response of
an electrode accurately.

This thesis focuses on the amperometric response of the tubular
electrode in Fiow Injection Analysis as a first step in developing a
general theory concerning the amperometric response of an electrode in
a dispersive system. The prdb]em of dispersion in Flow Injection
Ana]ysfs was chosen because of the general lack of knowledge in the
area and because of the relative simplicity of this problem when com-
pared to the problem of dispersion in Liquid Chromatography. Hopefully,
the results of this study can later bé extended to include the effects

of dispersion in Liquid Chromatography.
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In this study, a theory of dispersion in fluid streams based dpon
a physical.model of dispersidn is developed, and equations describing the
current-time curve, the peak current and the area under the current-time
curve for a tubular electrode are derived. The theory is compared to
the results of an experiment in Which the amperometric and pu]se;
amperometric responses of a tubular electrode vere recorded for various
values of Vp, Vo, and ve. Factors that influence the dispersion and
amperometric response of the electrode, the limitations of the theory,
and the relative merits of peak current and peak area as analytical
measurements are discussed. Although this study deals specifically
with the tubular electrode, general results which are applicable to
electrodes of different geometries and to other types of detectors are

also presented.

B. Theoretical Considerations

1. Dispersion of a mass in a fluid stream

After being injected into a fluid stream, the analyte in a liquid
sample is transported by conveétion and diffusion, Since not all
portions of the sample are transported in an identical fashion in the
stream, a redistribution of the ana]yte occurs, The net effect of the
redistribution is the dispersion of the analyte into the neighboring
regions of the fluid stream.

The process of dispersion in a stream flowing throygh a straight
tube under laminar conditions is illustrated in Figure IV-1, The

velocity of the fluid at any point in the tube, Ur' is a function of



Figure IV-1, Distribution of the mean concentration of an

analyte in a fluid stream

A. Initial mass distribution

B. Dispersed mass distribution
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the radial distance, r, from the axis of the tube as described by the

Poiseuille equation (Equation IV-1).
_ 2,.2
Ur -‘Uo(l - r°/a“) o (IV-1)

In Equation IV-1, a is the radius of the tube and U, is the maximum
fluid .velocity which exists at the axis of the tube, i.e., r=0. At the
walls of the tube, r=a and Ur==0. The djstribution of Ur across the
diameter of the tube has the shape of a parabola as shown in Figure IV-1.
Immediately upon placing the sample in the fluid stream, i.e., t=0, the
analyte is assumed to be homogeneous throughout thg region of the tube
occupied by the sample and at a concentration equal to the original con-
centration of the analyte in the sample. Cd. The distribution of the
analyte at t=0 is shown in Figure IV-1A by the diagram showing the
Tongitudinal cross-section of the stream and by the plot of the normal-
ized mean concentration of the analyte over the radial cross-section, fﬁ,
versus the distance along the axis of the tube, x. After the injection,
different regions of the sample are carried by the stream at different
rates because of the radial nonuniformity of the velocity of the stream.
The sample near the axis of the tube is carried faster than the sample
near the walls of the tube., If axial convection:was the only mode of
mass transport, then the material in the sample would be spread along
the tube and confined to a parabola-shaped region in the fluid stream as
shown in the diagram of the longitudinal cross-section in Figure IV-1B.
The dispersion of the sample is, however. complicated by the radial
diffusion of the sample from the parabola-shaped region. The inequal-

ities in the rates of axial mass transport causes the development of a
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radial concentration gradient, Diffusion.occurs in a direction parallel
to concentration gradients and has the effect of decreasing the
severity of the gradient. Within the fluid stream, under laminar flow,
diffusion is the only mechanism for transport of the analyte in a
'radial direction; the radial fluid velocity is zero for laminar flow.
Analyte concentrated in the faster moving regions of the sample
diffuses outward to slower moving regions of the fldid stream, while
analyte concehtrated in the slower moying regions of the sample diffuses
inwérd to faster moving regiohs of the fluid stream, This movement of
the aha]yte is represented by arrows in the diagram of the Tongitudinal
cross-section in Figure IV-1B. The effects of radial diffusion seem. at
first almost contradictory, Radial diffusion mixes the components of
the sample into the fluid stream but also restricts the axial
dispersion of the samp]e through the movements described above. The
extent to which radial diffusion affects the mass distribution of a
sample depends upon the relative rates of axial convection and radial
diffusion. Changes in radial variations in concentration due to axial
convection must be slower than Changes due to radial diffusion if
diffusion is to have an appreciable effect on the mass distribution.
The effect of radial diffusion is shown in Figure IV-1B in the compari-
son of the mass distribution of a sample disperséd by axial convection
alone to the mass distribution of a sample dispersed by a combination
of axial convection and radial diffusion,

While both axial convectjon and radial diffusion affect the mass

distribution within a tube, radial diffusion plays a particularly
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important role in the current-time response of a tubular electrode to a
dispersed mass. Radial diffusion brings the analyte to the surface of
the electrode making a reaction possible, The current at an electrode
is proportional to the rate at which the analyte diffuses across the
stagnant layer of fluid at the surface of the electrode where Ur is
virtually zero. This stagnant layer of fluid is known as the diffusion
layer. Since the diffusion layer is very thin, the electrode is sensi-
tive only to the concentration of the analyte near the surface of the
electrode. This is in contrast to the more common spectrophotometric
detector which responds to the total mass in the cross-section of the
tube. The concentration of the analyte near the surface of the
electrode depends largely on radial diffusion because of the role of
radial diffusion in establishing the radial concentration profile across
the tube. In the limiting case of dispersion of the sample by high
axial convection and low radial diffusion (mass distribution for
convection alone is shown in Figure IV-1B), the mass in the first
portion of the sample to pass through the detector would be concen-
trated in the center of the fluid stream and away from the surface of
the electrode. The electrode would be "blind" to this portion of the
sample. Radial diffusion is, therefore, necessary to bring the mass

from the early part of the sample to the surface of the electrode.

2. Mathematical description of dispersion

For the system described above, the concentration of an analyte,
C, as a function of axial distance, x, radial distance, r, and time,

t, is given by Equation IV-2
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2 2 2
o€ _pf2€C, 1€, 3CY _ -r)ac -
a_t'D( 2tyor? 2) Yo <] az) ax (1v-2)

where D is the coefficient of diffusion of the analyte. The solution
of Equation IV-2 with the appropriate boundary conditions gives the
value of C for all values of r, x, and t, and, hence, describes the
mass distribution of the sample within the fluid stream. A complete
solution of the problem of the dispersion of a sample of finite volume
has been published by Gill and Sankarasubramanian (54). However, due to
the complexity of their treatment, an alternative, approximate solution
will be offered in this thesis. This solution has been derived by
other workers for a variety of applications (55-57), but has yet to
be applied to Flow Injection Analysis with amperometric detection.

The fundamental work on the theory of the dispersion of matter in
a fluid stream was published by Sir Geoffrey Taylor (58-60), The
results of his work have been applied in many fields, For example, his
findings have been applied to the dispersion of an indicator in the
blood stream (61-64), to the longitudinal mixing of fluids in a pipe
(65,66), to the dispersion of mass in a tubular chemical reactor
(67-69), and to the theory of gas and liquid chromatography (70-72).
The above is by no means a definitive list of applications, Often
the application of Taylor's contribution to a field is disguised. In
the case if dispersion in FIA (47-53), Taylor's findings are at the
heart of the treatment although the emphasis on the variance of the
mass distribution, instead of on a solution of Equation IV-2, could

lead a reader to think otherwise,
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In his original analysis of the problem of dispersion, Taylor
offered an approximate solution to Equation IV-2 which was obtained by
making the following assumptions:

1) Changes in the concentration in the axial direction due

to convection are much greater than the changes due to
diffusion; thus, the term D g;% in Equation IV-2 may be-
neglected.

2) Changes in the concentration due to convection are slow

compared to ‘the time required for diffusion to minimize

radial variations in concentration.
These assumptions are easily restated: The axial mass transport is
controlled by convection and the radial mass transport is controlled by
diffusion. Under these cbnditions, Taylor found that the mean concen-
tration of a substance, Cm, is dispersed relative to a plane, which
moves with the average velocity of the fluid stream Um, by a process
analogous to molecular diffusion. Instead of a coefficient of diffusion,

the proportionality constant is a coefficient of dispersion, K.

Mathematically, the process is described by Equation IV-3,

2

aC 9°C
m m
= K ——n (Iv-3)
In Equation IV-3:
azum2 ‘
K= 25D} (1v-4)
a

c =ij rC(r)dr; (1V-5)
0
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u_ = JL-J rU(r)dr; (1v-6)
m 2
a
0
X'= X - Ut (Iv-7)

The modified distance, x', is the axial coordinate in the moving frame
of reference and x is the axial coordinate in the stationary frame of
reference. The problem of dispersion in a three-dimensional system can
now be treated in the same manner as the problem of linear diffusion
and, therefore, is greatly simplified.

For the case of the dispersion of a sample of finite volume, we
can assume that the sample is initially confined to a fegion of the
fluid stream - h < x' < +h and that, for t > 0, the sample is dispersed
relative to the plane at x' = 0 as described by Equation IV-3 (Figure
IV-2). The dispersion of the sample can be solved by considering the
initial distribution to be an infinite number of line sources and by
‘superposing the solution of the line sourées (73). The solution for

dispersion from a line source is

' M 2
c = exp{-x“/4Kt} (Iv-8)
m 2a2n3/2K]/2t]/2

where M is the mass of the sample concentrated initially on the Tine
(58). If the sample of finite volume is divided into an infinite number
of lines of width ds', the mass of sample on each Tine would be

M = nazcods' . o (1v-9)



Figure IV-2. Dispersion of a sample relative to a moving

frame of reference
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For an arbitrary point P' whose distance from a line source is s'
(Figure IV-3), the concentration at point P' due to the dispersion of
mass from the line source is .

Cods'
27r1/2K1/2t1/2

exp{-s'2/4Kt} (IV-10)

at time t. The total concentration at P' is the sum of the contri-
butions from all of the line sources and can be expressed as the
integral

x'+h

c
- 0 2 )
C,(x'st) = 7272172 exp{-s'“/4Kt} ds' . (1v-11)

Xx'=h

The solution to the integral in Equation IV-11 is expressed in terms

of the error function erf{z} where

z
_ 2 2
erf{z} = 72 exp{-n~} dn . (Iv-12)
- .
()
If
Sl
n = —= 575 (Iv-13)
2 K1/2 t1/2
and
dn=—95___ | | (IV-14)

o k12 (1/2



Figure IV-3. Initial distribution of the sample as an

infinite number of line sources
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Equation IV-11 becomes

¢

By rewriting Equation IV-15 as shown in Equation IV-16,

92

x' + h

2 kl/2 t1/2

exp{-nz} dn

X' - h

9 K'l/2 t1/2

B x'+h x'=h
2/Kt 2/Kt
C
' - o |2 _ 2 _ 2
| o o

exp{-nz} dn

i

L

(IV-15)

(IV-16)

the solution to Equation IV-11 becomes apparent upon the examination

of Equation IV-12 and Cm(x',t) is given by Equation IV-17.

. .
h+x' h-x'

C(x',t) = -2 |erF{X_1 4 erf{————

m 2 [ “] 2/KE

2/Kt

Equation IV-17 describes dispersion in the moving frame of

reference and in linear dime

nsions,

(IV-17)

A more useful form of the solution

is desired which expresses the mean concentration of the sample within

a tubular electrode as a function of time, t, the sample volume, VS’

the volume of the flow system, VR, and the volume flow rate, Ve In

the stationary frame of reference, the electrode is positioned at a

point along the axis of the flow system, XD, such that

Xp = h+1

(1v-18)
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.where 1 is the distance between the injector and the electrode (Figure

IV-2). From Equation IV-7, the distance between the plane x'=0 and

X' =Xy - u,t = h+1- Umt . (Iv-19)

D
By substituting the right side of the expression above for x' in

Equation IV-17, the mean concentration at the electrode becomes

C0 2h+1 -ut Umt-l
Cm(XD,t) =5 |erfy———— + erf (1v-20)
L 2/Kt 2vKt

To express the mean concentration at the electrode in terms of VS’ VR’

and Ve the following substitutions are made:

h=—0 ; (1V-21)
2ma
v
1=—% ; (1V-22)
ma
a
1 Ve
U = —5 | 2rrU(r)dr = —5 (1v-23)
M el J mal
0

The final form of the solution for Cm(XD,t) is given by Equation IV-24,

C Ve +Vy - vet Vet -V
¢, (Xpot) = 2 er[° AT+ erf [——‘1-2——-5 (1v-24)
| Lemle /RE
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4 ‘Equation IV-24 has broader applications than one would expect
judging from Taylor's initial assumptions. The results of experimental
work (55,56,58,62-64,74) and of numerical solutions (54,57,63,64,74-76)
are in good agreement with Taylor's so]dtion at high f1ow rates and for
large values of time. Under these conditions, assumptions 1 and 2 are
met. Subsequent studies have removed some of the restrictions placed on
Taylor's original solution by extending Taylor's work to include the
effects of axial diffusion (77), the time-dependency of the coefficient
of dispersion, K, (54,78), and the effect of curvature of the flow
system (79,80) on the process of dispersion. The extended solutions are
generally not in a form that is convenient to use; however, they
demonstrate that the process of dispersion is "diffusive" in nature
(Equation IV-3) and that only the form of the coefficient of dispersion,
K, (Equation IV-4) is changed upon removing Taylor's restrictions.
Equation IV-24 can be used effectively to describe the dispersion of a
systém for which Taylor's assumptions are not valid provided K is
determined experimentally.

In FIA, Téy]or's solution is generally applicable if the curvature
of the tubing is not extensiye or the residence time of the sample in
the fluid stream is not too small, Deviations from Taylor's solution, as

they apply to FIA, are discussed in more detail in Chapter IV, Section D.

3. Amperometric response of a tubular electrode to a dispersed mass

The electrical current at a tubular electrode depends on the
concentration of the analyte at the outer boundary of the diffusion

layer rather than on the mean concentration of the analyte as given by
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Equation IV-24. Knowledge of the radial distribution of the concen-
tration is necessary, therefore, to describe fu]]yAthe current response
of a tubular electrode.

The concentration as a function of radius is given in Taylor's
solution by Equation IV-25 (60) where z is the normalized radius and

equal to r/a.

C(z) = ¢, + 7 (3 + 22 - 2 (1V-25)

By substituting Equation IV-24 for Cm and the first derivative of
Equation IV-24 with respect to VR (acm/avR) for acm/ax into Equation
IV-25, the concentration at the electrode as a function of radius can

be expressed as in Equation IV-26.

V#Vp-v Vet-V, -
C(XD’Z t) = C [—[erf{_s__R_j_} + eY‘f{ f 5 R}_] +
2ma /K'E 2ra /ﬁ
v ' VetVo-vt
3/5 — (-';— + 22 _ _;_24) .[exp{ ( S 2R f 2}
81/ “DVKt 2ma“vKt
vet-V A
exp -(——)2}1] (10-26)
2ma“v/Kt

To represent the concentration at the outer boundary of the diffusion
layer, the position of an effective diffusion layer is expressed as a
normalized radius and substituted into Equation IV-26. If the effective
thickness of the diffusion layer § for a tubular electrode is

1/3 :
(aLD) /3 | | (1V-27)

E
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the diffusion layer occurs at the normalized radius d as given by

Equation IV-28.
1/3

d=1-2=1- (2 | (Iv-28)
U a
0
The substitution of the value of d for z in Equation IV-26 gives the
concentration at the diffusion layer, C(XD,d,t).
The mean concentration at the electrode, Cm(XD,t), and the

concentration at the diffusion layer, C(XD,d,t), were calculated from

Equations IV-24, IV-26, and IV-28, for the following conditions:

Vs = 0.157 mL
VR = 1.963 mL
| Ve = 0.47 mL min™}
K=5cme s
D=1.04 x 107° cm® 57}
a = 0.05 cm
L =0.159 cm

A comparison of Cm(XD,t) and C(XD,d,t) js shown in Figure IV-4, The
concentration at the diffusion layer, C(XD,d,t), 1égs the mean concen-
tration. Early in the peak, the concentration at the diffusion Tayer
is less than the mean concentration, while later in the peak, the
concentration at the diffﬁsion layer becomes greater than the mean
concentration. The differences are minimal in the center region with
C(XD,d,t) becoming equal to Cm(XD,t) at some point near the maxima of
both curves. The lag is caused by the inability of radial diffusion

" to produce a uniform radial concentration in the forward and rear



Figure IV-4. Comparison of Cm(XD,t) and C(XD,d,t)
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regions of the mass distribution. This is illustrated in Figure IV-5
where the concentration at the electrode is shown as a function of
radius for several times in the concentration-time curve of Figure IV-4.
The difference between Cm(XD,t) and C(XD;d,t) causes a subtle difference
between the response of a spectrophotometric detector and that of an
amperometric detector. The signal from a spectrophotometric detector
follows the mean concentration, while thé amperometric detector responds
to the concentration at the outer boundary of the diffusion layer. In
previous studies, the theory of dispersion has been tested by
techniques that respond to the mean concentration, The use of a
tubular electrode to verify the theory of dispersion is a more rigorous
test'of the theory of the radial distribution. |

The current at a tubular electrode can be related to the concen-
tration at the diffusion layer by the steady-state equation. If the
electrode is very short compared to the length of tubing over which the
sample is dispersed, then variation in concentration along the electrode
will be negligible. The amperometric response of the tubular electrode
under conditions of sample dispersion in a fluid stream is assumed to

be at virtual "instantaneous steady-state" as given by Equation IV-29.
i(t) = 5.43nF0%3.2/3 13¢(x,,d,1) (Iv-29)

By substituting Equation'IV-ZG into Equation IV~29, the current at

the electrode for Flow Injection Analysis is expressed as a function

of VS’ VR’ vf, and t.



Figure IV-5. Concentration of the analyte at the electrode

as a function of the radius of the tube
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VotVo-v .t
i(t) = 5.43nFD% 3%/ 3y V3¢ [lrerr(-=R £ 4
2ma“v/Kt
vet-V v
£-VR f 1, 2 1.4
erf{ 11+ (-3 + d° - 5d") .
21a?/RE ~ 8nd/eD/RE 3 2
VetVo-v, t vet-V
lexp -(RT92) - expf- (TR 273 (1V-30A)

2ma’/KE 2maly/KE

The terms outside of the brackets in Equation IV-30A form the expression

for the steady-state current, I__; i.e., the electrical current

ss’
produced by passing a solution of the sample at constant concentration,
Co’ directly through the electrode. The substitution of ISS into

Equation IV-30A emphasizes the effect of dispersion on the response of

the electrode in FIA.

VotV -v. .t v t-V
X 1 S 'R 'f f° 'R y-
i(t) = I__[slerf{———} + erf{ 1]+
$S725 T onal KT 21a2/KE
v VotV -v_ t
3/5 ('J§+ d2 - ;d4) [exp{ ( S 2R f }
8 D/KE ma“vKt
-ovet-V
exp - (52?113 (1V-308)
2na“vVKt

Equation IV-30B provides an expression applicable to electrodes of
other geometries when d is calculated by Equation IV-31,
nFADC0

aISS

d=1-§=1- (1V-31)

Equations IV-30A and IV-30B, while fully describing the current-

time response of the electrode, are restricted to cases where Taylor's
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assumptions are valid because of the reliance of(the mathematical
solution on a well-defined radial distribution. 'The expression for the
current-time response of the electrode can be simplified to a more
useful form by restricting the solution to the current at the maximum
of the current-time peak. This will not only make the solution more
general, but will also produce the equation for a quantity that is
useful to the analytical chemist.

The peak current occurs approximately when the origin of the moving
frame of reference arrives at the electrode. The examination of
Figure IV-2 and Equation IV-17 shows that the maximum mean concentration
in the moving frame of reference is at the origin (x'=0) and that the
maximum mean concentration can be expressed as given by Equation IV-32.

v
h S
C (x'=0,t) = C_ erf{——} = C_ erf{—5—1} (1v-32)
m O T KT 4ndb/RE

The first derjvative of Equation IV-32 with respect to axial distance,
BCm/ax', is zero; thus, at the maximum, the concentration along the

radius is uniform and equal to Cm.

2 ' :
au
C(x'=0,2,t) = C_(x'=0,t) +'ﬁﬂfﬂ('%'+ 2° "%24)(0) =
ch(x'=0,t) (1IV-33)

The origin of the moving frame of reference arrives at the electrode
after traversing the distance h+1 at a velocity Um' The time for this
Jjourney is T and equal to

0.5 Vo+V
T = Qf1 = VS R (1v-34)
m f )
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The arrival of the origin (x'=0) at the electrode is c1osé1y associated
with the observed maximum in the recorded current-time curve (Figure
IV-4). The response of the electrode to Cm for x'=0 and t=T is,

therefore, a good approximation for the peak current (Equation IV-35).

i = 5.43nFD2/3L2/3vf1/3Cm(x'=0,T) (1V-35)

With the substitution of Equations IV-32 and IV-34, Equation IV-35 can

be written in several forms,

| v
. 2/32/3. 1/3 s |
i = 5.430FD%/3L2/3, /3¢ oppi—3S (1V-36A)
P fr el KT
| 2/3,2/3. 1/3 [ Vs Ve
i_ = 5.43nFD“' "L Ve Coerf 5 (I1v-368)
p |ara K(0.5V + V)

Similar to Equation IV-30A, Equations IV-36A and IV-36B can also be

expressed in a more general form in terms of the steady-state

current, Iss’ as given by Equations IV-37A and IV-37B.
—5— )
i =1__ erf{—5— (IV-37A
P 7SS T ana®yRT

-
!

VS vf ‘
' I erfi—> (IV-37B)
P 4ma“ / K(0.5Vg + Vp)

The relationship between the true maximum in the current-time peak and
the maximum as represented by the equations above is shown in Figure
IV-4. The true maximum can be calculated from Equation IV-30A by

substituting into Equation IV-30A the time at which the derivative of
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Equation IV-30A with respect to time, 93%313 is equal to zero. The
calculation of the true maximum is tedious and does not readily give
information about the relationships among the various parameters.
Equations IV-35 through IV-37B are good approximatioﬁs to the true
m&ximum, are easy to calculate, .and readily show the approximate

depenidence of i_ upon VS’ VR’ and Ve Since they depend solely

on~Cm, Equationz IV-35 through IV-37B can be used in the case

where K is determined experimentally and radial distribution of con-
centration is not known. Equations IV-37A and IV-37B are also
applicable to pulse voltammetry.

The expression for i_ can be further simplified for high dispersion

_ P
by an approximation for the error function. For numerical values of X

less than 0.2, the approximation for the error function shown below is

accurate as verified in Table IV-1,.
erf{x} = 2x/m'/2 (1V-38)

Table IV-1. Approximate numerical values of erf{x}

X erf{x} 2x/1r]/2 error
0.0 '0.000 0.000 0.0%
0.1 0.112 ©0.113 : 0.9%
0.2 0.223 0.226 1.3%
0.4 0.428 0.451 5.3%
0.6 0.604 0.677 12.1%

1.0 0.843 1.128 33.8%
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On the basis of the approximation, Equations IV-36A through IV-37B can

be written as

v
. 2/3,2/3. 1/3 ( S )
i = 5.43nFD%/ °L¢/ %y MO0 [—2 (IV-39A)
P f 0 211'3/232/KT
2/3,2/3. 1/3 Vs y

i = 5.43nFD*/ Ly o ——35377fv// f (1V-398B)
P 21>/ a% vV X(0.5V. + V)

sTR
. Vs
'Il,J = Iss(m> (IV-39C)

and y

. S Ve
i =1 v/ (IV-39D)
PSS p.3/2,2 K(0.5V¢ +Vp)

respectively. Again, Equations IV-39A and IV-39B are specific for a
tubular electrode, while Equations IV-39C and IV-39D are more general
and are applicable to electrodes of other geometries and to pulse

amperometry.

4, Coulometric response of a tubular electrode to a dispersed mass

An important analytical measure of the quantity of the analyte
injected into a fluid stream is the area under the current-time peak.
This area is the charge in coulombs, Qp, which has passed through the
electrode during the electrolysis of the sample and is represented by

the integral in Equation IV-40.

Qp = [) i(t)dt (I1v-40)
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Intuitively, Q 1is expected to be independent of dispersion, and

p
dependent only on the concentration of the analyte and the volume of the
sample injected. The relationship between Qp and the experimental
parameters can be postulated for the hypothetical case in which there is
no dispersion of an injected sample. If a sample of concentration Co is
injected into a fluid stream, the response of the electrode in the
absence of dispersion would be a square wave, the height of which would
be a steady state current. The width of the square wave would be the
residence time of the sample inlfhe electrode, tr’ and equal to the

Tength of the sample zone divided by the flow rate. The charge passed
through the electrode is, therefore, the product of Qp, the steady state

current, Iss’ and the residence time, tr’ and can be expressed in
several ways as given by Equation IV-41.
Q =1t =1_#2ha ’s (IV-41)
p sS r 3 Um SS Vg

Since the steady-state current is a function of flow rate, the
relationships in Equations IV-41 are best written as
i kCOVs.

p Vfl-a

(Iv-42)

Q

when’
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For a tubular electrode where

2/3L2/3

=
|

= 5.43nFD

and

Q
1]

1/3,

Equation IV-42 becomes Equation IV-43.

5.43nFD2/3L2/3VSC0
Q, = 5775 (1V-43)

v
f
When Qp is assumed to be independent of dispersion, the expression for
Qp_
but not on the other parameters of the flow system which affect the

is dependent on the sample volume, VS’ and the volume flow rate, Ves

dispersive process.

To prove that Qp is independent of dispersion, a more rigorous
analysis is required. As stated in Equation IV-40, Qp is the integral
of the current function with respect to time evaluated between the
1iﬁits of t=0 and t==, From Equation IV-30B, the charge Qp due to a

sample injected into a fluid stream is expressed as the integral shown

below.
* VotV -y v t-V
N e
P Iy 2ma“vKt 21a’ /KT
v V +V,-v .t 2
f 1 2 1,4 S 'R 'f
b g (3 + & - 1) fexpt-(2A
8w3/ZD/KE 3 e 2ma“vVKt
(R Z}J o (v-a)
- expl{-{—s—— -] dt V-4
21Ta2/Kf) -
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The solution to Equation IV-44 was obtained by Dr. Glenn Leucke,
Department of Mathematics, Iowa State University, and will be presented
here in several steps. For convenience, the integral in Equation IV-44

is divided into integrals A and B such that

o)

VetVo-v v t-V
. [erf{——————s E L LRy (Iv-45)
o 2ma“vKt 2ma“vKt
and
| L exp{- (SRt} - enpf- (LR (1v-46)
B = — Lexp - exp dt IV-46
J /KE 2na’/RE 2na®/KE
(6]
With this notation, Equation IV-44 becomes
Q =1 Las _F (-—]—+d2 - 1—d4) B (1v-47)
p ss|2 81r3/2D 3 2

In the solution of Integral A, the following substitutions are made

to simplify the notation:

b =V,

cC = VS+VR
£ = 2mal/k
9= v,

Integral A is now written as Equation IV-48,

00

[erf! C]/z} + erf{§f§§%]]dt (Iv-48)
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The error function is an odd function; hence, erf{-x} = -erf{x}.

consequence, Equation IV-48 can be written as

J [erf{ ]/2 - erf{ ]/2}]dt

o .

If the substitutions

and

gt C

are made, Equation IV-49 becomes Equation IV-50.

- J [erfla(t)} - erf{g(t)}]dt

o

‘By definition of the error function

X
erf(x) = faz J exp{—yz}dy,
™

0

Equation IV-50 can be written as Equation IV-51.

lpalt) Bt)
J exp{-y“idy - J exp{-y~ldy|dt
[0} 0

As a

(Iv-49)

(IV-50)

(IV-51)
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Since a(t) is greater than B(t), the integrals representing the error

functions can be combined and A can be expressed as a double integral

(Equation IV-52).

°°ra(t)

exp{-yz}dydt = J J exp{—yz}dydt (1v-52)

" Js(t) R

The symbol R in Equation IV-52 is the space between the two curves

y=8(t) and y=a(t) (Figure IV-6).

>3

y-axis
a(t)~

R~ B(t)

0,0 time-axis

Figure IV-6. Functions a(t) and B(t)
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Equation IV-52 can be evaluated by reversing the order of
integration. When the order of integration is reversed, new limits of
integration must be determined. The new limits of the internal integral
must define the boundaries of region R with t as the dependent variable
instead of y. These limits can be found by solving the equations y=a(t)
and y=p(t) for t. For the time being, these limits will be designated
as a_](y) and B'](y), respectively. The new limits of y must be wide
'enough to include all of region R and, therefore, can be set at -« and =,

After rearranging Equation IV-52, Integral A becomes

e rB'](y)
. _2 2
A= 172 exp{-y“}dtdy (IV-53)
™
a7l (y) :
The evaluation of the internal integral in Equation IV-53 is as follows:
87 (y) 871 (y)
2144 2 i 21r,-1 -1
exp{-y“}dt = exp{-y“}t = expl-y“HB "(y) -o '(y)] (IV-54)
a1 (y) o (y)

Equation IV-53 becomes

00

A=~ | expl=yP187 () - a7 () ey (1v-55)
m ;

=00
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Before Equation IV-55 can be solved, the values of a'](y) and B'](y)

must be derived. By definition,

= -9 5_b1 )

y=alt) =g/t -3 s (1v-56)
Equation IV-56 can be rearranged to the form

282 - /D) - %= 0 (1v-57)

which is a quadratic equation, the solution of which is Equation IV-58.

yﬂ:/y2+4g%
JE = f " (1V-58)

29
f

Since ab>0, §>0, and vt >0, the only solution of concern is

y+/y2+49%
f

e 23
.
Hence,
Y
y+/y2+4912’- .I
t = 5 f = o Hy) (IV-59)
7 :

If the same procedure is followed for

y=B(t)=%/E-%—l- ’

/t
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the solution for 8'1(y) is

e 2
y+/ ¥ %
87l (y) = . (1V-60)
f
The difference B'](y) - a"](y) is now calculated.
87 y) - " (y)
2 o~ .
=—f—2[y2+2y/y2+49%+y2+£92£-y2-2y/y2+49%
4q , o _ f f
_y ﬂszJ
f
2
- Zf_? [zy(/yz + ifgzg VAN ﬂfszh) + %g—(c—bﬂ (Iv-61)
g

By substituting Equation IV-61 into Equation

IV-55, Integral A becomes

(% -
2
A= T | exploy?Hoy (/% + BIE - 42 4 igg)'dy
1/2 2 2
2m f f
2
bt exp{-yz} 4g(c-b) dy (Iv-62)
1/2 2 2
2m ' "g f
The term

2y + 25 - pyf 4 2D
f f
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is an odd function, i.e., F(-y) = -F(y); thus, the solution of the

first integral in Equation IV-62 is zero. Equation IV-62 becomes

s o]

' f
A = 2ic-b exp{-yz}dy - 2(cb) (1v-63)
TT1/2g ! g .

The final solution of Integral A, after substituting back to the

original parameters, is

A= —S (Iv-64)
Ve o
To aid in the evaluation of Integral B, the following substitutions
are made: '
Lo Vst VR
2na2/K
v
c-—1
2ma“vK
Fo_R
- 2
2ma“vK
1
g=—
/K
X =Vt
2xdx = dt
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Integral B is now written as Equation IV-65.
[
B=2g ] [exp{-(g-— cx)z} - exp{-(cx - ;)2}]dx (1v-65)
o]
By expanding the term in the bracket for each exponential, Equation

IV-65 becomes

4 ® 2 2
B = 2g J [exp{-(9§-+ 2bc - c2x2)} - exp{—(czx2 + 2cf - 1—‘:E-)}dx
X X
o _
[ 2

= 29 exp{2bc} | exp{ -Pﬁ-— czxz}dx
Jo X
N 22 f2

+ 29 exp{2cf} | exp{-c“x" - —f}dx (1v-66)

X

JO

The variable is now changed to

Cx .

<
[

With the change in variable,

e\
dx c
b be
X y ?
and
f_fc
X y °
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Since c is greater than zero, Integral B becomes
2
B = %?-exp{Zbc} exp{-y2 - ig%)—-}dy
b y
(% 5
+ %g exp{2cf} exp{-y2 - ﬁf%g—-}dy (Iv-67)
y

0]

From a table of integrals (81),

1/2
expl-x% - (a/x)2}dx = “'2 exp{-2a}

(0

The solution to Equation IV-67 is, therefore,

1/2
B = 24 exp{2bc} * Lo exp{-2bc)
o 2
1/2 1/2 1/2
- %?'EXP{ZCf} . Ejf—- exp{-2cf} = gﬂc - gwc (1V-68)

with final solution to Integral B as

B=0 . (1v-69)

By substituting the solution of Integral A and Integral B into
Equation IV-47, the charge Qp becomes
1.8V

Vs
o=1[— +
p ss|2 Ve gpd/2p

(_% + d2 _ %_dq') (O)] = ISS ﬂ' (IV'70)
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This result is identical to Equation IV-41, Since the solution of Qp
is independent of VR and K, Qp is predicted to be independent of

dispersion and of the factors which affect dispersion,
C. Experimental

1. Instrumentation and apparatus

The instrumentation and apparatus used in this study were discussed
in Chapter II. Most experiments were performed with Flow System II
using Electrode II as a detector. F]ow'System IIT was substituted for

Flow System II in a few of the later experiments.

2. Measurement of the volume of the sample and the volume of the flow

system
The volume of the sample, Vs,vand the volume of the flow system, VR’

were varied by changing the‘1ength of the tubing in the sample Toop of
the sample-injection valve (for VS) and the length of the tubing between
the sample-injection valve and the detector (fof VR). A series of tubes
was prepared by cutting Teflon tubing into sections of various lengths
and fitting each with a set of Altex Tube End Connectors,

The volume of each tube was measured by acid-base titrimetry.
Solutions of 2.5 N H2504 and 0 10 N NaOH were used in the measurement of
volume. The strengths of the solutions were compared by diluting
25.00 mL of the acid solution to 500.0 mL and then titrating a 25.00 mL
aliquot of the dilute acid with the NaOH solution to a phenolphalein
end point. The volume of the NaOH solution used in the titration

represents the volume of the NaOH solution required to neutralize
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1.250 mL of the stock solution of H2504. A simple flow system consisting
of Teflon tubing and a sample~injection valve was constructed. One end
of the flow system was connected to a container of triply distilled water
(TDW) and the other end was placed in a 250-mL Erlenmeyer flask. A tube,
the volume of which was to be measured, was connected to the sample-
injection valve as a sample loop and filled with 2.5 N H2504. A stream
of TDW was trickled through the flow system by applying air pressure to
the container of TDW. The contents of the sample loop were then injected
into the stream of TDW and collected in the Erlenmeyer flask. TDW was
passed through the sample loop to flush all the acid from the sample
loop. An approximate volume of a tube was calculated from the length

(v 7)(10-3 mL. cm'1). Based on these calculations, injections were
repeated for tubes of low volume until approximately 1 mlL of acid solution
had been collected. Regardless of the number of injections, the total
volume of acid and wash water collected was approximately 50 mL. The
contents of the Erlenmeyer flask was then titrated with the NaOH solution
to a phenolphalein end point. The volume of the tube was calculated from

Equation IV-71,

[1.25 mL][V ]
Vp = —— NaOH, Inj (IV-71)
L N IVNaoH, st

In Equation IV-71:

Vv the volume of the tube (mL);

T

VNaOH,Inj = the volume of NaOH required to titrate the 2.5 N

H2504 collected from the injections (mL);
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= the volume of NaOH required to titrate 1.25 mL of

VNaOH, Std
2.5 N HyS0, (mL);
N = the number of injections collected for titration.

The volume of the tube, VT’ was designated as either VS or VR depending

on where the tube was placed in the flow system.

3. Preparation of solutions

Solutions of 0.10 M HyS0, and 0.10 M H,S0, containing 5.00x10™* M
KI were used in this study. The preparation of these solutions was
discussed in Chapter III. The solution of KI was kept under a nitrogen

atmosphere to prevent oxidation by air throughout each experiment.

4. Procedures

At the beginning of each experiment, the electrode was polished with
1-um Metadi diamond paste as described in Chapter III, rinsed with
distilled water, and connected to the flow system. The desired flow rate
was set and the solution of 5.00)(10'4'M KI was pumped through the flow
system. The potential of the electrode was then scanned for several
minutes between the limits of +1.3 V and -0.,3 V vs SCE ét a rate of
3.0V min™'. The potential of the electrode was then set to +0.800 V vs
SCE; the pulse dampener was adjusted to minimize pu1sations, and the
steady-state current was measured.

The solution in the eluent reservior was changed to 0,10 M H2504
and pumped through the flow system. After a constant baseline was
achieved, injections of 5.00)(10'4 M KI were made. The amperometric

response (i-t) of the electrode to the injections was recorded on a
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strip chart recorder. VS and VR were easily chanhged during the experi-
ment without disturbing the characteristics of the fluid stream.
Changing vf'was more difficult, Each time Ve was changed, the pulse
dampener had to be readjusted and the steady-state current had to be
measured at the new flow rate. Usually, Ve was held constant throughout
an experiment. At the end of an experiment, the steady-state current
was measured again, the flow system was flushed with distilled water,
and the electrode was dried and stored under vacuum in a desiccator.

There were several variations on the above procedure, For pulse
amperometric detection, the potential applied to the electrode was a
square wave generated_by holding the potential of the electrode at
+0.425 V vs SCE for 1,0 s and then stepping the potential to +0.800 V vs
SCE'for 0.1 s. The electrical current was measured at +0.800 V over a
-1 ms interval after a 90 ms delay, The configuration of the tube
connecting‘the sample-injection valve with the detector was also varied,
Coﬁnecting tubes were either pulled straight, 1nfentiona]1y coiled, or
allowed to coil in a random fashion, |

Peak currents were calculated from measurements of peak height made
with a ruler. Peak heights were estimated to the nearest 0.02 in. The
areas under current-time peaks were measured either with an electronic

integrator or with a planimeter (Keuffel & Esser Co., Germany).
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D. Results and Discussion

1. The shape of the current-time curve as a function of VS’ VR’ and Ve

The effects of varying VR’ VS’ and Ve ON the current-time response
of a tubular electrode are shown in Figures IV-7 through IV-11. General
statements concerning the relationship between the parameters and the
amperometric response of the electrode are‘made by explaining the trends
observed in the figures in light of the theoretical considerations
preseited in Section B of this chapter and in Section B of Chapter III.
In all of the following discussions, statements pertaining to the
effects of varying VR and VS are valid only if the changes in VR and VS
reflect changes in the length of the tubing,

The amperometric response of a tubular electrode as a function of
vR for a constant VS and Ve is shown in Figure IV-7, Curve A in |
lFigure IV-7, given by the dashed lines, represents the response pre-
dicted for VR = 0 in the absence of dispersion, The maximum signal in

. For V,>0 (Curves B-E), the

sS R
height of the peaks decreased from the steady state value as VR was

Curve A is the steady-state current, I

increased, while the width of the peaks increased. The increase in
dispersion with increasing VR is related to the residence time of the
sample in the fluid stream, As the length of the flow stream becomes
longer, the length of time that the sample is in the fluid stream and,
consequently, the length of time that a sample is subjected to dispersive
forces is increased. This leads to a greater dispersion of the sample.

The inverse relationship between VR and i_ is clearly shown by Equations

p
IV-37B and IV-39D. The relationship between the width of the peak and



Figure IV-7, Current-time curves as a function of VR

R:
A - 0.00 mL (hypothetical)
B - 0.259 mL
C - 0.509 mL
D~-1.7149 mL
E - 2.363 mL

Other parameters:

Vg = 0.226 nl
Ve = 0.50 mL min']
C, = 5.00 x 1074 M kI

Electrode II

Flow System II
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VR is expressed in Equation IV-72 if the width of the peak at one-half
the peak height, w1/2, is assumed to be equal to the area of the peak,
A, divided by the peak height, H.

Vs

s / f }
v, erf '
f 4na2 K(0.5 VS+-VR)

Yz

(1v-72)

- AL
H

-c._a. l'co
"

Since the peak area is independent of VR’ changes in w1/2 are inversely
proportional to changes in ip.
The symmetry of the current-time curve is also affected by the
residence time of the sample in the fluid stream. O0ften, signal-time

curves in chromatography and flow injection analysis are assumed to
have symmetrical shapes, This would be true if all points on the
signal-time curve were recorded at the same time (Figure IV-2). In
practice, however, this is not the case. Detection occuré at a
' particular point along the flow system and not at a particular time.
The portion of the sample which arrives at the detector early in the
signal-time curve spénds less time in the fluid stream than the other
portions of the sample and is consequently dispersed to a lesser degree.
The leading edge of the signal-time curve is, therefore, sharper than
the trailing edge. With a tubular electrode, the effect of radial
variations in concentration, as described in Section IV.B.3, also
contributes to the asymmetric shape of the current-time curve.

The relationship between VS and the degree of dispersion of a

sample for a constant VR and Ve is shown in Figure IV-8. As VS

increases, the effect of dispersion decreases. The maxima in the



Figure 1V-8. Current-time curves as a function of VS

VR:
A - 1.663 mL
B - 0.955 nL
C-0.419 mL
D - 0.226 mL
E-0.7145 mL

Other parameters:

VR = (0.569 mL
Ve = 0.50 mL min']
C, = 5.00 x 1074 M1

Electrode I1I

Flow System II
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current-time curve reaches the value of ISS for large values of VS
(Curve A) while being substantially less than I_. for small values of

Vg (Curves C~E). The degree of dispersion of a sample is more limited
with.a large sample loop than with a small sample loop because of the
length of the sample zone. The samp1e zone can be thought of as a
series of line sources of mass moving downstream at the mean fluid
velocity. Under the influence of fhé dispersive forces, each line
source Toses mass at a uniform rate in both the upstream and downstream
direction. The line sources at the end of the sample zone lose mass

to the fluid stream while Tines sources in the center of the sample zone
lose mass to and gain mass from neighboring line sources at an equal
rate. As the effects of dispersion move inward, outer régions of the
sample zone can no longer supply the center region with enough mass to
balance the loss and the center region experiences a net loss of mass.
The dispersion of the sample zone, therefore, begins at the end of the
sample zone and moves toward the center. Consequently, for a constant
residence time, the center region of a long sample zone is affected less
by dispersion than the center region of a short samp]e zone. This
results in a higher peak current for a larger sample Tloop. VS also
contributes to the length of the flow stream which affects the residence
time of the sample. In terms of the relationship between the degree of
dispersion and VS’ the effect of Vs on the residence time of the sample
is antagonistic, but secondary, to the effect of VS on the length of

the sample zone. This is shown by substituting VR = 0 into Equation

IV-37B (Equation IV-73).
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f{ Ve / Ve . [YS]/Z /Ve : )
i =1__er =1 _ erf Iv-73
p Sss 4Tra2 K(0.5 VS4-V sS 4Tra2 0.5 K

Thus, the overall effect of increasing VS is to increase the peak

current. The width of the peak also increases with incréasing VS
because of the dependence of the peak area on Vs (Equation IV-72),
Although the dependence of the error function term on VS'tends to
decrease w]/z with increasing VS’ the dependence of the peak area on VS
in the numerator is the dominant term. The increase in peak width
resulting from increases in VS represents an increase in the residence
time of the sampie zone in the detector due to the increased length of
the sample zone.

The relationship betwéen the height of the current-time curve and
vf'is complex because of the variety of ways in which Ve influences the
mass-distribution of the sample and the sensitiyity of fhe electrode.
The flow rate influences the height of the current-time curve in three
ways:

1. The coefficient of dispersion, K, is a fqnction of 73

K is proportional to vf2 in a straight flow syS:em (Equation

IV-4) while being proportional to the function 2 anva(n+1)
in a curved flow system., Dispersion in a curvzaoflow system
is discussed in more deta{1 in a later section. In either

case, an increase in vf increases the value of K. This

reflects an increase in the dispersion and a lower current-

time curve.
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2. Ve affects the residence time of the sample in the fluid
stream, The length of time that a sample is in the fluid
stream is inversely related to Vg The decrease in
residence time with increasing Ve tends to reduce the
effects of dispersion on the sample and to increase the

height of the current-time curve,

3. The sensitivity of the tubular electrode is theoretically
proportional to vf]/3 (Equation III-1). The amperometric
response of a tubular electrode, therefore, increases with
increasing Ve for a constant concentration. The increase
in sensitivity with increasing Ve tends to increase the
height of the current-time curve even though dispersion is
decreasing the concentration of the analyte at the

electrode,

The effects of change in Ve noted above in 1 and 2 are expressed in
Equation IV-74 in the argument of the error function., Effect 1
dominates effect 2, and the value of the error function decreases with

increasing Ve

v v
. 1/3 S f _
Effect 3 is expressed in Equation IV-74 by vf1/3. Since the exponent
1/3

is a positive number, the change in the vf term with Ve is always in

the direction opposite to the change in the error function. The extent
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of dominance of one term over the other depends, of course, on the
specffic values of VS and VR" The value of erf{x} approaches 1.00 for
x> 3 and changes very little for x>2,5, If VS and VR are chosen for a
low degree of dispersion, (VS>0'VR), X becomes large and the value of
erf{x} approaches 1.00. Changes in the value of erf{x} with changes in

1/3 term dominates the relationship between

/3

Ve are negligible and the Ve

]/3'

and Vg Peak height becomes approximately proportional to Ve

j
Tiis is illustrated in Figure IV-9, The results in Figure IV-9 are from
an early experiment in which VR was small. The dependence of the peak
height on Vg Was the same for both the large sample loop (™ 3 mL) and

| the small sample loop (Vv 0.23 mL) even though a steady-state current was
not obtained with the small sample loop. Apparently, erf{x} was large
enough in both cases not to be greatly influenced by a change in Ve
This experiment was performed before the effect of dispersion and the
role of VR was understood. The results of this experiment and similar
experiments performed by previous workers reinforced erroneous ideas

about the relationship between i_ and Ve in dispersive systems. At the

p
other extreme, if Vs and VR are chosen for a high degree of dispersion

(VS<<:VR), erf{x} becomes directly proportional to x (Equation IV-38)
and, consequently, proportional to vf']/z for a straight flow system. In
this case, the Ve dependence of the error function term becomes dominant

-1/6

and i_ 1is proportional to Ve The peak height decreases with an

P
increase in Ve (Figure IV-10). The examples above illustrate the Ve
dependence of ip for Timiting cases. In practice, all values of the Ve

exponent between 1/3 and -1/6 are possible. Conditions can also be .



Figure IV-9. Current-time curves as a function of Ve for low dispersion

A. Steady state
VS = 3.0 mL

B. Nonsteady state

Ve =2 0.23 mL

S

Parameters

Au tubular electrode - 1/8 in x 0.031-in. i.d.

m
H

+0.65 V vs SCE

()
1}

1.0 mM NaI in 1.0 M H2504



A. Vg~3mL
- i
N
|<'2_‘—>| D m
min
) \f
J __j J J J
v (ml min') 05 10 20 30 40 50
B. Vg~ 0.23mL
! 2 min !
I 5 kA H
M L M Jm
v (mLmia') 05 10 20 30 40 50

gel



Figure IV-10. Current-time curves as a function of Ve for

high dispersion

Vg = 0.226 mL
VR = 1,168 mL
C, = 5.00 x 1074 M k1

Electrode II

Flow System II
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chosen such that the exponent is close to zero and ip is nearly
independent of Ve over a limited range of Ve (Figure IV-11),

The relationship between the width of the current-time curve and
Ve is not as complex as the relationship between ip and Vo Since the
area of the peak decreases with increasing Ve because of a decreased
residence time of sample in the electrode and since the sensitivity of
the electrode is not a factor, the width of the current-time curve will
always decrease with increasing Ve (Equation IV-72, Figures IV-9,

Iv-10, Iv-11).

2. The amperometric response of a tubular electrode in FIA

The validity of using the model of dispersion described in Section B
to predict the current-time response of a tubular electrode is demon-
strated by comparing the results of the mathematical analysis to the
experimental amperometric response of a tubular electrode. In Figure
IV-12, a tracing of an experimental current-time curve is compared to
theoretical values of the current calculated for various times in the
current-time curve. The experimental current-time curve (solid line)
represents the response of the electrode to a sample of a KI solution
which has been dispersed in a straight flow system. Experimental param-
eters are listed in the legend. The theoretical response of the
electrode is denoted in Figure IV-12 by circles: The open circles
represent a response to the mean concentration of the analyte, Cm(XD,t),
and the filled circles represent a response to the concentration of the
analyte at the outer boundary of the diffusion layer, C(XD,d,t). Current

values for the filled circles were calculated using Equation IV-30B.



Figure IV-11. Current-time as a function of Ve for intermediate

dispersion

Vg = 0.145 L

Vp = 2.256 L

C, = 5.00 x 1074 n k1

Electrode I1I
Flow System III
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Figure IV-12. Experimental and calculated current-time curves for

dispersion in a straight flow system

Curves:
—— - Experimental current-time curve

0 =~ Current-time curve calculated for Cm(xD,t)

e - Current-time curve calculated for C(XD,d,t)
Parameters:

VR = 2,254 mL

Vs = 0.145 mL

ve = 0.50nL min” ]

K = 220 cm® min”"

DI = 1,74 x 10'5 cm2 s']
C = 5x10% MK
I = 10.34 1A
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Values for the open circles were obtained from Equation IV-75 where

Cm(XD,t) is given by Equation IV-24.

i(t) = Is Cm(XD,t)/Co (IV-75)

The value of ISS used to éalculate i(t) in Equations IV-30B and IV-75
was measured just prior to recording the current-time curve. All
parameters affecting dispersion were measured in independent experiments.
Values of VS’ VR’ and Ve were obtained by the procedures described in
Section C of this chapter; D, the coefficient of diffusion for I , was
determined from data obtained by measuring the steady-state current
produced by the oxidation of I at a Rotating Disc Electrode; and a, the
radius of the tubing, was calculated from measurements of the volume and
length of the tubing. K and d were calculated from Equation IV;4 and
Equation IV-28, respectively, using the parameters mentioned above.

Since all the parameters affecting dispersion were obtained by procedures
independent of FIA, the theoretical current-time curves represented by
the circles are independent of the experimental current-time curve and
depict an a priori prediction of the shape of the current-time curve.

An examination of Figure IV-12 shows the excellent agreement
between theory and experiment. As predicted, the experimental current-
time curve correlates best with the theoretical current-time values
corresponding to the concentration of the analyte at the outer boundary
of the diffusion layer C(XD,d,t). The Tower portion of the trailing
edge of the experimental current-time curve deviates from the theoretical

current-time values corresponding to C(XD,d,t) and follows more closely
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the theoretical current-time values corresponding to the mean concen-
tration, Cm(XD,t). This may indicate better radial mixing at the end
of the sample zone than predicted by the dispersion theory. The
deviation is, however, not significant and does not indicate a major
flaw in the theory. This excellent agreement between theoretical and
experimental results proves the viability of the theory describing the
dispersion of mass in a fluid stream and the amperometric response of
" a tubular electrode to the dispersed mass.

The theoretical expression for peak current is Equation IV-37B,

VS Ve
- = I f -
1p ss & 4Tra2 K(0.5 Vsi-VR) (1v-378)

In genefa], the expression for the peak current is more useful in

analytical chemistry than the expression for the complete current-

time curve. To test the validity of Equation IV-37B, experimental

values of the normalized peak current, ip/Iss’ are compared to values of
ip/ISS derived from Equation IV-37B. The ratio ip/ISS is used instead of
i_so that the effect of dispersion on the peak current can be studied
without interference from changes in the sensitivity of the electrode.

In the comparison, Equation IV~37B is evaluated as a function of VS’

VR’ and vV over a range of values that is typical for FIA. As before,
only dispersion in a straight tube is being considered and parameters

used to calculate ip/ISS are measured using procedures that are

independent of FIA.
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The comparison is made in Figures IV-13, IV-14, and IV-15, and
tﬁé data are summarfzed in Table IV-2. 1In the figures, filled circles
represent experimental values of ip/Iss while solid T1ines indicate
values of ip/ISS calculated from Equation IV-37B. For plots of ip/ISs
as a function of VS (Figure IV-13) and of VR (Figure IV-14), experi-
mental values of 1'p/ISS are in excellent agreement with theory. The
greatest relative deviation is 2.8%. Most of the experimental values
of ip/ISS are greater than the values predicted by Equation IV-37B.
This is to be expected. Equation IV-37B describes a current that
slightly precedes the peak current, rather than describing the peak
current, because of an approximation made in the derivation of the
equation. The relative error due to this approximation is less than
3% in most cases and is not significant compared to the relative error
inherent in the measurement of ip/Iss'

In the case of ip/Iss as a function of Vg (Figure IV-15),
experimental values of ip/ISS are in good agreement with theory at the
lower flow rates, but deviate at the higher flow rates because of
approximations in Taylor's solution to the problem of dispersion.
Taylor's solution is a limiting case that applies only to large values
of residence time (54,58,60,78). The process of dispersion, as
depicted by Taylor's solution, is established after a finite period of
time and not immediately upon the injection of the sample. During the
interim, the dispersion of the sample is still diffusive in nature but

with a coefficient of dispersion, K, that is smaller than predicted by

Taylor's approximation. The value of K during this period is



Figure IV-13. 1 /I

p/Iss as a function of VS

Straight flow system:
o - Experimental values of 1p/ISS
—— - Theoretical values of ip/ISS calculated from

Equation IV-37B

Curved flow system:

0 - Experimental values of 1'p/ISS
--- - Fitted values of 1'p/Iss calculated from Equation
IV-37B for K = 1.32 x 102 cm® min”]
Parameters:
Vo = 2.254 mL
Ve - 0.50nL min"]
Dy - 1.78 x 107% cm? 57!
C, - 5.00 x 107% ¥ kI

Electrode 11
Flow System III
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Figure IV-14, i /I

o/ Lss as a function of VR

Straight flow system:
e - Experimental values of 1p/ISs
—— - Theoretical values of ip/Iss calculated from

Equation IV-37B

Curved flow system:
0 - Experimental values of 1p/ISS
--- - Fitted values of ip/ISS calculated from

Equation IV-37B for K = 1.42 x 102 cm? min™!

Parameters:
VS = 0.145 mL
ve = 0.50 mL min”
D; = 1.74 x 1072 cr? s-]
¢, = 5.00 x 1074 M k1

Electrode II
Flow System III
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Figure IV-15, ip/Iss

as a function of Ve for a straight flow system

Experimental values of ip/ISS

Theoretical values of ip/ISS calculated

from Equation IV-37B

0.226 mL

1.168 mL

1.74 x 1072 cm® s~

4

5.00 x 107" M KI

Electrode I1I

Flow System 11
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Table IV-2. Comparison of experimental values of i_/I__ to theoretical

p’ “ss
values of ip/Iss as calculated from Equation IV-37B for
dispersion in a straight tube

) ) v Exper, Theor, %

S R f -1 )

(mL) (mL) (mL min ") 1p/ISS 1p/ISS difference
0.060 2.254 0.50 0,072 0.073 +1.4
0.145 2.254 0.50 0.179 0.174 -2.8
0.214 2.254 0.50 0.257 0.252 -1.9
0.419 2.254 0.50 0.475 0.462 -2.7
0.145 0.286 0.50 0.435 0.424 -2.5
0.145 0.594 0.50 0.326 0.319 -2.1
0.145 0.821 0.50 0.285 0.277 -2.8
0.145 1.168 0.50 0.238 0,236 -0.8
0.145 2.254 0.50 0.173 0.174 +0.6
0.226 1.168 0.50 0.362 0.356 -1.7
0.226 1.168 1.00 0.273 0.256 -6.2
0.226 1.168 1.50 0.224 0.210 -6.3
0.226 1.168 2.00 0.205 0.182 -11.2
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time-dependent and increases unti]_K becomes constant and equal to
Taylor's value. Taylor's solution, therefore, overestimates the
extent of dispersion at small values of time.

The accuracy of Taylor's solution in FIA depends on the residence
time of the sample in the flow system which, in turn, depends primarily
on Vp and Veo Gl and Sankarasubramanian state in their analysis (54)
thai K becomes essentially constant and approximately equal to Taylor's
value at t=0.5 az/D. If their criterion is applied to this study,
Taylor's solution becomes applicable when the residence time of the
sample is greater than 1.12 minutes. In terms of VS’ VR’ and Ves

the criterion is met when
t=T=—x2=2 Roqqp | (1V-76)

Thus, deviations from Equation IV-37B can be expected for values of Ve
greater than 1.14 mL min']. The time-dependency of K can also affect
i /I__ as a function of VR for values of VR less than 0.490 mL in

p° ss
Figure IV-14. However, the effect appears to be more prevalent at

higher values of Vo

Equation IV-39D, a simplified expression for ip, was offered in

Section B of this chapter,
v v
. S f : _
o= Iss o3/ 2,2 ATo.s Vs +Vp) | (1v-390)

Equation IV-39D was derived from Equation IV-37B and from an

expression which approximates the error function. The advantage of

Equation IV-39D is that ip can be calculated without having to evaluate
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the value of an error function. Experimental values of ip/Iss and
values of 1'p/ISS calculated from Equation IV-39D, both shown in
Table IV-3, are in excellent agreement for moderate to high dispersion
of the sample at Tow rates of flow. The difference between the
experimental values of ip/ISS and the theoretical values of ip/ISS are
expressed in Table IV-2 and Table IV-3 as "% difference" which is a
relative difference based on the experimental value. A comparison of
the % difference for Equation IV-37B (Table IV-2) to the % difference
for Equation IV-39D (Table IV-3) shows that the results of Equation
IV-37B and Equation IV-39D are in good agreement when the dispersion of
the sample is moderate to high (i.e., ip/Iss < 0.45). Under this
condition, Equation IV-39D can be used instead of Equation IV-37B to
predict values of ip/Iss‘ As in the case of Equation IV-37B,
Equation IV-39D does not accurately predict values of ip/ISs for the
higher rates of flow. This is attributed to the time-dependency of K.
On the basis of Equation IV-39D, 1p and 1'p/IS‘S are predicted to be

1/6 1/2

proportional to vf' , respectively. However, because of

and vf'
the time-dependency of K, exﬁerimenta] values determined for the
exponent of flow rate are less than predicted. This is shown in

Figure IV-16 where the log of the experimental values of ip/ISs (open
circles) are plotted as a function of log Ve The exponent of the flow
rate, represented in Figure IV-16 as the slope of the dashed line, is
-0.426. The solid line represents values of log ip/ISS as a function of

log Ve as calculated from Equation IV-39D. The experimental values of

ip/Iss appear to converge with the theoretical values of ip/ISS at the
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Table IV-3. Comparison of experimental values of 1'p/ISs to theoretical

values of ip/ISs as calculated from Equation IV-39D for

dispersion in a straight tube

VS Vp Ve Exper. Theor. %
e . . .

(mL) (mL) (mL min~ ") 1p/ISS 1p/ISs difference
0.060 2.254 0.50 0.072 0.073 +1.4
0.145 2.254 0.50 0.179 0.175 -2.2
0.214 2.254 0.50 0.257 0.256 -0.3
0.419 2.254 0.50 0.475 0.492 +3.6
0.145 0.286 0.50 0.435 0.447 +2.8
0.145 0.594 0.50 0,326 0.327 +0.3
0.145 0.821 0.50 0.285 0.283 -0.7
0.145 1.168 0.50 0.238 0.240 +0.4
0.145 2.254 0.50 0.173 0.175 +1.2
0.226 1.168 0.50 0.362 0.369 +1.9
0.226 1.168 1.00 0.273 0.261 ~4.4
0.226 1.168 1.50 0.224 0.213 -4.9
0.226 1.168 2.00 0.205 0.185 -9.8




Figure IV-16.

Dependence of 1p/ISS on ve for case of high

dispersion in a straight flow system

0 - Experimental values of ip/ISS
--- = Linear fit of data
—— - Theoretical values of 1'p/ISs from

Equation IV-39D

Vo = 0.226mL
Vg = 1.168 mL

Dy = 1.74x 1072 el 7!
¢, = 5.00 x 1074 M k1

Electrode II

Flow System II
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lower flow rates. This indicates that the relation ip/Iss(xvf—]/z is a
limiting case which describes the relationship between dispersion and
flow rate for large values of retention time.

In most flow systems used in FIA, tubing is curved rather than
straight. Although the study of dispersion in a straight flow system
is important to the verification of the‘dispersion model, the practica-
bility of such a study would be questionable if the dispersion model was
not applicable to a curved system. Several workers (79,80) have
addressed the problem of dispersion in a curved tube and have concluded
that Taylor's theory of dispersion, that the distribution of the average
concentration in a complex three-dimensional system can be described by
the solution of a one-dimensional diépersion equation, also applies to
dispersion in curved tubes. The major difference between the description
of dispersion in a curved tube and dispersion in a straight tube is the
expression for the coefficienf of dispersion. The motion of fluid
flowing through a curved tube is more complex than the motion of fluid
flowing through a straight tube. The Poiseuille Equation no Tonger
applies, and radial and angular components of convection exist. The
motion of fluid in the curved tube affects the value of the coefficient
of dispersion. Radial convection is more efficient than diffusion at
decreasing values of the radial concentration gradient. Thus, under the
same experimental conditions, the extent of axial dispersion in a curved
tube is Tess than in a stfaight tube. The difference is expressed as a

smaller value of K for dispersion in a curved tube. Theoretical

expressions for K have been proposed for curved tubes. However, since
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these expressions are derived for tubes having a constant radius of
curvature and are based on approximate solutions for the equations of
fluid motion, the expressions are not directly applicable to flow
systems used in FIA even though the general form of the equations and
the results of the analyses are helpful in qualitatively understanding
dispersion in curved tubes,

Equations describing the distribution of the mean concentration in
a straight tube can be applied to a curved tube if the coefficient of
dispersion is determined experimentaliy., In Figure IV-17, a tracing of
an experimental current-time curve from a curved flow system (solid
line) is compared to values of current that were calculated from
Equations IV-24 and IV-75 using an experimentally determined value of the
coefficient of dispersion (open circles). K was calculated by Equation
IV-37B from the experimental values of ip and Iss' The calculated values
of current represent a response of the electrode to the mean concen-
tration of the analyte, Cm(XD,t). Unfortunately, the response of the
electrode to the concentration of the analyte at the outer boundary of
the diffusion layer, C(XD,d,t), cannot be calculated for dispersion in
a curved tube because an expression for the radial distribution of the
concentration is not available. As in the case of dispersion in a
straight flow system (Figure IV-12), the calculated values of current
corresponding to Cm(XD,t) describe well the general shape of the
current-time curve except that the calculated values of current sTight]y
precede the corresponding values of current on the current-time curve.

This is due to the difference between Cm(XD,t), the concentration used



Figure IV-17. Experimental and fitted current-time curves for

dispersion in a curved flow system

Curve:
—— =~ Experimental current-time curve
0 - Fitted current-time curve calculated for Cm(XD,t)
with K = 1,32 x 102 cn® min”]
e - Theoretical current-time curve calculated for
Cm(XD,t) for dispersion in a straight tube
(K = 2.20 x 10° cn? min™))
Parameters:
VR = 2.254 mL

Vg = 0.145mL

Ve = 0.50 mL min-]

Dy = 1.74 x 107° en? 571
c = 5x10 nk

0
I = 10.38 uA
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in the calculation, and C(XD,d,t), the actual concentration to which the
electrode is responding. In spite of this discrepancy, the similarity
between the shape of the experimental current-time curve and the shape
of the current-time curve represented by the calculated values of
current illustrates that the experimentally determined values of K per-
tain to the dispersion of the total sample and not just to the
dispersion in the region of the peak current from which K was calculated.
Calculated values of current for the dispersion of a sample in a
straight flow system having the same values of VS, VR’ and Ve are shown
for comparison (filled circles).

Since equations describing the amperometric response of an electrode
to Cm(XD,t) are valid for both curved and straight flow systems,
equations describing the peak current are also valid for both types of
flow systems. This is illustrated in Figures IV-13 and IV-14 for
Equation IV-37B as a function of VS and VR’ respectively. The open
circles in these figures represent the peak current for samples which
were dispersed in a curved flow system. To insure a uniform curvature,
the flow system was constructed by coiling the tubing which connected
the injection valves and the electrode around a cylindrical form. The
diameter of the form was approximately 3.75 inches. The coefficient of
dispersion was calculated for the data in each figure from a value of
the peak current and Equation IV-37B. The ratio 1'p/ISS was then
calculated as a function of VS and VR using Equation IV-37B and the
experimentally determined value of K. These values are indicated in

the appropriate figure by a dashed line. The applicability of
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Equation IV-37B to dispersion in a curved tube is demonstrated by how
well the dashed lines fit the experimental points. An examination of
Figures IV-13 and IV-14 shows that the values of 1'p/ISS calculated from
Equation IV-37B agree very well with the experimental values of ip/Iss'
Although the experimental results above are based on data obtained

from a flow system that has uniform curvature, the results apply to any
flow system regardless of configuration. The coefficient of dispersion
is a characteristic of a flow system for a particular flow rate and can
be used to predict values of ip/ISS for changes in VS and VR as long as
the nature of the curvature is not changed with the length of the flow
system. These data are summarized in Table IV-4,

Although the effect of changes in curvature upon ip is not as
significant as changes in VS’ VR’ and Ves it is important and has, until
recently, gone unnoticed. The effect of curvature was particularly a
problem in studies where peak height is taken as an indication of the
activity:of the surface of the electrode, and in studies where cali-
bration curves based on ip are not prepared daily. Typically, an
electrode is removed from a flow system at the end of an experiment to
be dried and stored. When the electrode is reattached, the configu-
ration of the tubing may not be the same as before because of a change
in the position of the electrode or a change in the route of the tubing.
The change in the configuration results in a change in the coefficient

of dispersion which affects the observed value of i When compared to

p.
data obtained earlier, the change in ip may be misinterpreted and

attributed to an electrochemical phenomenon. A change in the
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Table IV-4. Comparison of experimental values of ip/ISS to fitted

values of ip/ISS as calculated from Equation IV-37B for

dispersion in a curved tube

a

VS VR Ve Exper. Theor, %
. =1 R . .

(mL) (mL) (mL min™ ") 1p/ISS 1p/ISS difference
0.060 2.254 0.50 0,092 0.083 +1.1
0.145 2.254 0.50 0,223* 0.223 0.0
0.214 2.254 0.50 0.325 0.321 -1.2
0.419 2.254 0.50 0.572 0.573 +0.2
0.145 0.594 0.50 0.390 0.390 0.0
0.145 0.821 0.50 0.337 0.341 +1.2
0.145 1.168 0.50 0.297** 0.291 0.0
0.145 2.254 0.50 0.221 0.215 +2.7
0.145 2.254 0.51 0.218 - -
0.145 2.254 1.00 0.205 -—- -—-
0.145 2.254 1.49 0.187 - -
0.145 2.254 1.97 0.175 _—— -

The experimental value of 1’p/ISS used to calculate K for each set

is denoted by the asterisks:

2 1

* K for the first set is 1.32 x 102 xm© min~ '

** K for the second set is 1.42 x 102 cm2 min'].
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coefficient of dispersion may also lead to an error in the results of an
analysis if the calibration curve is prepared from data obtained earlier.
The solution to the problem is to recognize the effect of curvature. In

experiments where the configuration of the flow system may change, the

sensitivity of the electrode should be checked by measuring the steady-
state current, and calibration curves should be prepared after a change
in the configuration of the flow system In experiments where a
consistent dispersion is necessary, the components of the flow system
should be firmly mounted to the frame of the instrument to fix the
position of the tubing. The change in position does not have to be
great to affect significantly the observed value of ip. In one case,

a 9% increase in ip was observed when the position of an injection valve
was rotated 180°.

The effect of dispersion in a curved tube as a function of Ve is
shown in Figure IV-18. Experimental va]des of 1'p/ISS are represented by
open circles. For comparison, theoretical values of ip/_ISs for
dispeksion in a straight tube are represented by the solid line, The
verification of Equation IV-37B as a function of Vf fs difficult because
the coefficient of dispersion is also a function of‘vf. Before Equation
IV-37B can be verified, an expression for K as a function of Ve is
required. Two theoretical equations for the coefficient of dispersion

for a curved tube, K have been derived and are expressed in

curved®
general terms as a function of Ve by Equation IV-77 (79)

K [1 + kvg] (IV-77)

curved = Kstr
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and by Equation IV-78 (80)

K. [1+ k]vf4 ¥ kzvfz + kg (1V-78)

Kcurved = Rstp

In the equations above, K is the coefficient of dispersion for a

str
straight tube (Equation IV-4); and k, k], k2, and k3 are constants. The

differences between Equation IV-77 and Equation IV-78 are the result of
difference between the equations used to describe the motion of the
fluid and to simplifying assumptions made in the derivation of Equation

1IV-77. In general, the solution for K d is a series expansion in

curve
A2 (Equation IV-79) where A is a dimensionless curvature parameter (80).

-2 -4 -6

K + K, A +K4A +K6)\  veee (Iv-79)

curved Kstr 2

Equations IV-77 and IV-78 represent only a one-term correction, (KZA'Z),
for the effect of curvature. Solutions containing higher orders of A,

i.e., K4A'4, K6A'6, etc., have not been obtained. The completeness of

the solutions cannot be verified by the convergence of the series because
higher-order terms of the expansion are not available. In an attempt to
fit the experimental values of ip/ISS to Equation IV-37B? neither
solution was found to be applicable and the development of an empirical
expression for K was tried. Equation IV-78 contains a more complete

solution for the second term than does Equation IV-77. Each A-term in

the series expansion is apparently a series of vfz'since the second term

in Equation IV-78 is a function of vf4, vfz, and vfo. A reasonable

assumption is that subsequent A-terms would include higher orders of vf2

and the expression for K d would have the form shown in Equation

curve
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IV-80, where an is a constant:

K. £ 2n | (1V-80)

Keurved = Kstr n=0 qn'r

With four experimental values of 15/ Tss

d becomes Equation IV-81 which has

, values of a, can be evaluated

up to a,. The expression for K
. 3 4
2n

curve

one term of Ve beyond Equation IV-78,

= 6 4 2
Keurved = Kstrl83Vg * apve + 2jv¢" + agl (1v-81)

Equétion IV-37B was fitted to experimental values of 1'p/ISS by using
Equation IV-81 as the expression for XK. This is shown in Figure IV-18
as a dashed line. Although the experimental values of ip/Iss can be

| fitted to Equation IV-37B using this approach, the overall form of the
function, as depicted by the dashed Tine in'Figure IV-18, does not
appear to represent a likely solution. If Equation IV-80 is a valid

expression, then perhaps orders of vf2 higher than vf6 are required to

express Kcurved accurately. More study is required in this area. Data
for ip/Iss as a function of Ve for dispersion in a curved flow system
are summarized in Table IV-4. Calculated values of ip/Iss for vg are

omitted from Table IV-4 due to the lack of a reasonable theoretical
expression for K.

Values of 1'p/Iss for dispersion in a curved tube have also been
calculated as a function of_VS and VR using Equation IV-39D and an
experimentally determined ya]ue of K. Experimental values of ip/Iss
and calculated values of i /I__ are compared in Table IV-5., As in the

p’ “ss
case of dispersion in a straight flow system, the results of Equation



Figure IV-18. ip/ISS as a function of Ve for a curved flow system

Experimental values of 1p/ISS

Fitted values of ip/ISS calculated from

(=]
]

Equations IV-37B and IV-81

|

Theoretical values of 1p/ISS

calculated for dispersion in a
straight flow system

) 0.145 mL

S

) 2.254 mL

R
C, = 5.00 x 1074 m k1

Electrode II
Flow System III
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IV-39D are in good agreement with the results of Equation IV-37B and
with the experimental values of ip/ISS when the degree of dispersion is
moderate to high. Again, values of 1'p/ISS as a function of Ve have
been omitted from Table IV-5 due to the Tack of a reasonable theoretical

expression for K,

3. Coulometric response of a tubular electrode in FIA

In spite of the comp1éx effect dispersion has on the mass distri-
bution of a sample in a fluid stream and on the shape of the current-
time curve, the expression for the chafge passed through the electrode
during the electrolysis of a sample, Qp, i.e., the area under the

current-time curve, is represented by a simple equation (Equation IV-70).

IV
_ s8s 'S -
Qp = _—TE?_' (1v-70)

The result is the same whether the expression for'Qp is derived by the
involved integration of the current-time equation (Equations IV-44
through IV-70) or deduced through a simplistic model (Equation IV-41).
The charge is neither dependent on VR nor on K which indicates that Qp
is independent of the resident time of the sample in the fluid stream
and independent of dispersion. The dependence of Qp on Vs and Ve
reflects the dependence of Qp on the residence time of the sample in
the detector. Thus, while the shape of the current-time curve and the
peak current are very dependent on what happens to the sample as it

passes from the injection valves to the electrode, the integrated
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Table IV-5. Comparison of experimental values of 1'p/ISs to fitted
values of ip/ISS as calculated from Equation IV-39D for
dispersion in a curved tube

VS VR Vs Exper.a Theor, %

. =] . . .

(mL) (mL) (mL min™ ") 1p/Iss 1p/ISs d1fference
0.060 2.254 0.50 0.092 0.093 +1.1
0.145 2.254 0.50 0.223*% 0.223 0.0
0.214 2.254 0.50 0.325 0.327 +0.6
0.419 2.254 0.50 0.572 0.626 +9.4
0.145 0.594 0.50 0.390 0.397 +1.8
0.145 0.821 0.50 0.337 0.343 +1.8
0.145 1.168 0.50 0.291** 0.291 0.0
0.145 2.254 0.50 0.221 0.213 +3.6

The experimental value of 1'p/ISS used to calculate K for each

set is denoted by the asterisks:

* K for the first set is 1.35 x 10'2 cm

** K for the second set is 1.48 x 10

2

cm

2 -1,

S

2 -1

"

H
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signal, Qp, is dependent only on what happens to the sample while in the
electrode.

The data presented in this section, unless otherwise noted, were
obtained using a curved flow system in which the tubing connecting the
injection valve to the electrode was coiled in an arbitrary and random
manner with no particular attention being given fo day-to-day variations
in configuration. Although Equation IV-70 was derived from the current-
time equation for dispersion in a straight tube, the results apply
equa]ly as well to a curved tube. The difference between dispersion in
a straight and curved flow system is reflected in the expression for K.
Since Qp is not dependent on‘K, the value of Qp is not affected by the
curvature of the flow system. Experimental data from both straight and
curved flow systems are given in Table IV-6 for various values of VR
with VS = 0.145 mL and Ve = 0.50 mL min-1. The experimental values of
Qp presented in Table IV-6 héve been normalized with division by

I -1 to eliminate the effects of day-to-day variations in the

ssVSVf
analytical concentration of KI or in the electrochemical sensitivity of
the electrode. The normalized value is then the fraction of the
theoretical value for Qp, as predicted by Equation IV-70, which is
achieved experimentally. Values of ISS used in each calculation were
measured a short time before or after the coulometric experiment to
insure that the value of ISS measured reflected the conditions at the
electrode during the experiment. Values df VS and Ve were measured by

the procedures given in Section C of this chapter. A comparison of data

from a straight flow system to data from a curved flow system shows that
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Table IV-6. Comparison of coulometric results for straight and curved
flow systems

Straight flow system Curved flow system
v.2 __._._BE...___ y.a ..._BQ_..__
" IegVve " TogVsve '
(mL) 33 (mL)
0.286 0.982 0.286 0.984
0.594 0.966 0.596 0.963
0.820 0.989 - ———
1.168 0.970 1.176 0.966
2.254 0.959 2,390 0.980
Average 0.973+0.012 0.973+0.011

40ther parameters: Vs = 0.145 mL, Ve = 0.50 mL min"].
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the response of the systems are virtually identical and that Qp is not
dependent on the configuration of the flow system. Also, in each
series, the normalized values of Qp show no change aé a function of VR
outside of variations due to uncertainties in the measurement. This
absence of a trend in the values of Qp is an indication that Qp is
independent of VR’ as predicted. The experimental values of Qp were
slightly less than the theoretical values because of a systematic
tendency to terminate integration of each current-time curve prematurely
when the net signal was very close to the background signal. This was
particularly true under conditions of high dispersion when the current-
time curves were very broad, and the leading and trailing edges were
difficult to discern from the background signal.

The theoretical dependence of Qp on VS and Ves according to
Equation IV-70, is verified by data giVen ih Table IV-7. Experimental
values of Qp/ISS are presented in Table IV-7 for VS = 0,145, 0.226,
0.419, 0.955, and 1.663 mL and for v, = 0.50, 1.00, 1.50, and 2,00 mL
min'1. The experimental values of Qp were divided by ISS to eliminate
variations in the resuits due to changes in the sensitivity of the
electrode or in the concentration of KI. The values of Qp/ISs presented
in the table are averages taken from Values of Qp/ISS for VR = 0.289,
0.596, 1.168, and 2.390 mL for each pair of values of VS and Ve Hence,
the data in Table IV-7 represent the integration of. 80 current-time
curves and a wide range of experimental conditions. The slopes of
log-log plots of Qp/ISs Versus VS’ and Qp/ISs versus v, are given and

are in excellent agreement with the theoretical predictions given below.



Table IV-7. Values of Qp/Iss as a function of VS and
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/1.2 (s)

p’ *ss

. =1
Ve (mL min~ ")

9
( ;0? QPCISS> 1.02
og
S vf

0.50 1.00 1.50 2.00

Vg 0.145 16.93 8.52 5.73 4.19
(mL) 0.226 26.19 13.15 8.78 6.52
0.419 49.02 24.84 16,51 12.27
0.955 115.6 56.95 37.54 28.15
1.663 199.7 99,24 64.99 49.08

1.01 1,00 1.01

o log Q /IS

3 log Ve

-1.00
-1.00
-1.00
-1.02
-1.01

s>
Vs

alues tabulated are averages for VR = 0.286, 0.596, 1.176

and 2.390 mL.
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1.0

(a Tog Q/1

2 Tog Vg |, (1v-82A)
.f.‘
> 109 Gy/lss = 1.0 (1v-828)
o log Ve v
AN

A comparison of experimental values of Qp to theoretical values of
Qp for ninety current-time curves is shown in Figure IV-19, The values
of Qp/lssVsz-] are presented as a function of dispersion which is
represented by ip/Iss' These data were obtained over a period of
several months and represent all combinations of the values of VS’ VR’
and Ve listed in the preceding paragraph., Overall, the data in Figure
IV-19 are in good agreement with theory, The average value of
Qp/ISSVSvf'] is 0.992 with a relative standard deviation of 2%. As
mentioned before, the single greatest cause for the uncertainty is the
integration of the current-time curves; however, normalized values of
Qp also reflect the uncertainty in the measurement qf Iss‘ The problem
of accurate integration is particularly evident in the integration of
highly dispersed current-time curves, In Figure IV-19, as dispersion
increases to an extent that ip/ISS < 0.50, experimental values of Qp
tend to deviate more from theoretical values. This is due to the
degree of dispersion, as discussed previously, and to the size of the
current-time curve. Data for higher dispersion are dominated by small
values of VS' Small values of VS produce not only current-time curves

of highly dispersed samples, but also curves which contain a small area



Figure IV-19. Coulometric response as a function of dispersion
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1 compared to

(i.e., 65 ucoul for a 0.145 mL injection at 2.0 mL min~
750 ucoul for a 1.663 mL injection under the same conditions). A small
area is more difficult to measure accurately than a large area. This’
contributes to greater uncertainty in the measurement and to greater
variations in the results. Hence, the combination of high dispersion
and small area produces results which tend to be lower than predicted

and more scattered than results for lower dispersion and large area.

4, Comparison of the measurement of ip to the measurement of Qp

Analytical information can be obtained in FIA from either the
measurement of the peak current, ip, or from the measurement of the area
under the current-time curve, Qp. When comparing the relative merit of
each measurement, the ease of making the measurement, the error in the
measurement, and experimental factors that affect the measurement
should be considered.

The measurement of ip is straightforward. The height of the
current-time curve is measured from the baseline to the peak with a
ruler. Measurements can be made to the nearest 0.02 in or 0.5 mm
depending on the scale. The relative standard deviation for the
measurement of ip for repetitive injections is less than #1%. Variation
in ip from day to day is typically #3% after corrections for changes in
the sensitivity of the electrode. Without correcting for changes in the
sensitivity of the electrode, i can vary as much as #9% from day to

P

day. ip is dependent upon VS’ VR’ Ves the curvature of the flow system,
and the sensitivity of thé electrode. To insure reproducible results,
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values of VS’ VR’ Ve and the configuration of the flow system must
remain constant, and the sensitivity of the electrode must be measured
before each experiment. If the operating parameters of the flow system
remain constant, the sensitivity of the electrode can be measured by
the injection of a standard solution. A calibration curve from a
previous experiment can then be used dfter correcting the data for a
change in the sensitivity of the electrode, If the flow system is
changed relative to VS, VR’ Vg Or the configuration, a new calibration
curve must be prepared.

The effort required in measuring Qp depends on the technique of
integration. Measurement with a planimeter of the area under a
current-time curve is tedious and time-consuming. Practice is requiréd
before reproducible and accurate measurements can be made; however,
once the technique is mastered, good results can be obtained, A simple
electronic integrator constructed from operational amplifiers is more
convenient to use than a planimeter and results of similar quality can
be obtained. Unfortunately, the electronic integrator has several
drawbacks: The area of a peak can only be measured once, the
initiation and termination of the integration is performed manually by
the operator, and a simple analog integrator cannot compensate for a
shift in the baseline. Sophisticated electronic integrators designed
for chromatographic systems are commercially available, but none were
used in this study.

The relative standard deviation for the measurement of Qp for

repetitive injections is less than 1%. Day to day variations in Qp can
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be as much as *4%, although typically the variation is closer to 22%.
The value of Qp depends upon VS’ Ves and the sensitivity of the
electrode. Qp does not depend on VR or on the configuration of the flow
system; hence, these parameters can be changed from experiment to
experiment without affecting the value of Qp. If VS and Ve are the
same in each experiment, the sensitivity of the electrode can be checked
by the injection of é standard solution and the calibration curve from
the previous experiment can be used after the data are corrected for the
change in sensitivity. If either VS or vg is changed, a new calibration
curve must be prepared. |
The ease of measurement and the error in the measurement of ip is
comparable to the ease of measurement and the error in the measurement
of Qp. The real comparison of ip and Qp is in how experimental factors
affect the measurement of each. In this respect, the measurement of Qp

has the advantage over the measurement of i_ because the value of Qp is

independent of dispersion which eliminates zhe problem of changes in the
configuration of the flow system in FIA, This conclusion has particular
significance for the application of flow-through electrode as

detectors in Liquid Chromatograph. At a constant value of Ves Qp is
predicted to be independent of band broadening and the retention time.
This is in definite contrast to ip which decreases with increasing
retention time because of an increase in the dispersion. Consequently,
addition of a single internal standard to the sample should suffice for
obtaining a calibration constant for the detector which will be appli-

cable for all peaks regardless of the band width or retention time.
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5. Pulse amperometric response of a tubular electrode in FIA as a

function of flow rate

One undesirable characteristic of flow-through amperometer
detectors is the dependence of the signal upon the flow rate. Several
workers have employed pulse amperometric and differential pulse
amperometric detectors in Liquid Chromatography and Segmented Flow
Analysis in an etfort to develop an electrode whose response is inde-
pendent of flow rate (34,82). The rationale for using pulse techniques
to eliminate the effects of flow rate on the response of the electrode
lies in the pulse amperometric response of the electrode to the
continuous passage of a solution that contains a uniform concentration
of an analyte. The behavior of the electrode under these conditions
will be from this point on referred to as pulse amperometric detection
for continuous flow.

In puise amperometry, the potential of the electrode alternates
between a potential at which no electrolysis of the analyte occurs and
a potential at which the electrolysis of the analyte occurs at a rate
determined by the mass transport of the analyte to the surface of the
electrode. The length of time at each potential varies typically from
several milliseconds to several seconds, depending on the application.
Unlike the amperometric response of an electrode, the response of an
electrode in pulse amperometry is time-dependent as shown in Figure
IV-20. Initially, after the application of the electrolyzing potential,
the response of the electrode is controlled by diffusion, The analyte |

nearest the surface of the electrode is electrolyzed first resulting



Figure IV-20. Pulse amperometric response of a tubular electrode

as a function of time
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in a large instantaneous flow of current. After the analyte near the
surface of the electrode is depleted, analyte from the solution begins
to diffuse to the surface of the electrode. As the electrolysis
continues, the region of depletion, the diffusion layer, extends further
and further into the solution. The current decreases as the diffusion
layer grows because of the increase in the time required to transport
the analyte across the diffusion layer to the surface of the electrode.
The contribution of convection to the mass transport of the analyte
becomes more important as the diffusion layer extends further into the
| fluid stream. Eventually, the rate at which convection brings the
analyte to the outer boundary of the diffusion layer is equal to the
rate at which diffusion carries the analyte to the surface of the
electrode. At this point, a steady state is reached: The diffusion
layer ceases to grow. The current of electrolysis becomes constant,
- i.e., independent of time, and, for a tubular electrode, is the steady-
state current as described by Equation III-1. The potential of the
electrode is then returned to the nonelectrolyzing potential and a
uniform concentration of the analyte is once again established
throughout the solution in contact with the electrode. The potential
of the electrode is then stepped to the electrolyzing potential and the
process described above is repeated.

The pulse amperometric response of the electrode immediately after
the application of the electrolyzing potential is described by the
Cottrell Equation (Equation IV-83)
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(Iv-83)

D 1/2
i(t) = nFA(W) CO

In Equation IV-83, A is the area of the electrode (cmz), and all other
symbols have their usual significance. The Cottrell Equation was
derived for linear diffusion to a planar electrode. This is a good
approximation for diffusion to the walls of a tubular electrode early
in the electrolysis when the radius of the electrode is much greater
than the thickness of the diffusion layer. Flanagan and Marcoux (12)
used the computational technique of digital simulation to study the
pulse amperometric response of a tubular electrode. According to the
results of their study, the Cottrell Equation describes the puise
amperometric response of a tubular electrode when t < 0,4t' where t is
time measured from the beginning of the electrolysis and t' is a
computation parameter known as the equivalent time, t' is defined by

Equation IV-84.

t' = o.4259R2L2/3D“/3vf“2/3 (1v-84)

Flanagan and Marcoux also predicted that the pulse amperometric response
of a tubular electrode reaches a steady-state value at t > 2.0t'. |

In pulse amperometry, the current is sampled at a given time after
the application of the electrolyzing potential rather than monitored
continuously. If the current is sampled during the time in which the
Cottrell Equation is applicable, the response of the electrode will be
dependent on the time at which the current is sampled and the concen-

tration of the analyte, but will not be dependent on the flow rate.
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Thus, under the conditions of continuous flow, the pulse amperometric
response of an electrode is constant and independent of flow rate

if the éurrent is sampled at a set time interval soon after the
initiation of the electrolyzing potential.

When pulse amperometric detection was applied to Liquid
Chromatography (82) and Segmented Flow Analysis (34), the following
assumption was made: If timing parameters can be chosen such that the
pulse amperometric detection of a continuously flowing sample is
independent of flow rate, then the response of the detector will also
be independent of flow rate in applications where samples are injected
into a fluid stream if the same timing parameters are used,

MacDonald and Duke (34) reported that the use of pulse techniques in
their experience had minimized the effect of flow rate on current

measurements. Swartzfager (82) claimed that the “application of pulse

.. techniques may remove or sharply decrease the flow rate dependence of

.the measured current from an electrochemical detector," A detailed
study of the response of an electrode to an injected sample as a
function of flow rate was offered in neither publication. MacDonald

and Duke based their claim of flow-rate independence on the relative
response of the electrode to periodic fluctuations in the flow rate due
to the action of the peristalic pump. Their results are semi-
quantitative at best and only hint at the relationship between current
and flow rate without offering any substantial information. Swartzfager
reported data for pulse amperometric detection for continuous flow to

support his argument, but provided no data from the chromatographic
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system to substantiate his claims. Actually, Swartzfager's claims are
misleading. The response of his electrochemical detector was
independent of flow rate only after the response of the electrochemical
detector was divided by the response of a UV detector, which
simultaneously monitored the eluent stream, to correct for the flow-rate
dependence of the column parameters. This implies that the response of
his electrode was not totally independent of the flow rate.

Experiments were conducted in this laboratory to determine if the
pulse amperometric response of a tubular electrode is independent of
flow rate when the electrode is used as a detector in FIA, Prior to
these experiments, the assumption had been made that if the response of
the electrode is independent of flow rate for the continuous flow of
sample, then the response of the electrode will also be independent of
flow rate in FIA., This assumption proved not to be valid in the
majority of cases,

As in amperometry, the flow-rate dependence of pulse amperometric
detection for continuous flow reflects changes in the sensitivity of
the electrode due to changes in the thickness of the diffusion layer.
When considering the response of an electrode in FIA, the effect of
dispersion on the mass distribution of the sample must be considered in
addition to the sensitivity of the electrode. Since changes in the
flow rate affect the rate of dispersion and the residence time of the
sample in the fluid stream, the response of the electrode can vary with
flow rate even though the sensitivity of the electrode is constant.

Hence, because of dispersion, the behavior of an electrode under the
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. conditions of continuous flow is not a good model for the behavior of
an electrode in FIA or in other dispersive systems,

Whether or not the response of an electrode is independent of flow
rate depends on the design of the flow system and on the mode of
detection. If a system is designed for low dispersion, i.e., when VS
is approximately equal to VR and Ve is large, the degree of dispersion
changes very little with changes in the flow rate and the response of
the electrode appears to be independent of flow rate when pulse
amperometric detection is used. This is shown in Figure IV-21 where
the flow-rate dependency of the response of the electrode under the
conditions of continuous flow (large sample Toop) is compared to the
flow-rate dependence of the peak current (small sample loop).

Although some variation in peak current is seen because of changes in
dispersion, the response of the electrode is relatively constant
especially when compared to the amperometric response shown in Figure
IV-9 which, except for the mode of detection, was recorded under the
same éxperimental conditions. The data in Figure IV-21 are from an
early experiment, The values of VS and VR were chosen arbitrarily. It
is only coincidental that the conditions were such that the pulse
amperometric response for the peak currents are nearly independent of
flow rate. Unfortunately, data of this nature obtained early in a
stﬁdy tend to reinforce erroneous ideas which lead to misconceptions
when used as the basis for general conclusions.

Data for a more typical flow system are shown in Figure IV-22 as

a comparison of peak currents for amperometric and pulse amperometric



Figure IV-21. Pulse amperometric detection of injected samples as a function

of Ve for low dispersion

A. Continucus flow
VS = 3.0 mL
B. Flow Injection Analysis

Ve = 0.23 mL

S
Parameter:

Au tubular electrode - 1/8 in x 0.031-in i.d.

Ew - Initial potential = +0.40 V vs SCE (28 ms)
Pulse potential = +0.65 V vs SCE (4 ms)

Sample time = 2 ms at +0.65 V after 2 ms delay

Co = 1.0 mM NaI in 1.0 M H2504
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Figure IV-22. Comparison of amperometric and pulse amperometric

detection in FIA as a function of Ve

0 - Pulse amperometric detection

® - Amperometric detection
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detection. In this case, VR was greater than VS and Ve was moderate.
Under these conditions, the pulse amperometric response of the electrode
was not only more dependend on the flow rate than the amperometric
response, but the amperometric response was nearly independent of flow
rate at the higher values of Ve In amperometric detection, the sensi-
tivity of the electrode increases with increasing flow rate which tends
to offset the effect of dispersion., Since the degree of dispersion can
be controlled by the selection of values of VS and VR’ and the degree
of curvature, a flow system can be designed such that the amperometric
response of an electrode is flow rate independent over a limited range
of Ve In pulse amperometric detection, the sensitivity of the
electrode is constant; thus, the response of the electrode reflects the
effect of dispersion on the mass distribution of the sample,

The results above show that the pulse amperometric response of a
tubular electrode in FIA is not inherently more independent of flow
rate than the amperometric response even though the sensitivity of the
electrode is independent of flow rate. The flow-rate independence of
each mode of detection depends on the design of the flow system. Pulse
amperometric detection tends to be independent of flow rate when the
degree of dispersion is Tow, while amperometric detection can be
independent of flow rate when the degree of dispersion is moderate to
high. In all of the discussions above, the response of the electrode
refers solely to the peak current. The area under the current-time
curve is always dependent on flow rate regardiess of the design of the

flow system or the mode of detection. Although FIA was studied
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specifically, the conclusion of the study also applies to the response
of electrochemical detectors in Liquid Chromatography and in other

dispersive systems.
E. Summary

G. I. Taylor's treatment for the dispersion of mass in a fluid
stream is applied to Flow Injection Analysis for the amperometric
detection of an injected sample by a flow-through, tubular electrode.
Equations describing the current-time response of the electrode, i(t),
the maxima of the current-time curve, i_, and the area under the

P
current-time curve, Q_, are derived as a function of the volume of the

P
sample, vs, the volume of the flow system, VR’ the flow rate of the
fluid stream, Ve the coefficient of dispersion, K, and the steady-state

current, I for the dispersion of a sample in a straight tube under

ss’
the conditions of laminar flow. Based on the results of the
mathematical analysis, the following conclusions were drawn:
(1) Since the tubular electrode responds only to the concentration
of the analyte close to the surface of the electrode, the
~effect of the nonuniform radial concentration gradient caused
by dispersion must be considered when describing the current-
time response of a tubular electrode,
(2) The maxima of the current-time curve, i.e., the peak current,
ip, are dependent upon the dispersion of the sample and,

consequently, factors which affect the dispersion of the

sample. An increase in the value of VS increases the value
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of ip, while an increase in the value of VR decreases the

p and Ve is complex

because of the relationships between Ve and the sensitivity

values of 1p' The relationship between i

of the electrode, the retention time of the sample in the
fluid stream, and the coefficient of dispersion. For high

dispersion, ip decreases with increasing Ve and is

]/6. For low dispersion, ip increases

with increasing Ve and is proportional to vf]/3. The

proportional to vf'

exponents of Ve above are for limiting cases and values of
the exponent between 1/3 and -1/6 are possible.

(3) The coulometric response of the tubular electrode in FIA,
i.e., the area under the current-time curve, Qp, depends on
Iss’ VS’ and Vs but is independent of dispersion. Qp is

proportional to Vg and vf—2/3.
The agreement of experimental results with theory is excellent for

i(t) and 1p for moderately low values of flow rate, A comparison of an

experimental current-time curve to theoretical values of i(t) shows

that, as predicted by theory, the electrode responds to the concen-
tration of the analyte at the outer boundary of the diffusion layer and
not to the mean concentration of the analyte evaluated across the radius
of the tube. Equations describing ip predict the correct relationship
between ip and the parameters Vg and Vp. However, the experimental
values of ip are greater thanvthe theoretical values of ip for the
higher values of Ve This is attributed to the time-dependency of the

coefficient of dispersion K. The effect of the time-dependency of K
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on dispersion becomes apparent only when the retention time of the
sample in the fluid stream is short.

The dispersion of a sample in a curved flow system was also
studied, and found to be less than the dispersion of a sample in a
straight flow system for the same values of VS’ VR’ and Ve A
mathematical expression for the value of K for a curved flow system is
not avai]ab]eg however, equations for ip for a straight flow system can
be used to calculate ip as a function of Vg and Vo for a curved flow
system if an experimentally determined value of K is used in the
calculation. Values of ip as a function of v, cannot be calculated for
a curved flow system, even with an experimentally determined value of K,
because the value of K is a function of Ve and no suitable general
expression for K as a function of Ve has been found,

Experimental and theoretical values of Qp are in excellent
agreement, The relationship between Qp, Vs and Ve is as predicted by
theory. Experiments verify that Qp is independent of VR and of the
curvature of the flow system which proves that Qp is independent of
dispersion. Both ip and Qp are linear functions of ISS and, therefore,

a linear function of the concentration of the sample injected. In

comparing the relative merits of i_ and Qp for analytical measurements,

p
the ease of measurement and the error in the measurement of i_ is

p
comparable to the ease of measurement and the error in the measurement
of Qp. The measurement of Qp, however, is more advantageous than the
measurement of ip in that the measurement of Qp is independent of

dispersion.
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Pulse amperometric detection with a tubular electrode was studied
in an attempt to develop a detector whose response is independent of
flow rate. The use of pulse amperometry to develop a detector whose
response is independent of flow rate is not feasible in that, even
though the sensitivity of the electrode is independent of flow rate in
pulse amperometry, the dispersion of the sample is dependent on flow

rate and affects the response of the electrode regardiess of the mode

of detection.
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V. SUGGESTIONS FOR FUTURE WORK

At the beginning of the dispersion study, I had not ahticipated the
effect of the curvature of the flow system on the dispersion of the
sample. The existence of the re]ationshib between curvature and
dispersion became apparent toward the end of the study; consequently,
the effect of curvature on dispersion was not investigated to the extent
that this important relationship should have been investigated. The
change in dispersion with a change in curvature is assumed to be due to
a change in the value of the coefficient of dispersion, K. For
applications in FIA, the dependence of K on the flow rate of the fluid
stream in a curved flow system, Ve and on the extent of the curvature
is'veny important in the design of the flow system, These relationships,
however, are not well understood. Experiments studying K as a function
of Ve and the curvature should be conducted and a mathematical expression
for K in a curved flow system should be developed.

The approach used in describing the dispersion of a sample in FIA
can also be adapted to Liquid Chromatography. In chromatography, the
mechanism of dispersion would be different, but the process could still
be described as "diffusive" in nature. K would be a function of
chromatographic parameters (e.g., distribution coefficients) and param-
eters of the flow system (e.g., flow rate). Each component of a sample
would have a value of K unique for the component for a particular
column. The value of the approach described above is a more complete

description of the chromatographic peak.
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The theory of dispersion could also be extended to multi-sample
analyses in FIA. Tﬁé theory would have to be developed to include the
rate of sampling and the cross-contamination of samples in the fluid
stream. The extended theory could be used to predict the maximum rate

of sampling for a flow rate.
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