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This thesis encompasses the development of direct chemiluminescence (CL) techniques

for determining cobalt and polyhydroxy benzenes (polyphenols), by discrete- and continuous-flow

sampling techniques, and the characterization of a continuous-flow (CF) CL photometer that

incorporates a novel falling-film windowless flow cell. The model polyphenols include pyrogallol

(Pg), catechol, and several catecholamines.

A characterization study of the Pg + H202 system revealed that the primary absorption

bands at about 605 and 420 nm, respectively, were observed during the Co(II)- and Mn(II)-

enhanced Pg-CL reactions, and the CL emission bands were found at 466 and 472 nm,

respectively. Thus, the reaction pathways differ or involve a transition metal complex, but the CL

species are identical. The discovery of a means to desensitize the potential interferences of Ca(II),

Mg(II), Mn(II), and Fe(II) by spiking the samples with 300-mg/mL Ca(II) allows 0.5 ng/mL of Co(II)

to be detected in most natural water systems without further isolation of the Co(II) analyte.

A new oxidant system consisting of H202 + CH2O + Mn04" enhanced the analytical

signal of Pg by a factor of 400 or more over the typical H202 oxidant system, and the observed

reaction rate also increased by a factor of about 30. The detection limits for Pg, catechol,

adrenaline and dopamine are 0.02, 0.3, 0.5 and 0.05 pmol/L, respectively. For the H202 + CH2O

oxidant system, the detection limits for Pg, adrenaline, dopamine and noradrenaline are 0.6, 0.2,

0.8 and 5 pmol/L, respectively. The detection limits for polyphenols with ortho-substituted

hydroxyl groups are at least 30 times better than the meta- or para-substituted isomers.

The novel flow cell couples the three analytical stages of mixing, reacting and monitoring

CL reactions into a small volume flow cell and it is based on a falling film suspended between two

wires. The cell allows the detection of fast CL reactions which are well suited for HPLC detector

systems. The flow cell features less than 80-ms mixing times for four reactants, direct monitoring

by a photomultiplier tube and an 8- to 10-pt. cell volume. Expressions for some critical cell

parameters were developed. A mixing efficiency of over 90% was demonstrated by monitoring

the K2Cr2O7 hydration reaction within a mixing time of about 60 ms. The detection limit for Pg



is 0.4 ismol/L for a 9-/.4L cell volume. The signal for a 5-mmol/L Pg solution reaches a maximum

about 30 to 40 ms after the analyte is added to the reactants containing a HO + CHO + Co(II)

oxidant system.
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CHARACTERIZATION AND APPLICATIONS OF POLYPHENOL

CHEMILUMINESCENCE REACTIONS AND

FLOW CELL INSTRUMENTATION

I. INTRODUCTION

Light emission at ambient temperatures resulting from the conversion of chemical energy

released in a highly exothermic chemical reaction is termed chemiluminescence (CL). The chemi-

excitation does not actually cause direct conversion of chemical energy to light emission energy,

but an electronically excited state is produced which in turn leads to the emission of a photon.

If the initially produced electronically excited state does emit, the process is termed direct chemi-

luminescence. If the excited state transfers its energy to another molecule that is responsible for

emission, the process is termed indirect chemiluminescence. The oxidation of nitrous oxide by

ozonated oxygen followed by the emission of a photon from excited NO2 is an example of direct

chemiluminescence (1). The emission derived from a proposed resonance energy transfer from

excited 03 intermediates to an unreacted rhodamine B dye molecule is an example of indirect
chemiluminescence (2).

Prior to 1970, the bulk of published research regarding CL systems involved CL reaction

mechanisms, identification of CL intermediates, assessment of singlet- versus triplet-state product

yields, and investigations of substituent effects and other chemical properties. However, many

researchers focused more on the analytical applications of CL in the 1970 to 1979 decade.

Generally, analytically useful information is obtained from indirect and direct CL if the initial CL

signal observed is enhanced or inhibited proportionately to the concentration of the prospective

analyte or if the analyte is a necessary reactant for CL to occur. The analysis was typically
accomplished by a discrete sampling method, or in a few cases, by stop-flow measurements

utilizing samples with well characterized matrices. Today, a major fraction of CL research is
concerned with the use of CL as a detection scheme for the analysis of complex matrices after

separation with HPLC (3-12) or for general automated analysis such as flow injection analysis

(13-22). Some of the reasons for the interest are: the simplicity of the instrumentation, low

detection limits, large dynamic ranges, relatively short analysis times, and in some cases, chemical

speciation may be possible (23-26). However, the general use of a CL technique for deter-

mining metal ions and organic molecules in natural samples has been hindered by the lack of
selectivity. Therefore, masking of the interference or separation of the analyte from the
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interference is often required prior to the analysis of many natural sample matrices.

This investigation was concerned with the CL properties of polyhydroxy benzenes (poly-phenols), the development of a new windowless flow cell, and a brief evaluation of the analytical
applications of the flow cell. Although the CL accompanying the reaction of pyrogallol (Pg) andalkaline H202 has long been known (27,28), analytical applications of the Pg CL system andthe CL of other polyphenols have not received adequate attention. The Pg and catechol CL
reactions were used successfully for determining Co(II) and then the polyphenols themselves in
the presence of a metal ion enhancer. Additionally, brief studies of other polyphenols including
the biologically important catecholamines are presented.

The novel flow cell disclosed in this thesis exhibits small dead volumes and good mixing
characteristics for up to four solutions introduced sequentially in less than 0.2 s. The flow cell is
comprised of two 30 gauge wires spaced approximately 1.6 mm apart. The reagent solutions
and analyte solution are introduced directly above and at right angles to the subsequent flowing
reagent film which is formed between the two cell wires. The integrity of the falling film formed
is maintained down to a minimum flow rate of 2.2 mL/min. The film thickness at a flow rate of
8.8 ml/min is approximately 0.15 mm and the cell volume for these conditions is approximately8.6 As designed, the flow cell is suited as a detector of CL species after sample introduction
by flow injection analysis or after separation by a liquid chromatographic method. The flow cellis also suited for obtaining reagent-dependency profile curves utilizing a gradient-elution tech-
nique. These profile curves are useful for establishing the preferred experimental conditions fora given CL system. Coupled with a KIM-1 based microcomputer for data acquisition, the optimal
conditions were derived in a fraction of the time previously required by a discrete-sampling
method. Finally, the physical characteristics and the following analytical applications of the flow
cell are presented: the determination of Co(II) by Pg CL, the determination of polyphenols by an
alkaline Mn04" + H202 + CH2O system, the determination of Cr(111) by a luminol CL system, and
the determination of luminol by an alkaline H202 system.
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II. HISTORICAL

The phenomenon of CL was first observed in 1877 by Radziszewski while studying the

oxidation of lophine (2,4,5 triphenylimidazole) (29). Since then, many CL species have been

identified and the direct- and indirect-CL reactions involving these species have been exploited

extensively. The predominate steps for direct and indirect CL are depicted in figure 11.1. As

illustrated, the most important single restriction for efficient CL reactions is the thermodynamic

one that is represented by equation 1 below. The sum of the enthalpies of reaction, Hrxn, and the

E* < Hrxn. Eact (1)

activation energy of the reaction, Eant, must be equal to or greater than the electronic excitation

energy, E* of the excited state, D* produced in the step converting chemical energy into electronic

excitation energy. A second requirement for a high CL efficiency is that a mechanistic pathway

must exist for converting a significant fraction of the chemical energy into electronic excitation.

This pathway is illustrated by step 2a in figure 11.1. Finally, when both the thermodynamic and

mechanistic restrictions are met, the overall efficiency of direct CL depends on the emission

efficiency of the excited state produced during chemiexcitation, as illustrated by step 2b in

figure 11.1. Step 3a of figure 11.1 illustrates the additional energy exchange that is required for an

indirect-CL process. The overall efficiency in this case is determined by the product of the

efficiencies associated with steps 3a and 3b of figure 11.1.

The analytical importance of direct versus indirect CL should not be underestimated. When

the inherent emission yield from step 2b is small and signal-to-noise ratio (S/N) problems are

limiting, the selection of a suitable acceptor species for an energy transfer may result in an

improved S/N by one or more orders of magnitude over the direct CL response signal. Therefore,

the product of the efficiency for energy transfer to an acceptor (step 3a) times the acceptor emis-

sion efficiency (step 3b) can be much larger than the inherent emission efficiency of the first excited

states that are produced in step 2b. Many of the mechanistic pathways of the direct- and indirect-

CL reactions have been reviewed (4,30-33).

The analytical applications have been treated only recently as is evident from the lack of

papers on the subject before Seitz and Hercules demonstrated the enhancement of CL in alkaline

luminol solutions by low levels of transition metals (30). Currently, the most often employed CL

reactions involve efficient CL reactions based on reagents such as luminol, lucigenin, luciferase

or bis(2,4,6-trichlorophenyl) oxalate. The principles, techniques and applications of CL and
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Figure 11.1 Energy Diagram for Direct and Indirect CL

Expression: reactants --> D* --> P + by

steps: (la), heat of reaction, 11,,m; (10 energy of activation, Eact; (2a), chemical
to electronic energy transfer, [ --> D ]; (2b), deactivation by light emission,
[ --> P + hv ].

Expression: A + D* --> A* + D --> A + by

steps: (3a), electronic to electronic energy transfer, [ --> A* + D]; (3b), deactiva-
tion by light emission, [ --> A + by ].
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bioluminescence (BL) in analytical chemistry have been reviewed often (34-44). The use of CL

and BL in clinical analytical chemistry and medical diagnosis have been discussed (45-47).

Additionally, the proceedings of the Third Annual Symposium on Analytical Applications of Biolumin-

escence and Chemiluminescence have been published (48).

The analytical applications that use liquid-phase CL techniques are diverse today. Such

liquid-phase CL techniques have been successfully applied for determining biological substances

(49-51) by HPLC and immunoassay techniques (52,53). Additionally, a technique for deter-

mining reducing agents by measuring the time period to achievea measurable CL signal has been

reported (54). The specificity of the Ru(bpy)32+ complex has been studied by electrochemically

generated CL. The use of a Ru(bpy))32+ complex as a CL label has been disclosed (55). Tech-

niques for estimating the thermal stability of polymers (56) and lubricating oils (57) have been

developed. A CL method for determining polymer degradation after exposure to ionizing radiation

has also been reported (58). Luminol CL has been successfully used to measure the lability of

Cr(111) species thus signifying the use of CL to examine the dynamics of environmental phenomena

(59). Finally, the spontaneous CL of urine has been proposed for a possible monitor of

pathological conditions such as a possible cancer marker (60).

Several fluorescamine labeled catecholamines were recently determined utilizing a

bis(2,4,6-trichlorophenyl) oxalate + H202 CL system (4). This indirect-CL reaction is believed to

involve an energy transfer between electronically excited 1,2-dioxethanedione and the fluorophore.

The subsequent return of the excited fluorophore to a ground state results in an enhanced CL

response due to FL emission from the efficient fluorophore (61).

Following a study of the rhodamine B + 03 CL system, Hodgeson and associates

suggested that a resonance energy transfer from an excited intermediate to a rhodamine-B dye

molecule was an integral part of that mechanism (2). Further, the emitting species were described

as unreacted dye molecules in an excited state. Suitable dyes for other indirect CL systems may

be selected by matching the excited singlet state energy of a dye molecule to the energy level of

an excited intermediate. This pathway is again illustrated by step 3a in figure 11.1. Kautsky pro-

posed a similar hypothesis for selected dyes adsorbed on silica type compounds (23) in the

presence of 02.
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Chemiluminescence Instrumentation

The chemical reactions thatare frequently used in conjunction with molecular spectrometric
techniques to enhance the selectivity and detectability of a species can influence the selection or
design of instrumentation. When used, the reactions are usually allowed to equilibrate prior to
making an absorption or fluorescence (FL) based measurement of an end product. These
measurements are termed equilibrium-based or static-state measurements and a knowledge of the
chemical thermodynamics and kinetics is helpful but not required to assure reproducible results.
However, it is sometimes necessary or desired to obtain a measurement before chemical
equilibration. Such measurements are termed dynamic-based or kinetics-based measurements
and the chemical kinetics is a critical design parameter. A CL-based measurement is taken under
the dynamic conditions that support the production of short-lived excited species. The kinetics
of excited state production in CL reactions affect the design of the kinetics-based CL
instrumentation.

The kinetics-based measurement technique requires the instrumental coupling of four analy-
tical stages termed diluting, mixing, reacting and monitoring; whereas, the equilibrium-based
measurement technique utilizes samples that are mixed and reacted prior to monitoring. Therefore,
the performance tradeoffs required to obtain an optimized solution set for the four analytical stages
will limit the design of kinetics-based instrumentation but not equilibrium-based instrumentation.
Also, the complexity of the associated instrumentation for dynamic or kinetics-based measurements
increases substantially when high sample throughput rates and the monitoring of fast CL reactions
are desired. A brief historical and philosophical review is offered below that details some of the
complexity affiliated with dynamic-based CL instrumentation.

Dynamic-Based CL Instrumentation

The four technical issues that affect the design complexity of liquid-phase CL instrumen-
tation are the sampling technique, whether or not a separation scheme is selected, the coupling
scheme of the four analytical stages described above, and the design of the four analytical stages
mentioned above. Also, additional complexity may be unavoidable when instrument design incor-
porates features commonly available with equilibrium-based instruments. Such features include
high sample throughput rates, automated processing, low cost per analysis, and the ability to use
minimally skilled operators. Each of these issues is evaluated in more detail below.

The two primary sampling techniques involve either discrete or continuous sampling of
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the system. Additionally, a stopped-flow sampling technique is often quoted in the literature and

is included in the discussion that follows. Also, the continuous sampling or continuous-flow

technique can be further subdivided into the two design philosophies termed non-segmented

continuous flow and segmented continuous flow. The selection of a particular philosophy is influe-

nced by the existence of and type of separation scheme employed. Lastly, a refinement of the

non-segmented continuous-flow technique is often denoted by a flow-injection analysis scheme.

The sampling process that assesses each sample as a separate or discrete entity is the

predominate characteristic of a discrete-sampling technique (DS). The process typically involves

the placement of the sample into a separate receptacle and the analytical stage of diluting is ac-

complished by first, mechanically transporting reagents and solvents to one or more dispensing

units where controlled allotments are then made to each sample cell. Alternatively, each dispensing

unit is mechanically transported in a serial or parallel means from the reagent vessel to a sample

cell where again controlled allotments are made.

The DS-CL instrumentation designs for equilibrium- and dynamic-based measurements

are typically identical if the reaction rates are slow. The DS-CL photometer developed and reported

by Hoyt and Ingle (24) is an example. The major advantages include: cross contamination

between samples is eliminated, useful kinetic information is readily obtained provided the mixing

and time resolution for monitoring are significantly faster than the reaction kinetics, and the designs

are simple when automation is not involved. Also, a "chemical feel" or insight for the kineticsand

thermodynamics associated with the reaction of interest can usually be obtained because the

sample compartment is readily accessible and all the experimental parameters are directly

controlled by the analyst. Additionally, these systems are used to evaluate a broad range of reac-

tion times and the samples can be processed at 30 to 50 samples per hour when fully automated.

Major disadvantages include automated designs that are mechanically complex and costly and

the sample throughput is low unless the system has parallel tracks and automation. Also, a skilled

operator is typically needed to select methodology for a given DS-CL system since each

experimental parameter must be manually set by the analyst. An example of a mechanically

complex and high cost parallel DS technique is a centrifugal analyzer (62). However, this DS

system does have a throughput rate of 100 to 300 samples per hour. A summary of DS
instrumentation is provided in tables II.1A and II.1B.

The introduction of samples into a flowing reagent stream by a pumping system is the

predominate characteristic of a continuous-flow sampling technique (CF). Any subsequent reagent

additions are accomplished by continuously pumping the reagents from reservoirs and then

combining them with the main stream by mixing tees. Ultimately the resulting stream is pumped

to a flow-through mixing or monitoring device and then to a waste receptacle.



Table 11.1 Summary of Sampling Techniques for CL Measurements

Variable Sampling Technique

A. Non-automated DS-CL CF-CL

throughput * slow; limited by solution preparation, addition, and * fast; use of gradient elution technique
removal

* suitable for a broad spectrum of reaction kinetics * suitable for a narrow range of reaction kinetics

versatility * difficult to analyze fast CL reactions * best suited for fast CL reactions

* a 'chemical feel' for the system is readily obtained * very difficult to obtain a 'chemical feel' for the system

* requires measuring electronics * requires measuring, event initiating and pump control
electronics

instrument * no design contraints on mixer and reactor
design [typically absorption or fluorescence cell and mixer

are used]

* requires a pumping system

* design of mixer, reactor and cell are highly dependent
on the reaction kinetics

* renewable reactor, mixer and cell can minimize * susceptible to cross contamination
reproduci- cross contamination
bility

* human induced systematic errors * noisy baseline due to pumping, mixer, and
reactor

cost * low * low

co



Table 11.1 (continued)

Variable Sampling Technique

B. Automated DS-CL CF-CL

throughput * slow; 30-50 samples per hour * fast; 100-300 samples per hour

* limited range due to delivery system * same as non-automated CF-CL

versatility * difficult to analyze fast CL reactions

* difficult to obtain a 'chemical feel' for
the system

* electronics are similar to CF-CL
instrument
design * complex delivery system

* cell design can be simple

* similar to non-automated system

reproduc- * very good
bility

* good

cost * high * moderate

(0
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The number of reported articles on CF-CL systems has increased dramatically over the
last five years. Flow injection analysis methods incorporating CL detectors have been successfully

used to determine indole derivatives (61), Co(II) ion (62,63), sulfite ion (64), and fluorescein

labeled and fluorescamine labeled species (65). Also, the direct coupling of CF-CL systems to

HPLC separation schemes was successfully utilized to detect low levels of polycyclic aromatic

hydrocarbons (66), dansyl amino acids (67), and alcohols, aldehydes, ethers, and saccharides

(7). The recent success of !mai and his co-workers (4) determining catecholamines in urine by

the fluorescamine derivative technique described above is pertinent to this investigation.

The advantages of CF-CL instrumentation include: throughput rates without a separation

scheme limitation can reach 200 to 300 samples per hour, the systems are mechanically simple,

and they are easy to automate at a low cost. Additional advantages include the means to readily

add pretreatment stages and incorporate a separation scheme by direct coupling. Relative to a

DS-CL system, the sampling rate and optimization time without automation are fast. The reduced

optimization time is attributed to using a CF technique that generates a real-time concentration

gradient to implement reagent dependency studies rapidly.

The disadvantages include: a limited range of reaction times can be monitored without

a reconfiguration of CF instrumentation and the throughput ratesare usually limited by interactions

between samples. This restriction may limit the throughput to a 20 to 80 samples per hour range

when a separation scheme is coupled. Finally, the mixer, reactor and flow cell designs are typically

complex relative to the DS-CL designs. All of these factors contribute to the isolation of the analyst

from the chemistry taking place in the reaction chamber. This isolation can significantly limit the

"chemical feel" or insights that the analyst will obtain regarding the system studied.

The selection criterion between a segmented or a non-segmented flow as a feature or

extension of the CF design is predominately associated with peak broadening problems that

become negligible for both if the reaction kinetics are on the order of seconds instead of minutes.

In this case, the peak broadening is dependent on the diameter and length of the tubing required

for reacting the reagents prior to detection. As a result, peak broadening can directly affect the

observed resolution. A segmented flow technique does minimize this problem at the expense of

added instrument complexity. Therefore, a segmented flow system should only be considered for

slow CF reactions. Several reviews regarding the merits of non-segmented flow versus segmented

flow systems are available in the literature (68-71). A summary of CF instrumentation is given
in tables II.1A and 11.1 B.

The stopped-flow sampling technique (SF) that is discussed in literature has characteristics

common to a CF technique until the reagent and analyte streams confront an observation cell

which functions as a reactor too. At the cell, the reagent stream is traditionally stopped and the



11

analyte and reagent mixture is handled as a DS technique throughout the reacting and monitoring

stages. The reagent stream flow is then restarted to flush the cell following the monitoring of the

reaction and then the process is repeated. Examples of a syringe driven SF-CL system have been

reported (72,73). A SF technique is commonly viewed as a partially automated DS technique.

The principle advantages are a more reproducible output and the ability to monitor fast kinetics

relative to a manually operated DS-CL system. However, the principle disadvantages are

mechanical complexity and cost.

The three basic coupling schemes that are used to connect the four analytical stages in

dynamic-based instrumentation are graphically illustrated in figure11.2. For each scheme, the analy-

tical stage of dilution is accomplished during the mixing stage.

Coupling scheme A represents a serial coupling of the mixer, reactor and observation cell.

The advantages of the scheme include: an ability to optimize the design for each of the analytical

stages, design simplicity, and effectiveness for slow CL reactions. The major disadvantages

include: an inability to monitor fast CL reactions, peak broadening due to long mixing and reaction

lengths, and possibly large dead volumesl.

Coupling scheme B illustrates the mixer directly coupled to a detector cell. To be useful

the reaction of interest should occur during mixing and be sufficiently completed before the stream

exits the region for detection. The advantages include: the elimination of an independent reactor

stage, design simplicity, and probably less peak broadening relative to scheme A. The two dis-

advantages are an inability to monitor fast CL reactions and the dead volumes associated with both

the mixer and detector cell.

Coupling scheme C depicts a parallel coupling of the mixing, reacting and monitoring

stages. Although this scheme represents the most desired configuration for coupling to a

microvolume HPLC, the design complexity for the CF-CL instrumentation is significant. The advan-

tages of scheme C include: fast CL reactions can be monitored, less band broadening, and the

smallest dead volumes if the cell is designed properly. The two principle disadvantages are an

inability to observe slow CL reactions which have low quantum yields and the inherent difficulty

of designing low internal volume cells with rapid and efficient mixing characteristics.

The predominate instrumentation differences between the DS, CF and SF sampling

techniques are attributed to the design of a mixer and the selected reactor-to-detector coupling

scheme. For a DS-CL system, coupling scheme C is typically employed. The four analytical stages

are typically accomplished in an absorption or FL cell with a 1-cm pathlength cell. However, the

designs of the CF-CL systems and to a lesser extent SF-CL systems have consisted of a variety

1The dead volume of a component is defined as the unswept volume. A large dead volume
can cause band tailing due to the disruption of plug flow conditions.
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Figure 11.2 Coupling Schemes for Dynamic-Based Instrumentation
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of mixing chambers and reactor-to-detector coupling schemes. The selection of coupling scheme

A, B or C in these cases, is predominately governed by the reaction kinetics of the CL system

studied and the creativity of the designer.

The design of components for each analytical stage has been an area of sustained

research and development over the last five years. The development of an efficient, low volume,

in-situ mixer has always been a challenge for instrument designers in analytical chemistry as

demonstrated by the number and variety of articles on the subject. As examples, the general

analytical aspects of mixing techniques and flow cell design have been reported by Nau and
Nieman (74). Seitz reviewed some aspects of in-situ mixing specifically for CL instrumentation
(43). Frie and co-workers compared several mixing tee designs for post-column derivatization

studies (75-77). Nachtmann and associates developed a modified mixing tee for their work on

a catalytic detection system (78). They also introduced a mixer having a dead volume of 1

using a stirrer constructed out of a small iron wire embedded in polyethylene. A comparison of

the mixing tees outlined in work by Frie to a novel rotating flow mixing device was presented by

Imai and his associates (79). The subsequent characterization of the rotating flow mixing device

for CL-based studies was also presented. Stewart and Shaw introduced a mixing device in which

two or more reagents with similar properties were first dispensed intoa commonly immiscible liquid

in discrete volumes (80). The discrete volumes then flow through a conduit system in such a
manner that one or more discrete volumes coalesce with one another in a predicted way.
Alternatively, mixing systems utilizing two-way electromagnetic values (81) and porous filter plates

(82) have also been reported. Lastly, the noise sources in a CL based LC detector were

attributed to mixer derived pump pulsations and reagent mixing (83).

The third analytical stage discussed is the reactor stage which is a very active area of
research and development. Often, the reported reactor designs incorporate a mixer and ob-

servation cell as illustrated in coupling schemes B and C of figure 11.2. The push to find a better

post-column reactor for regular and microbore HPLC has been the principle catalyst for the

research and development activities. As a result, publications relating to the relative efficiency of

three basic reactors; tubular or coil, bed, and segmented flow are numerous (68,69,75-78,84).

The design of post-column CL reactors that can be used with microbore LC columns have been

reported, too (85,86). Also, the performance characteristics of an annular membrane and a

screen-tee reactor have been discussed (87). A mixing homogeneity of 99.983 % was obtained

with both of these reactors. For HPLC, the selection of a segmented or non-segmented flow
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reactor can be influenced by the reaction kinetics when peak broadening is important2.

The last analytical stage of observation has also received considerable attention in the lit-

erature. Two designs that couple the reactor, mixer and observation cell were reported by Neary,

Seitz and Hercules, who used a "gas turbine mixer driven by a laboratory air supply (88) and

Shoemaker and Birks utilizing a novel CL spray cell (3,8). Serving as an observation cell only, one

of the commercially available absorption or fluorescence cells are typically used (4,7,9,67).

However, several new designs have been developed specifically for CL-based measurements. An

adjustable volume cell by Neiman and Steig allows the analyst to pre-select the cell volume by the

insertion of a variable thickness Teflon spacer between the cell end windows (72). Another cell

employs a simple coil of transparent tubing, first introduced by Rule and Seitz (89) and later by

Burguera and Townshend (90). The coil actually served as a mixer, reactor and flow cell when

placed directly in front of a photodetector. Membrane based flow cells which served as a mixer

and reactor have also been reported (91-93). A CL cell for microbore LC was based on the

vaporization of a LC effluent stream in a 10-cm long tubing prior to passing the sample through

a gas cell (94). A number of flow cell designs suitable for use in two-phase solution CL systems

have been reported too (95,96).

In summary, the associated complexity of dynamic-based instrumentation is often related

to the sampling technique selected. For a DS technique, the complexity of static- and dynamic-

based instruments are similar unless fast reaction kinetics are involved. However, the CF technique

typically involves significant design differences between equilibrium- and dynamic-based instru-

ments. These design differences are coupled with the four analytical stages of diluting, mixing,

reacting and observing a CL signal and the degree of kinetics information desired from an in-situ

CL reaction. In practice, the analytical stages of diluting and mixing are accomplished simultan-

eously but the linkages of the mixing, reacting and monitoring stages are established discretely

or simultaneously as shown in figure11.2. Also, a dynamic-based measurement utilizing a DS tech-

nique typically comprises a cell which incorporates scheme C. In this case, the mixing and reaction

efficiencies are usually not optimized as illustrated by a CL response signal versus time curve (24).

Whereas, a properly designed dynamic-based instrument utilizing a CF technique can lead to a

performance optimized system that entails one of the coupling schemes presented in figure 11.2.

2The reason is that longer reaction kinetics will require longer tubing lengths to study which,
results in greater sample dispersion. The minimization of this dispersion isa major design objective
of a reactor for post-column derivatization.
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The Chemiluminescence of Polyphenols

The oxidation of 1,2,3-trihydroxybenzene (pyrogallol) has been known to be accompanied

by CL since 1888 (97). More recently, the direct and indirect CL of pyrogallol (Pg) and 1,2-ben-

zenediol (catechol) derivatives have been reported in the literature (98,99). Although the

mechanism of polyphenol oxidation is still not fully resolved, a review on the oxidation and CL of

Pg is available (100). A pictorial summary of several proposed oxidation mechanisms are

depicted in figure 11.3. Early investigators, concerned with the elucidation of the chemical structure

of purpurogallin (2,3,4,6-tetra-hydroxy-5H-cyclo-heptabenzene-5-one, lc), found that alkaline

solutions of purpurogallin (PPG) turned blue in the presence of oxygen (101). Associating these

findings with their work with Pg, Wiltstatter and Heiss proposed the mechanism shown in figure

II.3a for the oxidation of Pg. Subsequent researchers proposed a two step process for the

oxidation of Pg (102-107). The first step is the oxidation of Pg to PPG without any

accompanying CL. Figures II.3b, II.3c, and II.3d depict the proposed mechanisms leading up to

PPG (lc) (102-104). The second step involves the irreversible oxidation of PPG by H202 via an

unstable blue intermediate to several decomposition products and photon emission (105,106).

Finally, the two reaction pathways proposed by Collier are illustrated in figure II.3e (105).

The CL species is now thought to be associated with the production and decomposition

of a blue, dimeric intermediate compound. These findings are primarily the result of four inde-

pendent investigative teams. Bowen and Uoyd, of England, first proposed the participation of sing-

let oxygen dimers for the Pg + KOH + H202 system (107). Nilsson and Annstrom of Sweden

subsequently identified and proposed that the production and decomposition of a blue dimeric

intermediate compound resulted in the CL signal observed for Pg CL systems (108,109).

The singlet oxygen hypothesis of Bowen and Uoyd was supported by Meluzova and Vassil'ev of

the Soviet Union. Working with the Pg + KOH + 02 system, Meluzova and Vassil'ev obtained CL

spectral data exhibiting wavelengths of maximum CL emission at 480 and 640 nm. These wave-

lengths correspond closely with the calculated values for singlet oxygen dimer emission as shown

in table 11.2 (110). Finally, the extensive investigation of the Pg and gallic acid CL systems by

Slawinski and Slawinska of Poland (111-117) led to the proposed mechanism shown in

figure II.4a (110). Further characterization studies of the decomposition pathways of PPG by Slaw-

inski (117) yielded additional information. Figure 11.4b depicts the oxidation of PPG yielding the

blue ion of o-PPG-quinone (I) (118,119). This species is oxidized to tropolone-anhydride

(111) and oxalic acid or carboxycarboxymethyl-tropolene (V) and carbon dioxide depending on the

reaction conditions (117).



Figure 11.3 Oxidation of Pyrogallol

(a), R. Willstatter and H. Heiss - 1923. (b), A. Critchlow, R.D. Haworth and P.L. Pauson - 1951. (c), L Homer
and associates - 1961. rn
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Table 11.2. Emission from Singlet Oxygen and Intermolecular Energy Transfers

[02(1219)]2 > 202(3E9) + hu A = 643 nm

02(109)02(1E9+) > 202(3E9) + Fru 1l = 478 nm

02(1A9)02(1E9) + Po > 202(3E9) + P*

13* ---> P + hu A = 475-505 nm

General investigations of the CL behavior of other polyphenols have resulted in a few more

publications. Michelson found that only Pg from the list of polyphenols studied resulted in a CL

signal (120,121). However, Bereis (98), and later lwaki and Kamiya (99) observed weak CL

signals for all the polyphenols evaluated, which included some of the polyphenols on the list

reported by Michelson. The discrepancy is probably associated with the differences in experimental

conditions and CL instrumentation.

Hydrogen peroxide was the first oxidant used to observe the CL of polyphenols (98).

Subsequently, the oxidants 02 (117,122), 03 (98,99), dihydroxymethyl peroxide (123), and

a superoxide anion (120,124) were evaluated in the presence of polyphenols. The weak CL

emission of alkaline Pg solutions saturated to various degrees with 02 was investigated by

Meluzova and Vassil'ev (122,125). They attributed the observed CL to emission from singlet

02 dimers as did Bowen and Lloyd for the H202 based system (107). In addition, Meluzova and

Vassil'ev suggested that the relative intensity of the CL signal observed depends on the stoichio-

metric ratio of Pg to 02. The reported optimal molar ratio for Pg to 02 of one to two is consistent

with the mechanism for the initial stage of Pg oxidation presented by Emanuel and his associates

(126). A detailed study of the PPG CL system by Slawinski (117), utilizing 02 and H202 as

oxidants led to the proposed mechanism shown in figure II.4b. Slawinski also observed a CL re-

sponse from the electrolytic oxidation of PPG on a platinum anode by means of an applied direct

current of 5 to 15 mA (116).

The organoperoxides as oxidants for CL systems were studied by several investigators.

Nilsson observed a CL signal when an alkaline Pg solution was treated with ethyl hydrogen

peroxide (109), while Bowen (123) and later Slawinska and Slawinski (123) studied the

dihydroxymethyl peroxide + polyphenol CL system. The dihydroxymethyl peroxide obtained by

reacting H202 with CH2O in an aqueous solution and the subsequent reaction with small amounts

of alkaline Pg to produce a CL emission is better known as the Trautz-Schorigin (TS)
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reaction (127).

Lichszteld and his associates (128,129) obtained CL and FL spectral information

(129) on a number of CL systems. Also, several hypotheses concerning the effects of catechol-

amines (129), phenols with only one hydroxyl group (129), and cobaltous chloride (126) on the

observed CL signal were presented.

An extensive study of the superoxide anion was completed by Michelson (121). The

superoxide ion was formed by electrolytic reduction of 02 (130) and by the oxidation of H202

with the alkaline 103 anion (131). Michelson hypothesized that the decomposition of the

superoxide ion led to emitted light (121). Michelson also utilized a number of organic compounds

including Pg and the superoxide dismutase to verify the hypothesis. Also, Michelson postulated

that the decomposition occurred via excited singlet 02 molecules. An esr spectroscopy study (124)

of the reaction of catechol with a stable potassium superoxide solution confirmed that superoxide

ions (132) are involved in the production of a semiquinone.

Only a few literature references were available regarding the 03 reaction with alkaline

polyphenol solutions (125,126). The reaction of 03 and polyphenols exhibit a weak CL signal in

an acetic acid medium without the presence of rhodamine B. The response is substantially

enhanced by the presence of rhodamine B due to an energy transfer from an excited intermediate

species produced during the oxidation of polyphenols (2).

Only a few studies on the oxidation of a polyphenol in the presence of H202 and a

transition metal have been reported (133-136). Eckschlager, Horsak and Siska studied the

oxidation of several polyphenols in the presence of Fe(II) (134), Fe(III) (134) or Cu(II) (133,135)

and H202. They advanced the hypothesis that a ternary complex formed between a metal catalyst

and a complex forming reagent or polyphenol (133). Further, the formation and stability of a tern-

ary complex reflected the selectivity of a CL system for a catalyst. In 1974, Grabier, Tomassi and

Podbielski proposed the mechanism, shown in figure 11.5, for the oxidation and CL of Pg in the

presence of Co(II) (136). They proposed a radical as the source of CL and that a complexed Co(II)

ion prolongs the half-life of the radical.

Analytical Applications

The reported analytical applications involving the CL of polyphenols are few in number

relative to the better known CL systems of luminol, lucigenin, and bis(2,4,6- trichlorophenyl) oxalate.

Of the polyphenols commercially available, only gallic acid (3,4,5-trihydroxybenzoic acid) and Pg

have been utilized in analytical applications. This may be due to the low quantum efficiency

observed by other CL systems involving polyphenols. Still, Slawinska and Slawinski (110) utilized
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Figure 11.5 Proposed Mechanism for Co(II)-Enhanced Pg-CL

Grabier, Tomassi and Podbielski - 1974

a gallic acid CL system to determine 104- to 10-2-mol/L CH20 in water. Whereas, Steig and
Neiman (72) utilized a gallic acid CL system to determine trace concentrations of Co(II) and other
metals in water samples.

The determination of polyphenols in the biosphere has several practical applications.
Humic materials consisting of catechol derivatives as repeating units are of environmental interest
while catecholamines are of physiological importance. As mentioned above, Bersis (98) and more
recently Iwaki and Kamiya (99) have observed a weak CL signal directly from several polyphenols
and enhanced CL signals by as much as 500 times from an indirect CL procedure utilizing a rhod-
amine B dye. Also, lmai and his associates have determined femtogram per milliliter quantities
of catecholamines by indirect CL utilizing the enhancement effect of fluorescamine labeled catechol-
amine on a bis(2,4,6-trichlorophenyl) oxalate CL system (4).
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III. INSTRUMENTATION

The investigation of polyphenol CL properties was accomplished utilizing instrumentationbased on both the DS and CF sampling techniques. The three sections in this chapter describethe instrumental aspects for each sampling technique. Within the second section on CF
instrumentation, a detailed description of a novel falling-film flow cell is given, which constitutes
the predominate emphasis of this chapter. Details of a partially automated CF-CL measurementsystem are presented in the final section.

The DS-CL instrumentation detailed in first section is based on a design reported earlier
(24) and modified to enhance the precision and shorten the analysis time (137). Additionalmodifications to the basic design were implemented to obtain CL spectral information, to purgethe cell with N2 or 02, and to perform

electrochemical luminescence measurements. SeparateDS spectrometers are also detailed in this section for acquiring FL and absorption spectra.
Although a number of CF sampling techniques have been developed for CL systems, noreported technique has the versatility to evaluate a broad range of CL systems (4,7,71-76).Therefore, a flow cell based on a novel falling film design was designed, built and evaluated foruse in a new CF-CL photometer. The initial design phase was benefited by the experience gainedfrom DS-based experiments that were completed prior to initiating the CF experiments. Oneexample of this influence can be seen in the design feature that accomplishes the mixing of

several reagents. To illustrate, three CL systems gave the following
response characteristics byDS measurements. The CL signal of a polyphenol reaches a maximum within 1 s in the presence

of alkaline H202. Afterwards, the CL signal exponentially decreases to a plateau at approximately25% of the peak maximum of the CL signal. A detectable CL response signal lasts less than 300ms in the presence of an alkaline organoperoxide instead of H202. Lastly, the CL of luminolreaches a maximum after several seconds and then slowly degrades over a period of hours.
Therefore, a versatile CF-CL instrument design should incorporate a means to couple the mixer,reactor, and monitor stages that would allow the analyst to detect selectively peak CL signals overa range of CL reaction kinetics.

A potential advantage of a falling-film flow cell based on coupling scheme C of figure 11.2is the feature that allows the monitoring of the reaction while mixing occurs. Another advantageof a partially automated CF-CL photometer using the flow cell is a notable reduction in the totalanalysis time for obtaining a response curve relative to the DS technique through the use of gra-dient-elution techniques. The gradients are formed by a continuous variation of the reagentconcentration in a flowing stream. The reduced analysis time is apparent when acquiring data for
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generating a response surface from a reagent dependency study or a calibration curve. The

advantages are detailed in a characterization study of the flow cell and a physical description of

the CF hardware. The associated support equipment for CF-CL measurements were designed pri-

marily to expedite the analysis time and to extend the analytical capabilities of the instrumentation.

The last section in this chapter includes a description of the three microcomputer

interfaces that control the pumps, monitor the flow cell status, and acquire data for subsequent

calculations. The microcomputer is based on a KIM-1 microcomputer described earlier (23). The

anticipated reduction in total analysis times and associated complexity of an experiment employing

concentration gradients were the primary motivation factors toward the development of the micro-

computer interfaces.
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Discrete Sampling Instrumentation

The DS-CL instrumentation reported earlier (24,138) was utilized to characterize the CL signal

derived from several polyphenols and to determine trace amounts of Co(11) in natural water and

biological samples. The basic configuration of the CL photometer, depicted in figure111.1, consists

of a light-tight cell compartment that accommodates a 1-cm absorption cell with provisions for

mechanically mixing two or more reagents. A pneumatically drivensyringe injects the last reagent

through a septum in the compartment lid in about 1 s, which initiates the CL reaction. The emis-

sion from a CL reaction is normally monitored with a RCA-1P28 photomultiplier tube (PMT) with

no wavelength discrimination. The instantaneous and peak voltages after current-to-voltage

conversion with a Keith ley Model-427 current amplifier are subsequently displayed on a fast re-

sponse strip-chart recorder. A PMT bias voltage of 760 V was used for all studies and all signals

are reported as photoanodic currents. A Spectrum model-1021 filter and amplifier is placed in-line

after the current-to-voltage converter and set for a 0.1 Hz cutoff frequency to reduce high fre-

quency noise. Several modifications to the basic configuration shown in figure 111.1 and other in-

strumental components are discussed below.

Accessory Instrumentation

Two additional instrumental components were used to further characterize the CL

response signal of the Pg CL system. First, a storage oscilloscope was required for accurate mea-

surement of some Pg CL reaction kinetics with the configuration shown in figure111.1. The external

trigger input of an oscilloscope was connected via a BNC connector to the trigger output of a 555

timer, which triggers the pneumatically driven syringe. The PMT output signal as a function of the

post-injection time is displayed on the oscilloscope screen. Additional details are documented in
appendix A. For some experiments, an electronic integrator was placed in-line between the

electronic filter and strip-chart recorder to determine the peak area of a CL response curve. The

recorded output with this configuration is an integrated PMT output signal or CL signal over some

reaction time. The dashed lines in figure111.1 illustrate the location of an electronic integrator when

used.

A cell purge apparatus for the CL photometer consisted of a 24 gauge by 70-mm long

syringe needle inserted through the removable septum of the cell compartment lid. The needle

was scored to track the location of the needle tip in relation to the reaction cell. The N2 or 02
purge gas was supplied by a regulated free-standing tank that was connected directly to the



r
1 I

chart 'electronic'-----4
recorder 1 integrator'

,--

1 1

1. ..1

input
signal

electronic
filter

current
to

voltage
converter

syringe

PMT cell

oscilloscope to external
trigger

Figure 111.1 Block Diagram of the DS-CL Instrumentation



26

syringe needle.

A simple electrochemical cell was constructed to determine If an electroluminescence

signal could be observed from dilute polyphenol solutions. The cell was designed to fit into the

reaction cell of the CL photometer shown in figure 111.1 and consisted of an 18-gauge Pt wire

electrode and a 6- to 7-mm diameter Pt gauze electrode. Also, an ability to purge the reaction cell

was desired to regulate the environment of the cell. These design considerations necessitated the

enlargement of the hole in the septum holder. To assemble the cell, the electrodes were inserted

into two septums so that the Pt wire electrode was centered within the Pt gauze electrode. Then

the reagent syringe was inserted near the electrodes being careful not to make any electrical

contact. Next, the syringe needle used to purge the reaction cell was inserted along the outside

edge of the septums. A 2- to 3-mm gap was introduced between the two septums and filled with

black RN silicone rubber sealant. The cap and base of the septum holder was then loosely

reassembled and the base of the septum holder was filled with the sealant. Finally, the cap and

base were tightened around the encapsulated assembly and the sealant was cured 24 hours. The

entire assembly was then returned to the CL photometer. The gauze and Pt wire were designated

the cathode and anode, respectively, by connecting a 3- to 4-V power supply to the appropriate

leads. The cell was typically operated at 10-15 mA under these conditions. Later light leaks that

occurred after a period of time were removed with a black electrical tape wrapping.

Emission and Absorption Spectral Measurements

The CL emission spectra of several CL systems were obtained utilizing an interface

designed and built for the basic CL photometer. The interface allowed the direct coupling of a

Tracor Northern TN-171021 DARSS intensified diode array (IDA) spectrograph system to the CL

photometer. The interface was accomplished by first removing the PMT module and shutter

assembly from the DS-CL photometer. Next, the IDA spectrograph was mounted directly to the

DS-CL photometer housing with the entrance slit and shutter assembly intact, utilizing the four

mounting screws provided with the PMT module. When assembled, the entrance slit of the IDA

was located approximately 1.7 cm from the front wall of the CL sample cell. The IDA spectrograph

system allowed for integrating a CL signal from 5 ms to 60 s, background subtraction, signal

averaging by a sequential summing of n scans, and storage for the subsequent display of succes-

sive scans. Additional details of the IDA system were reported earlier (138).

The DS instrumentation for accumulating fluorescence and absorption spectra are

independent of the CL photometer. For FL measurements, the entrance slit of the IDA spectro-

graph is directly mounted to the emission port in the sample module of a molecular fluorescence
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spectrometer designed for kinetics-based measurements (139). Alterations included the addi-

tion of a 1-in diameter f/3 lens placed in the optical path of the emission port (138). The optics

permitted focusing of the image from a fluorescence cell onto the entrance slit of the IDA spectro-

graph.

The absorption measurements were initially acquired with a Varian model Cary-118C

UV/VIS spectrophotometer. For dynamic absorption measurements, the cell compartment lid was

modified by installing a light-tight syringe injection port directly over an absorption cell.

Additionally, UV/VIS spectra of select DS-CL reactions were obtained by a Hewlett-Packard model-

HP8450A spectrophotometer, which is capable of obtaining a series of complete UV/VIS spectra

from 200 to 800 nm with under 2-s intervals3. No cell compartment modifications were required

due to the open compartment design of the HP8450A.

3The first scan can be obtained within one second.
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Instrumentation for Continuous Flow Measurements

A new CF-CL photometer based on a falling-film flow cell was designed for use in flow

injection analysis experiments and as a proposed detector for HPLC. The design criteria were

influenced by a perceived need to characterize polyphenol CL employing a variety of experimental

conditions that affected the total number of reagents used and the chemical kinetics of the CL

reaction studied. The design objectives for a CF-CL flow cell that Includes these features are: a

dead volume of less than 10 i.11 for direct interfacing to a liquid chromatograph, provision for the

introduction of one or more reagents to the cell without major design changes, and rapid and ef-

ficient mixing to allow for the monitoring of fast CL reactions.

Six cell designs were evaluated on paper prior to the final selection and subsequent

construction of a falling-film flow cell. The operating principle of the second generation flow cell,

shown in figure 111.2 at about 1.5 magnification, is based on supporting a continuous falling film

that forms between two cell wires. The first model termed model-x had a number of design

limitations that were primarily associated with providing adequate drainage and a sufficient number

of reagent ports. The model-w cell shown in figure 111.2 removed, to a large extent, these design

constraints.

A block diagram of the CF-CL photometer with the model-w flow cell, support equipment,

and microcomputer is depicted in figure 111.3. This configuration was utilized for all CF-CL based

measurements using the falling-film flow cell. The CF-CL photometer with the microcomputer and

interfaces shown in figure 111.3 allows the use of a gradient-elution technique to shorten signi-

ficantly the investigation time of new CL systems. This technique continuously alters the chemical

nature of the starting solution (SS) through the controlled addition of a second reagent or limiting

solution (LS) while simultaneously removing, by pumping, SS at a known rate. The reduction of

the investigation time is realized by significantly reducing both the sample preparation time and

the total number of independent experiments required to characterize a CL response surface.

In summary, this section provides a physical description of the model-w flow cell. Then

the operating principle and performance characteristics of the flow cell are discussed. Next, the

instrumental details of the CF-CL photometer and associated support equipment are described.

Discussions regarding the PMT detector, cell monitoring system, pump interface, microcomputer

interface and an in-line reagent tube heater are also included in this section.
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Figure 111.2 The Model-w Falling-Film Flow Cell at 1.5 Magnification
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The Falling-Film Flow Cell

Prior to incorporating the model-w flow cell into a CF-CL photometer, a series of

characterization experiments was performed. These experiments were designed to assess the

capabilities of the flow cell both qualitatively and quantitatively. Also, the section includes the

descriptions of some of the design and construction parameters and the operating procedure for

initiating a falling film.

A. Physical Description

The model-w flow cell depicted in figure 111.2 is based on a flowing film supported by two

wires as illustrated in figure 111.4. The various solutions are introduced directly above and at right

angles to the subsequent falling-liquid film formed between the two cell wires. The primary tube

is positioned directly over the cell wires while the three additional tubes4 are butted near the film

at right angles and below the primary tube for the introduction of analyte solutions and any re-

quired reagent solutions. Figure 111.5 graphically illustrates these basic components and also

identifies the three principal regions that are discussed below. The more detailed illustration of

the flow cell exhibited in figure 111.6 is also referenced in the text below.

Wire spacer/cell wires. The dimensional spacing of the cell wires is accomplished by

upper and lower wire spacers. The stainless steel upper spacer [6] is designed to minimize

surface area contact between the spacer and the reagent stream. Stainless steel is selected for

its resistance to corrosive liquids and tensile strength. The upper wire spacer [6] shown in figure

111.6 is fastened to the upper body block of the cell by two 1 /4 inch length 6-32 screws. The lower

wire spacer [16] is constructed out of Plexiglas. This spacer is a geometric disk which is

machined to fit into the lower body plate of the cell as shown in figures 111.5 and 111.6. Thisembod-

iment allows easy access to the spacer for alignment and replacement purposes. The cell

wires [5] are Nichrome or tungsten 26- to 30-gauge wire. The primary port [2] was drilled through

the upper body plate [1 ] to accept the primary reagent tube. The term port is used to make a

distinction between the clearance hole that is drilled into the support structure of the cell and the

reagent tube that fills the hole. However, the term port will later in the text imply both the

clearance hole and the reagent tube that is placed within the port. The critical parameters include

4
Labeled secondary (s), tertiary (t) and analyte (a) and are depicted in figures 111.5 and 111.6.

5The analyte port was actually designed with zero-dead-volume fittings for direct coupling to
a high performance liquid chromatograph.
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Figure 111.4 Falling-Liquid Film at a 5.5 Magnification
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Figure 111.5 Illustration of the Basic Cell Regions and Their Respective Components

Upper cell chamber: primary tube [2]; upper wire spacer [6]; Teflon insert [7];
mirror block [8]; mid-body block [9]; secondary tube [10]; tertiary tube [11];
analyte tube [54]. Central cell region: cell wires [5]; drop detector probe [19].
Lower cell chamber: lower wire spacer [16]; drain [26]; air inlet [12]. See figure
111.6 for complete key. Units are in inches. NOT TO SCALE.
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Figure 111.6 Graphic Representation of the Model-w Flow Cell

Text key : Upper body block, 1; primary reagent port, 2; cell wires, 5; upper wire spacer, 6;

Teflon insert, 7; mirror block, 8; mid-body block, 9; secondary reagent port, 10a; secondary

reagent tube, 10b; tertiary reagent port, 11a; tertiary reagent tube, 11b; air inlet, 12; lower body

plate, 14; lower wire spacer, 16; drop detector probe, 19; lower body block, 23; cell drain, 26;

analyte reagent port, 54.

Complete key : Tension screw holes, 3; assembly bolts, 4; 0-rings for air inlet, 15; probe block,

17; mounting screw, 18; overflow detector probe, 20; drain cavity cover, 21; mounting screws, 22;

interconnect block, 24; alignment holes, 25; air inlet groove, 27; drain groove, 28; central cell

region, 49; mounting brackets, 50; screw holes, 51 and 52; tension screw holes, 53; center of cell

port, 55; clearance hole, 80. NOT TO SCALE.
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the alignment of the upper and lower spacer plates and the distance between the cell wires.

Uoper cell chamber. The upper cell chamber, shown in figures 111.5 and 111.6, consists of
the region located within the mid-body block where a cylinder [7] is inserted to improve cell
performance. The Teflon insertwas constructed out of a rod measuring 5/8-in diameter by 1 /2-in
length by first, drilling two reagent ports perpendicular to the main axis. Next, a 0.25-in hole was
drilled on the main axis forming a cylinder, which has the two ports drilled perpendicular to the
main axis of the cylinder. The Teflon cylinder was then inserted into the previously prepared Plexi-
glas mid-body block [9] with the ports in the cylinder aligned to match up with the corresponding
ports [10a,1 la] drilled into mid-body block as depicted in figure 111.6. Teflon was selected for its
non-wetting properties and chemical inertness. For clarification, figure 111.6 depicts the reagent
tubes labeled lob and 11 b for the respective ports labeled 1 Oa and 1 1a. The critical control par-
ameters include the material for constructing the upper chamber and the alignment of the primary
tube over the upper wire spacer and the reagent tubes with respect to the film.

Central cell region and mirror cavity. As shown in figure 111.6, the mirror cavity consists
of the region defined by the inside dimensions of the mid-body block and the lower body plate.
The central cell region is defined as the region occupied by the falling film and the two cell wires
located within the mirror cavity. The dimensions of the mirror cavity are 1.25 x 1.75 x 1.75 in
(h x w x d). The versatile design of the cavity allows room for interfacing the cell with associated
hardware and optics from either side of the falling film. The film volume in this region is on the
order of 2 to 3 uL when a flow rate of 2.2 mL/min is assumed. The analyte tube is inserted into
the analyte port [54] that consists of a clearance hole drilled through the removable mirror block.
Critical parameters include the alignment of the analyte tube and the spacing of the tube with
respect to the falling film.

Lower cell chamber. The lower cell chamber is defined as the region that is affected by
an applied vacuum and includes the cavity located in the lower body plate, the air-inlet [12]
located in the mid-body block, and the region below the wire spacer located in the lower body
block. The unique design of the lower spacer and the addition of the air inlet alleviates the need
for precise regulation of an applied vacuum. Prior to cell operation, an applied vacuum is
regulated and restricted by an in-line valve as shown in figure 111.3. The valve adjustment was
used to limit the rate of fluid removal to approximately the flow rate of the falling film. When
properly adjusted, no pooling of liquid on the lower wire spacer occurs and no ripples appear on
the lower half of the falling film. The sensitivity to the applied vacuum is lows because of the
lower wire spacer design and an air inlet that functions as a damper control for any vacuum surge

6Relative to the model-x flow cell that was very sensitive to the applied vacuum; thereby,contributing to a lengthy set-up time for the flow cell.
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derived from segmented flow conditions in the lower chamber. Additional improvements were

observed when the drain region was sprayed with a Teflon powder that adhered to the drain by

an electrostatic attraction. The critical parameters of the lower chamber include: the vacuum

adjustments, lower-wire spacer design, vacuum chamber design, and air inlet pore design.

B. Operating Principles

A falling film using a 1.6-mm wire spacing is formed by first establishing a 25 to 150 mm

of Hg vacuum from the lower chamber and setting a minimal flow rate of 2.2 mL/min to one of

the four Teflon tubes with a 1.5-mm o.d. and a 0.7-mm Id. The minimal flow rate is dependent

on interfacial tension, density of the reagents, viscosity of the reagents, and the method utilized

to obtain a desired flow rate8. The 2.2 mL/min flow rate assumes that a gravity fed system is

used. Additional reagents may be added to the falling film through one or more of the other tubes

located in the upper chamber and mirror cavity. These additional tubes must be butted within

about 2.0 mm and have a flow initiated prior to attempting to form a film from the primary tube9.

After the falling film and flow system are established, the vacuum is again adjusted or tuned by

the valve shown in figure 111.3 to prevent pooling on the lower wire spacer and ripples on the falling

film. Next, the gap between the falling liquid film and the tubes that are contained in the

secondary, tertiary and analyte ports is increased. This gap termed the tube-to-film spacing is

discussed in detail below.

C. Performance Characteristics

This evaluation consisted of six independent studies. The topics included in the study are:

film stability, mixing phenomena, the determination of a dead volume, the calculation of a cell

volume, the mixing efficiency and the film-to-tube transfer characteristics. The film stability study

assessed the effects of an inclined plane, surface waves, surface tension and the cell-wire spacing.

The study on the mixing phenomena was completed to assist future development efforts. Utilizing

the results from the study on the mixing characteristics, an estimation of the cell dead volume is

7The actual design of air inlet port may also be critical.

8For example, a pump with some degree of pulsation or a gravity fed system with no
pulsations.

9Assuming the correct tube-to-film spacing has been obtained as discussed in the section on
performance characteristics.
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provided. Next, the cell volume for a given flow rate was calculated using cell dimensions that

were obtained empirically. Also, the mixing efficiency was assessed by a number of experimental

techniques. Finally, the transfer characteristics between an established falling film and a tube

placed against the film are presented.

Film stability. The minimum angle of inclination is defined as the angle that the falling-

liquid film can be displaced from a perpendicular plane to the table top without any film dis-

ruptions for a time duration of 60 s. With a 0.50-mol/L NaHCO3 solution and an average flow rate

of 5.0 mL/min from the primary tube, a falling film was maintained down to an angle of 15° above

the plane of the table top. The cell supports were 2.54-cm long and they consisted of two

30-gauge Nichrome wires spaced at 1.6 mm10. The flow was maintained by a peristaltic pump.

At times, ripples appeared on the lower quarter of the falling film. This event was usually

attributed to a high vacuum or low flow rate condition. The bottom wire spacer and the air inlet

port designs minimized this effect considerably. Still, a temporary fix was accomplished by

momentarily placing a finger on the air inlet [12] shown in figure 111.6. For additional reference,

refer to the troubleshooting notes in appendix B.

The minimum surface tension necessary to sustain a falling film with a 1.6-mm cell wire

spacing was evaluated using a series of ethanol and water solutions. The solutions were pumped

to the primary tube by a peristaltic pump at a flow rate of approximately 5.0 mL/min. The results

tabulated in table 111.1 show that the liquid film begins to creep significantly when the surface ten-

sion of the solution is below 34 dyne-cm-1. When solvent creepll does occur, the compartment

of the CF-CL photometer is subject to possible damage due to inadequate drainage. Therefore,

the present flow cell design should not be utilized with solutions having a surface tension under

34 dyne-cm-1. Alternatively, a special environmental chamber could be designed to maintain

equilibrium conditions.

To determine the dependency of the film stability on the pumping rate and the cell wire

spacing, the spacing was first adjusted between 1.3 and 2.3 mm utilizing a set of top and bottom

spacer plates. Next, a 0.50-mol/L NaHCO3 solution was pumped to the primary port by a

peristaltic pump at different rates. After equilibration at each new pumping rate, the falling film was

visually observed for 60 s at an angle normal to the plane containing the work surface. The

minimum flow that produced a stable film was 5.0 mL/min when a 1.3- or 1.6-mm spacer plate

10As estimated from the distance between the two holes in the spacer plates and not an actual
measurement of the wire spacing.

11Solvent creep refers to a condition where the solution is observed to flow on to regions that
are not part of the falling film cell. This condition was observed before film disruption and it was
assumed to be due to the creeping of a low surface tension solvent over rough surfaces.
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Table 111.1 Surface Tension Effect on Film Stability

(C2H5OH] Surface Tension Comments

% (v/v) dynes/cm

10 50 Film was very stable with no solvent creeping.

20 37 Film was stable for 60 s and no solvent creep
was observed.

30 34 Film was stable for 60 s but it was sensitive to
mechanical vibrations and some minor solvent creep
did occur.

40 29 Film was not stable for the full 60 s. Also,
significant solvent creep was evident.

50 28 Film was stable for a few seconds and solvent creep
was a severe problem.

was used. However, a flow rate of approximately 9.7 mL/min was necessary to maintain a film

on cell supports spaced 1.9 mm. Unstable films formed on cell wires separated by the 2.1- and

2.3-mm spacer plates; these films had a half-life of a few seconds. These lower limits were

strongly influenced by pump induced pulsations within the falling film.

For a gravity fed system, a flow rate of 2.2 mL/min could maintain a film on cell supports

spaced 1.3 or 1.6 mm apart. A flow rate in excess to the lower limit produced films that appeared

to thicken without any observable degradation in film quality. A flow rate below the lower limit

produced breaks in the film before the 60 s observation period expired. Also, the required flow

rate limit for the 1.9-, 2.1- and 2.3-mm spacings exceeded the 5.8 mL/min limit of the apparatus.

The 1.6-mm spacer plates were selected for all further studies. This spacing was approximately

equivalent to the fixed spacing of the model-x flow cell too.

Mixing phenomena. The falling film that is formed is a classic example of a laminar flow

region. The diffusion-controlled mixing in a laminar flow region can be enhanced by additional

mass transfer processes, establishing a temperature gradient, initiating a rapid chemical reaction,

or by mechanical agitation. For the falling-film flow cell, mixing occurs by inducing a mechanical

agitation of the falling-liquid film by an intersecting reagent stream. This film agitation is the result

of rapid pulsations that are produced by the periodic necking of a reagent solution in a gap
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between the reagent tube and falling film. This gap or tube-to-film spacing was previously

mentioned, and it is the only critical parameter for obtaining good mixing characteristics. Film

pulsations are also caused by the peristaltic pumps or the onset of segmented flow in the drain

region. The segmented flow, which is characterized by a series of fluid plugs that are isolated by

air, seems to result from the periodic buildup of fluid above the lower wire spacer before

subsequent removal. The mechanism for the fluid buildup is not understood; however, it is

speculated that the various sources of film pulsations are responsible. These additional sources

contribute little to the mixing efficiency but they can alter the response curve dramatically as

discussed below. The other listed mechanisms for enhancing the mixing were not investigated,

but they may contribute as secondary effects to the overall mixing efficiency.

At the two air-to-liquid interfaces of the film, the film pulsations resulting from the necking

appear as periodic swells with a frequency and an amplitude minimum and maximum that define

the envelop encompassing both interfaces. Once formed, the amplitude of each pulse is

dampened downstream by the loss of energy to the falling film. Thus, the agitation of the film

decreases downstream to a degree that further mixing of reagents probably becomes negligible

by the third or fourth oscillation.

The frequency of the film pulsations is empirically adjusted by first butting the reagent tube

against a previously established falling film. Next, the reagent tube is withdrawn slowly to a

position corresponding to a visible turbulence on the film that is discerned by a loss of
transparency. The film turbulence and presumably the mixing efficiency increase as the tube is

withdrawn still further until a gap size is reached where the fluid first breaks contact with the falling

film. This withdraw of the reagent tube causes the solution exiting the tube to project beyond the

boundaries of the tube leading to a low velocity jet flow12. The optimal spacing or gap distance

is proportional to the critical length of necking13.

A hypothesis on the cycle that leads to necking is graphically illustrated bythe sequence

of events that is depicted as stages A through E in figure 111.7. The cycle beginsand ends at stage

A where the meniscus in the reagent tube has returned to its equilibrium position where there are

no pressure imbalances at the liquid-to-air interface and the previous droplet has merged

downstream with the falling film. Stage B shows the cross-section of a spherical droplet that has

formed in the gap between the tube and falling film. Since the reagent stream from the tube is

12Fluid flow with free boundaries from an orifice, or in this case a reagent tube, is defined as
a jet flow. The jet breaks up at a point that is dependent on turbulence in the jet, interfacial ten-
sion, density, and viscosity of the fluids.

13The critical length for necking of a low velocity jet is reported to be equivalent to a
dimension described by the circumference of the tube (140).
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Figure 111.7 Graphic Representation of the Pulse Cycle for the Mixing of Two Fluids

Assumptions: For stages A-E; B-factor = 0.9. Stage F; B-factor = 1.1.Kgy: (a); Teflon tube with a 0.70-mm i.d. (b); secondary port fluid. (c); filmformed by fluid from the primary port. (d); fluid projected from tube fills aspherical volume of approximately 4.1 AL prior to making contact with film.Dead time (time to fill gap as illustrated by stages A through B); 0.14 s.
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isolated from the film, the flow rate and linear velocity are at a minimum. Stages C-E illustrate that

portion of the cycle that leads to the mixing of two reagents. If the two intersecting reagents

initiate a fast CL reaction, then a CL signal may be detected during this time. The meniscus

depicted in stage E is in a retracted position due to a snap back of the thread of fluid following

droplet break-off. Also, the flow rate and linear velocity are at a maximum since the droplet and

film have merged. The meniscus is envisioned to oscillate between this retracted position and a

projected position for a very short time prior to returning to the normal or equilibrated position

shown in stage A. Stage F illustrates the formation of a droplet that will eventually fall from the

tube without making contact with the film. This condition is caused by a tube-to-film gap that is

too large.

Several experiments were completed to evaluate the validity of the mixing mechanism.

The color changes that occur when acidic and base plus indicator solutions or two dyes with two

different hues are mixed were observed. Also, a strobe light source triggered by a Tektronix signal

generator was positioned on top the flow cell to provide an indirect lighting of the falling film.

Then, the room lights were turned off and the frequency knob of the signal generator was scanned

to seek a frequency that illuminated some of the events leading to the film pulsations. The results

are depicted in figure 111.8.

In plates A through C of figure 111.8, the frontal views depict the events leading to a pulse

in the falling film. These plates are proposed to be correlated to the various pulse stages that are

graphically illustrated in figure 111.7. The transparent film formed between the two cell wires is

located in the foreground of each plate at a 2.3 magnification. The red spot, located in the top

center region of plate A, is the reagent solution exiting the analyte tube to form a jet. The white

ring, surrounding the red core, is the Teflon tubing of the analyte tube. Initially, this plate was

believed to represent stage A of figure 111.7. However, the observed red ring around the tubing

does not support this argument. But, a snapshot of stage D might show a red ring similar to the

one observed because of the droplet-to-film interface. Plate B shows the exiting red solution at

or near the maximum drop radius that is depicted at stage B of figure 111.7. Based on a 2.3

magnification, the diameter of the red spot is estimated to be 2 mm. If plate B were obtained near

the point depicted by stage B of figure 111.7, then the tube-to-film gap can also be estimated to be

about 2 mm. Plate C depicts the interaction of the two fluids from the tube and film. The fading

of the indicator color below the analyte port is indicative of rapid and efficient mixing.

Plate D illustrates a streaking effect that results in poor mixing properties. This plate

clearly depicts a streamline flow region throughout the length of the cell. The flow was initiated

by butting the yellow dye solution tube in the analyte port directly against the blue film formed by

flow from the primary port. A streamflow is evident by the two yellow streaks separated by a pale
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(A)

(C)

(B)

(D)

Figure 111.8 Time Sequence of Tube-to-Film Spacing at 2.3 Magnification

Initial conditions: For plates A-C 0.01 0-mol/L HNO3, (p); 0.01 0-mol/L NaOH
saturated with phenolphthalein, (s). Plate D blue food dye solution, (p); yellow
food dye solution, (a). Flow rates: p = s = 1.7 mL/min, gravity fed. Strobe
frequency: 3.8 Hz for plates A and C; 1.3 Hz for plate B.
Key: Plate A, Stage d of figure 111.7. Plate B, Stage b of figure 111.7.
Plate C, Film surge as jet makes contact [pink zone]. Plate D, Improper tube-
to-film spacing demonstrated by the blue streak in the yellow film.
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blue core. If the tube-to-film spacing is adjusted so the analyte tube does not butt directly against

the film, than the flow appears as a single yellow streak down the center with two blue streaks that
are visible along the sides.

The proper spacing that leads to efficient mixing can be estimated by first determining the

critical period or pulse length to achieve necking (140). The pulse length, 1p, for the initializa-
tion of necking in a flowing reagent stream can be estimated from equation 2, where r is equal to

1 74 2it r (2)

the internal radius of the reagent tube". The tube-to-film spacing distance, Is, is equivalent to
the product of the spacing factor, B, and I as shown by equation 3. The spacing factor has no

Is 74 B x 1p
(3)

units, can be empirically derived, and is always less than or equal to one to prevent the formation

of droplets. An optimal spacing distance is influenced by the surface tension of the solution in the

secondary reagent port and the diameter of the secondary port tube when low flow rates are
used. Ideally, the spacing factor should be as small as possible to minimize the resulting dead

volume and dead time of the flow cell. In this study, the B-factor range that resulted in good
mixing properties was estimated to be 0.7 to 1.0. However, the degree of uncertainty is high.

The characteristics of the model for predicting the tube-to-film spacing was further
evaluated with simple calculations. From equation 3, the calculated spacing is 2.0 mm when B
is 0.9 and r is equal to 0.35 mm, which agrees well with the estimated value of 2 mm from figure
III.8B. If it is further assumed that a spherical bead of the reagent fluid is formed prior to merging
with the falling film, then a volume, V915, of 4.1 pL would fill the gap as illustrated in stage B of

figure 111.7. The predicted time required to fill the tube-to-film gap using a flow rate in the analyte

port of 1.7 mL/min is 0.14 s and is denoted the dead time. The corresponding droplet volume

range for a B-factor range of 0.7 to 1.0 is 1.9 to 5.7 pL. The predicted times to fill the gap for
B-factors of 0.7 and 1.0 are 67 ms and 0.20 s, respectively, when the flow rate is 1.7 mL/min. For

14For non-wetting materials, the inside diameter is used. For materials that wet the outside
diameter is used. The cutting of the Teflon tube tip is typically done at a right angle; however,
some solutions required a conical tip to assure the limiting diameter is the inside diameter.

15Where, Vg x 0.17 it is3 and the spacing distance, Is, is equivalent to the diameter of a sphere
that fills the gap.
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analogy to segmented-flow applications, this volume is equivalent to a range of discrete sample

sizes and the time is related directly to the spacing between sample slugs.

An analysis of the strobe frequency information associated with figure 111.8 does not

however support the above hypothesis. First, the frequency of the signal generator used to

observe the droplet meeting the film as depicted in plate B of figure 111.8 was 1.3 Hz, which

corresponds to a period of 0.77 s. Also, the event illustrated in plate C was observed every eighth

strobe pulse when the frequency was 3.8 Hz, which corresponds to a cycle time of 2.1 s. Neither

of these times support the values calculated above or the empirically derived limits. Empirically,

the pulsations were observed to cause an optical blurring or flickering of the film that suggests the

cycle time is greater than the critical fusion period of the human eye, which is approximately

25 ms (141). But, the individual pulses were not distinguishable which suggests the cycle time

is well below 0.2 s (141). Therefore, the selected optimal frequencies probably correlate with some

other pulsating phenomena that is not associated with fluid flow in the gap such as the surging

due to the draining mechanism described above. Alternatively, the monitored frequencies may

be associated with an integral number of pulses where each pulse period is actually a fractional

amount of the reported values.

The characteristic response signal or pulse train depicted in figure 111.9 is generally

observed when the flow cell is operating properly. These data were obtained by monitoring the

transmission of the film formed from a dilute H2SO4 solution or a K2Cr2O7 in dilute H2SO4 solution

that was pumped to both the primary and secondary tubes. The transmission at 350 nm was

measured between approximately 15 to 20 mm below the intersection point of the secondary tube

which probably coincides with the second through forth oscillation of the film. In this

configuration, the time dependent signal intensity recorded on a strip chart recorder is proportional

to the variation of the film thickness or cell pathlength. The instrumentation for transmission or

absorption measurements is described in appendix A.

A 3.7 magnification of the background signal after transforming the transmittance value

to absorbance units is shown in the insert of figure 111.9 to illustrate the periodic pathlength

variations of the falling liquid film. For the reported experimental conditions, the rise time and

period of the pulses are approximately 0.42 and 1.6 s, respectively. Again the cycle time of these

pulses is too long to be derived form the intersecting streams, but the corresponding frequency

of 0.62 Hz is within a factor of two of the strobe monitoring frequency reported in figure 111.9. Also,

the agitation accompanying these low frequency pulsations is too low apparently to contribute

significantly to the mixing. This is apparent in plate D of figure 111.8 which illustrates streaking that

occurs when the gap is too small even through the other experimental conditions are similar to

those used to obtain plates A through C. Also, the response curve is similar to the one shown in



Figure 111.9 Film Pulsations as Monitored by the Transmittance Characteristics of the Film

Experimental conditions: 2.3-mmol/L K2Cr2O7 in 5.0-mmol/L H2SO4, (p) and (s). Flow rates:
p = 6.0, s = 2.8 mL/min. to = point where tubes were placed into the Cr(V1) solution. tf =
point where tubes were placed into the 5.0-mmol/L H2SO4 solution. Scale: 0.13 T/in; 52 s/in.
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figure 111.9. Therefore, the most likely source of the pulses depicted in figure 111.9 is the pumps or

surging that is induced by a segmented flow in the drain region.

Another experiment was designed to further characterize the pulsations derived fromthe

tube-to-film spacing. Two electrical probes were employed to generate a pulseon an oscilloscope

that correlated to the film pulsations. The first electrical probe, made from a syringe needle, was

placed into the reagent tube for the secondary port near the gap. A cell wire was used as the

second probe. The leads of a Tektronix oscilloscope with an internal resistance of 1 MO were

then connected across the two probes. A gravity fed 0.5-mol/L Neel solution was directed into

both the primary and secondary reagent ports using flow rates of 5.0 mL/min. The Teflon tubing

for the secondary port had a 0.23-mm i.d. radius and a red dye was added to the solution to

enhance the contrast. The tubing tip was also modified by forming a conical tip to improve the

droplet formation characteristics. The resulting pulse train on the oscilloscope indicated an open

contact time of 5.1 ms and a closed contact time that could be varied between 4 and 18 ms by

changing the tube-to-film spacing or gap setting. To alter the gap setting, the reagent tube was

carefully projected toward or extracted from the film and the gap measured with a 6-in ruler. A

gap setting of approximately 1.0 mm provided a nearly symmetrical pulse output with a period of

10.2 ms.

The calculated B factor for the 1 .0-mm gap setting is approximately 0.7. This valuewas

determined empirically to be near the lower limit for the spacing constant that produced steady

pulsations. For 0.8 to 1.0-mm spacing, the pulsations were short lived and ended in a steady

streamline flow. The calculated gap volume, Vg, and time to fill the 1 .0-mm gap under the

conditions provided are 0.53 /A_ and 6.3 ms, respectively which is close to the 5 ms observed.

None of the three experiments performed fully support the hypothesis regarding the mixing

mechanism depicted in figure 111.7. However, the qualitative data depicted in plate B of figure 111.8

dearly indicate that droplet break-off does occur and the observed rapid flickering of the film near

the intersection suggests that the period is between 0.2 s and 25 ms. Also, the pulse train output

of the electrical-probe technique does provide some quantitative measure of the pulse periods

involved. Still, a more sensitive means for dynamically measuring the critical dimensions is needed

to verify the accuracy of equations 2 and 3 above. Perhaps a single experiment could be

designed that allows all three measurements to be obtained simultaneously. Such an experiment

could be based on a driver circuit to monitor the events utilizing the probe setup discussed above.

The driver circuit could then be used to mark an event on the recorder and simultaneously trigger

the oscilloscope and strobe light.

Dead volume calculation. The minimal dead volume and dead time associated with the

flow cell are both important parameters if the flow cell is to be coupled to a separation scheme.
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The dead volume for this cell is defined as the fluid volume difference between the volume of a

sphere that could just occupy the gap and a cylinder that extends across the gap with the same

radius as the tube. The dead time is the time required to fill the gap between the tube and film

by a flowing stream. The dead volume, Vd, and dead time, td, can be estimated from equations

4 and 5, respectively, where F is the flow rate of the solution in the reagent tube. Therefore, the

Vd Vg - (2 7C r21s)

td re. Vg F

(4)

(5)

calculated dead volume and dead time are 2.6 uL and 0.14 s, respectively, when the experimental

conditions listed in figure 111.7 are assumed. This is near the upper limit for maintaining resolution

with microbore HPLC columns.

A new flow cell designed to use an HPLC effluent tube with a 130-yM bore diameter, a

flow rate of 0.01 mL/min and a B factor of 0.8 would have a calculated dead volume of 10 nL and

a dead time of 0.11 s. Although the design constraints of adjusting a 0.3-mm tube-to-film spacing

for such a cell could probably be met, the problems associated with designing a micro-flow cell

that could operate with these low flow rates are unknown.

Cell volume and pathlength. To calculate the volume of the liquid film suspended between

the two cell wires, an experiment was designed to determine spectrophotometrically the pathlength

or film thickness. As described in appendix A, the flow cell was fitted between a monochromator

and the PMT housing of the flow cell before the transmittance was measured using a tungsten

light source. A photograph of the instrumental configuration is shown in figure A.1. The optic

configuration of the instrument and the positioning of the flow cell, as denoted by positions A and

B, respectively, are both depicted in figure III.10a.

The pathlength was then assessed by calculating the ratio of the calibration sensitivity of

the flow cell at position A or B to the calibration sensitivity obtained with a 10-mm square

absorption cell at a wavelength of 350 nm. The two calibration curves for determining the

calibration sensitivities of the flow cell are shown in figure 111.11. The standard solutions were

prepared by serially diluting a stock 3.33-g/L K2Cr2O7 with a 0.0050-mol/L H2SO4 solution. A

calibration curve over the same absorbance range was obtained for a 10-mm pathlength cell by

further diluting the standard solutions as suggested by Chamran and Keiser (142). The

resulting calibration sensitivities are 0.14-, 0.26- and 9.8-L/g for positions A, B and the 10-mm cell,

respectively. Solving for the pathlength at positions A and B gives 0.15 and 0.26 mm, respectively,

for a total flow rate of 8.8 mL/min from the pumps.
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to exit slit 51 mm

B

cell aperture

(a)

6.3

plane of

PMT

detector

1.82

(b)

0.91

Figure 111.10 Optical Configuration for Determining the Film Thickness and the Cross-Sectional

Details of the Falling Film

My: (a); Optical configuration for determining cell thickness at position A.
0.25-mm exit slit. (b); Cross-section of film showing dimensional details.
Scale: all dimensions are in mm.
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Figure 111.11 Calibration Curves for K2Cr2O7 in 5.0-mmol/L H2SO4 at 350 nm

Flow rate: p = 6.0 mL/min; s = 2.8 mL/min. PMT = RCA-C31059.
Cell position A [ o --]; Cell position B [ + ].
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Once the film thickness is known, the cell volume can be readily calculated utilizing the

dimensions illustrated in figure III.10b. The calculation is simplified by using a triangular

approximation of the meniscus. The result is an 8.6-AL cell volume for a 25.4-mm observation

length and a flow rate of 8.8 mL/min. To calculate the cell volume at any other flow rate, some

assumptions were made. The first assumption is that the falling film flow cell is a special case of

a falling-liquid film on an inclined-plane model that is common to fluid dynamic studies (143).

The phrase special case is used here to account for a proposed model that replaces the inclined

or vertical plate with a wire. This new model is then further modified by inducing a drag with a

second cell wire placed in direct contact with the liquid film flowing on the first wire. Finally, a

limited set of conditions are also assumed. These conditions include a viscosity under 5 mPa

(143), vertical films, a density of 1 g/mL, a constant cell wire spacing, a constant tube diameter

in the reagent ports, Newtonian16 fluids, and a total flow rate well below the critical Reynolds

numberl 7.

The drag effect on films flowing on an inclined plane was reported by Thomas and

Portalski in 1958 (144) and also Dukier in 1959 (145). A drag caused by surface tractive

forces yields a reduction in the film thickness when it is induced parallel to the action of gravity.

However, the film thickness increases when a drag is induced perpendicular or counter to the

action of gravity. The initial experiment that led to the development of the model-w flow cell also

demonstrated the drag effect although unknowingly at the time. The experiment consisted of first

loading a single straight pin that was previously placed in a wood block with water from a pipette.

The observed droplet or at times film was thick and slow moving and could be compared to the

films or streaks of rain on a window glass. When a second pin was placed within 2 mm of the first

pin and the water droplet again placed on the first pin, a water or film bridge was formed between

the two pins and the film was of uniform thickness and flowed more rapidly.

The replacement of the two pins by two wires spaced the same distance as the pins and

the inclusion of two ports for gravity-feed tubes constituted the design concept of the first flow cell

termed model-x. Therefore, a drag induced by the second wire placed parallel to the first wire is

predicted to cause a falling-liquid film to form between the two wires, a thinning of the film that

16 Newtonian fluids have a consistency that is independent of the shear stress; whereas, non-
Newtonian fluids have a consistency that is dependent on the shear stress. Thus, a non-
Newtonian fluid may cause the dimensional characteristics of the film as a function of cell volume
to deviate from linearity.

17 The Reynolds number is a dimensionless quantity that is proportional to the ratio of inertial
force to viscous force in a given flow system. The critical Reynolds number corresponds to the
transition from laminar to turbulent flow. The value depends upon the channel geometry, being
within the 2000 to 3000 range for a circular pipe.
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is formed, and an enhanced linear velocity of the film relative to a similar film formed on one wire.

The reported film thickness for a falling-liquid film on an inclined plate is directly

proportional to the flow rate raised to the 1/3 power (146,147). This relationship, the

dimensional characteristics of the film, as illustrated in figure III.10b, and the calculated film

thickness reported above are used to calculate the values for the film thicknesses reported in

table 111.2. The table also lists the estimated values of several fluid mechanic parameters for a wide

Table 111.2 Predicted Fluid Mechanic Properties of the Falling-Liquid Film

Flow ratea
(mL/min)

Film thicknessb Cell volumes
(mm) (AL)

Linear velocity'
(mm/s)

Residence time°
(ms)

NREf

2.2 0.095 2.9 130 77 27
3.0 0.10 2.9 170 59 37
5.0 0.12 3.1 270 37 71

7.0 0.14 3.3 350 29 110

9.0 0.15 3.4 440 23 140
11 0.16 3.5 520 19 180
13 0.17 3.6 600 17 220
15 0.18 3.7 680 15 270
17 0.20 3.8 750 13 330

a total flow rate in mL/min, Ft.
b film thickness in mm, b = 0.073 Ft°333; where the 0.073 is a constant for this

cell only.

c cell volume in t4L, V = dl(0.50b + 0.15 - Tr r2d-1); where the cell length,
I = 10 mm; the center-to-center wire spacing, d = 1.82 mm and r = 0.15 mm
for this cell; 0.50 and 0.15 are constants for this cell only.

d linear velocity in mm/s, v = 16.7FtKl, where the cross-sectional area of the

cell is, A = d(0.50b + 0.15 - 7t red -1).
e residence time in s, tr = 10001v-1.
f Reynolds number, NRE = 2.2 by; assuming dilute aqueous-based solutions for

films.

range of flow rates. The cell volume of the flow cell is expected to range from 7.4 to 9.6 uL over

a 2.2 to 17 mL/min range of flow rates. The cell volume of a 10-mm cell length is estimated to

range from 2.9 to 3.8 pL over the same range of flow rates as shown in table 111.2. The

relationship of cell volume to the flow rate when non-Newtonian fluids or high Reynolds numbers
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are used is not known. However, West and Cole reported that surface waves will appear on a film

flowing over an inclined plate when a Reynolds number of 25 is reached (148). These surface

waves on films flowing on an inclined plane were reported to have little effect on the measured

film thickness, and for the flow cell, these effects can probably be ignored when cell volume

calculations are made. As previously noted, ripples are observed on the falling-film of the flow cell

and are probably similar to the surface waves observed by West and Cole. However, the ripples

are observed at higher Reynolds numbers than reported by West and Cole, so, the film formed

between two wires apparently stabilizes laminar flow relative to the flow on an inclined plane. If

true, the critical Reynolds number of the falling-film on the flow cell should be higher.

The linear velocity of the film is approximately 430 mm/s for a flow rate of 8.8 mL/min.

The linear velocity is expected to range from 130 to 750 mm/s over the flow rate range of 2.2 to

17 mL/min as shown in table 111.2. Also, the expected cell volume per unit length varies from 290

to 380 nL/mm over the same range of flow rates.

In summary, the range of the on-the-film reaction time for kinetics-based measurements

is from 33 to 195 ms over the flow rate range of 17 to 2.2 mL/min when a 25.4-mm cell length is

used. For a 10-mm cell length, the reaction time ranges from 13 to 77 ms over the same flow rate

range. The highest flow rate investigated was 12 mL/min, but as long as the critical Reynolds

number and the capacity of the cell supports are not exceeded, higher rates should be feasible.

However, dynamic similarity18 can only be maintained by holding the Reynolds number constant.

Therefore, the cell design and fluid properties need to be considered if it is important to preserve

dynamic similarity. This is important because some applications of the falling-film cell may require

a very smooth film, as depicted in figure 111.4, using a flow rate of 4 mL/min or less which

corresponds to a Reynolds number of 53. Such applications may include UV/VIS absorption

spectrophotometry or use of the film as a light pipe similar to that detailed in appendix A.

18 The concept of dynamic similarity involves preserving the balance or ratio between the
inertial and viscous forces. For geometric similarity, the scaling of a model in practice is
accomplished by setting a ratio of the new model size to the original model size. For dynamic
similarity, scaling can be accomplished by keeping the ratio of the inertial force to viscous force
constant. This ratio termed the Reynolds number, NRE, is expressed as;

NRE = I-V/T)

where L, v, and Ti are the characteristic length, velocity, and kinematic viscosity of a representative
flow profile, respectively. For the flow cell, the characteristic length, L is equal to the film
thickness, b.
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Mixing efficiency. Several experiments were designed and implemented to verify that the

mixing, enhanced by a pulsating film, could be quantitative and occur within a short mixing

length19. The first two experiments were employed to assess qualitatively mixing by the subtrac-

tive color mixing of two dyes and by an acid-base neutralization method that utilized a pH in-

dicator. A quantitative measurement was accomplished by a photometric analysis using a

1C2Cr207 solution.

The subtractive dye experiments were conducted using blue and yellow food dye solutions

that were gravity fed to the flow cell. Plate A of figure 111.12 illustrates the yellow dye alone being

fed to the primary port. Plate B shows the same dye being fed to the analyte port and the blue

dye is show flowing from the primary port. Mixing is demonstrated in plate B by the green hue

below the yellow dot near the center of the cell wires. Although the color fidelity is poor, the

region above the yellow dot is blue.

In the acid-base neutralization experiment, a dilute acid solution was gravity fed to the

primary port while simultaneously pumping or gravity feeding a dilute alkaline solution saturated

with phenolphthalein to an auxiliary port. If Plates C and D of figure 111.12 are closely

examined, they illustrate good mixing characteristics without streaks. The solutions shown in plate

E were collected from the falling films about 12 mm below the auxiliary port. The low color

intensity shown in plates C and D is the result of the solubility limit of phenolphthalein in a dilute

alkaline solution. The technique was not used for a quantitative analysis of the mixing because

the hue change was limited and a potential for generating asymmetrical flow fields at the interface

as the result of heat released from the reaction mixture.

The photometric experiment was designed to quantify the mixing efficiency of the flow cell.

The instrumental and optical configuration was identical to that used to determine the cell pathlen-

gth and is described in appendix A. Before initiating the experiment, the tube-to-film spacing was

adjusted to assure that the optimal mixing was taking place. To set the gap, the four screws

holding the PMT housing and face plate to the cell were removed to observe the film while

adjusting the spacing. Next, the proper tube-to-film spacing was set in the secondary port by

19 The mixing length is defined as the distance the falling film travels from the tube-to-film point
of intersection before complete mixing of the two reagents is accomplished. In this study, the
maximum mixing length obtainable was 25 to 30 mm as limited by the distance between the
analyte port and bottom of the mirror cavity. As discussed later in the thesis, the peak Pg-CL
signal occurred at a mixing length of approximately 14 mm. Therefore, it was desirable to utilize
an observation length that was centered at approximately 14 mm where the observation length
is defined by the cell region viewed by the photocathode of the PMT which is about 23.1 mm.

20The auxiliary or center of cell port [55] was sometimes used to observe the mixing of the
reagents. It consisted of a clearance hole drilled into the mirror block [8] approximately 12 mm
below the analyte port. This port was used only to photograph the mixing of colored reagents.
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Figure 111.12 Illustration of the Mixing Properties of the Model-w Flow Cell

Plate A: dilute solution of yellow food dye in primary port. Plate B: yellow food
dye solution in secondary port and dilute solution of blue food dye in primary
port. Plate C: 0.010-mol/L HNO3, (p); 0.010-mol/L NaHCO3, with phenolphthalen
(s). Flow rates: p = s = 2.1 mL/min. Plate D: same as C, except flow rates
were, p = 0.5 s = 2.1 mL/min. Plate E: reading left to right; fraction collection
from C, D and 0.010-mol/L HNO3.
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positioning the tube so that a rapid pulsation was visible on the film without any of the streamline

flow depicted in plate D of figure 111.8. The PMT housing with the face plate was then reattached

to the cell in a manner that did not disturb the gap setting or film.

The original intent was to mix an acidic solution of Cr(VI) as orange-red Cr2072-with a

basic solution to produce yellow Cr042-. By monitoring the transmittance of the film below the

analyte tube, the relative amounts of the two Cr(VI) species could be calculated. If 50% of the

Cr2072" is converted to Cr042", the mixing efficiency is 50% provided that the reaction kinetics are

fast relative to the mixing time.

Table 111.3 summaries the results of the study and the three test solutions were prepared

to the specifications outlined in footnote a. Solution 1 was pumped into the primary tube and

either solution II or III was pumped into the secondary tube. Both flow rates were set to

Table 111.3 Calculated Mixing Efficiency of the Flow Cella

Mixing Orderb

(P) (s)

Cell pH Adc As. Mixing Efficiencyd

I

1

II

III

II

III

1

I

3.3

9.9

3.3

9.9

0.31

0.55

0.29

0.51

0.32

0.68

97

91

a Initial conditions: I - 0.040-mol/L K2Cr207 in 0.50-mmol/L H2SO4;
II - 0.50-mmol/L H2SO4; Ill - 0.50-mol/L NaHCO3 adjusted to a pH of 9.9 with
KOH.

b p = primary port at 5.9-mL/min; s = secondary port at 5.9-mL/min.
c Ad, dynamic absorbance, mixing at the tube-to-film interface without

equilibration. A$ = static absorbance, mixed and equilibrated before
measuring the absorbance. SD = 0.018 absorbance units.

d Percent mixing efficiency is defined as: Ad/As x 100.

5.9 mL/min and the spacing constant was held at about 2 mm. Experiments were also conducted

with the solutions flowing to the tubes reversed. The transmittance was then monitored at 400 nm

to observe the two species of Cr(VI). At this wavelength, the Cr042- that formed in the chemical

reaction absorbed more strongly and could not be confused with a poor mixing condition. The
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250-ta wide and 12-mm long cell aperture was centered about 27 mm below the secondary port,

thereby, yielding an observation length that extended from 21 to 33 mm below the port. This

length corresponds to a time segment spanning 40 to 62 ms downstream from the reagent

intersection. The 21-mm minimum was the lower limit for absorption-based measurements using

the configuration shown in appendix A. The signals resulting from the four mixing orders listed

were monitored for about 2 min even though the signal stabilized within 30 s.

The reported dynamic absorbance, Ad, was obtained by transforming the measured

transmittance associated with the parallel mixing, reacting, and monitoring of the various pairs of

solutions over the reported mixing time span. A graphic representation of the process is reflected

in coupling scheme C of figure 11.2. The static absorbance, As, was obtained after transforming

the measured transmittance from an equilibrated sample solution that was pumped to both ports

at the same pump settings as for the dynamic-absorption method. The equilibrated sample was

prepared by transferring a film that was similar to the one formed in the dynamic-absorption study

to a collection vessel and then waiting for 5 min. In effect, the mixing, reacting, and monitoring

of the sample were accomplished serially. This process is illustrated in coupling scheme A of

figure 11.2. The geometric dimensions of a film formed via the in-situ mixing of the two solutions

and a film formed via the subsequent monitoring of an equilibrated mixture were assumed to be

identical. This was assured by placing the same pump tubing leading to both ports directly into

the collection vessel containing the equilibrated sample without changing the pumping rates.

The mixing efficiencies shown in table 111.3 at a cell pH of 3.3 are the result of a simple 1

to 2 dilution of the Cr2072" solution because the pH of both solutions are identical. The

absorbance is primarily the result of Cr2072- and to a lesser extent HCr04 . The apparent high

mixing efficiency, which was determined over the time period of 40 to 62 ms downstream from the

intersection of the two reagent streams, indicates that the film pulsations derived from the gap

setting do induce the mixing of two reagent streams. Because the relative standard deviations in

the calculated absorbances are 6%, the differences between Ad and As are not significant.

To evaluate the data in another way, the absorbance at pH 3.3, A33, was calculated from

equation 6 using the appropriate values for the parameters listed in tables 111.4 and 111.5. The result

A3.3 C lbC1(t = (1°) + e2bc2(t =°3) (6)

is an absorbance of 0.32, which is equal to As. The calculated value of A33 based on the

concentrations of Cr2072" and HCr04 immediately after mixing and before a shift in the hydration

reaction discussed below is 0.34, which is only slightly different. Thus, all the data and

calculations at pH 3.3 support the conclusion that mixing occurs with greater than 90% efficiency.
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Table 111.4 Relevant Parameters for Calculating A99 and A3.3

Expression

F(p) = F(s) = 5.9 mL/min

v = 0.53 mm/ms

ti = 40 ms

t2 = 62 ms

tsi = 78.5 ms

k = 8.82 x 10-3 ms-1

K = 0.0265 mol/L

CVI = 0.040 mol/L

a = 0.332

a' = 0.433

b = 0.017 cm

E, = 1162 L-mol-1-cm-1

2 = 326 L-morl-cm-1

E3 = 1000 L-M01-1-CM-1

Description

flow rate at p and
s ports

linear velocity

time to reach the top
of the observation length
at 21 mm below the s port

time to reach the bottom
of the observation length
at 33 mm

half-life of reaction 7
at 25° C

rate constant of reaction 7

equilibrium constant of
reaction 7 at 22° C

Reference

see table 111.3

see table 111.2

calculated from Ft
and v

calculated from Ft
and v

La Mer and Read (151)

ibid

Davis and Prue (150)

initial concentration of K2Cr2O7 see table 111.3

fractional amount of Cr2072-
converted to HCrO4 in
solution I

fractional amount of Cr2072"
converted to HCr04 assuming
cvi = 0.020 mol/L after dilution

pathlength of cell for an
11.8 mL/min flow rate

from reaction 7 and
the equilibrium
const., K

from reaction 7 and
the equilibrium
const., K

from footnote b in
table 111.2

molar absorptivity for Cr2072- Tong and King (149)

molar absorptivity for HCrO4 ibid

molar absorptivity for Cr042" from As at pH 9.9 in
table 111.3
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Table 111.5 Relevant Equations for Calculating A99 and A3.3

Expression Description

ci(t=c0) = cvI(1 a')/2

c2(t= co) = a' cvI

ci(t=o) = cvI(1 - a)/2

c2(t=0) = a cvi

= c1(t=0) (e-kt2 e-kt1)

- k(t2 - t1)

Cr2072" concentration at t = co
and pH 3.3

HCrO4 concentration at t =
and pH 3.3

Cr2072- concentration at t = 0

HCrO4 concentration at t = 0

average concentration of Cr2072-
between t1 and t2

63 = C2(t = 0) + 2 c1(t = 0) [ 1 + (e-kt2 - efk") ] average concentration of HCr04
between t1 and t2

k(t2 - t1)

The dynamic absorbance, Ad, at a pH of 9.9 is the resultant absorbance during a chemical

reaction. The measured value of 0.55 is significantly lower than the expected value of 0.68.

Therefore, the kinetics of the pseudo-monomolecular hydration reaction shown in reaction 7 were

considered because the conversion of the dieter Cr2072" to the hydrated monomer HCrO4 for

10-4-mol/L or higher solutions are not instantaneous (150). La Mer and Read, in 1930, studied

and reported the reaction mechanism depicted in reactions 7 through 9 (151). The reported

half-life is 78.5 ms for the slow step illustrated by reaction 7 and under 4 ms for the other two

2,n7 +2- w 2 HCrO4

HCr04 H4 + Cr042-

H+ + OH" *, H2O

(7)

(8)

(9)
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reaction steps at 25° C.

When the pH is increased by mixing solutions I and Ill, only a fraction of the Cr(VI) that

was originally in the Cr2072" form at pH 3.3 is converted to the monomer form during the 62 ms

that the reaction mixture is in the cell. The conversion of the hydrated monomer form, originally

in the pH 3.3 solution or that is produced because of the pH change is assumed to be complete

before the observation length is reached because the kinetics of reaction 8 are fast relative to the

time it takes to reach the observation length. Also, the equilibrium constant at pH 9.9 strongly

favours the dissociated form. Therefore, predicted absorbance at pH 9.9 is due to Cr2072" and

Cr04" as expressed in equation 10 below.

+ Ab (10)

The absorbance, Aa, is due to the dimer form that is not converted due to slow kinetics and the

absorbance, Ab, is due to Cr042-. To calculate the values of Aa and Ab, expression 11 was

A9.9 = E 1 be e3bc3

used where the values for each of the terms may be determined from the conditions and

equations set forth in tables 111.4 and 111.5.

The predicted dynamic absorbance value is 0.56 as compared to the measured

absorbance value at equilibrium of 0.68 and a measured dynamic absorbance of 0.55 for the first

mixing order studied. The estimated mixing efficiency is then computed as the ratio of Ad at pH

9.9 to A99 calculated above. For the two mixing orders listed at pH 9.9, the mixing efficiency is

estimated at 98% and 91%, respectively. Thus, the data indicate that the falling-film flow cell has

a relatively high mixing efficiency, but the accuracy and precision of the selected method for

determining the mixing efficiency are not good enough to distinguish between a 90 or 100%

mixing efficiency.

The experimentally obtained value of 1000 L-moll -cm'i for E3 at 400 nm was used for the

calculations above. However, an extrapolation from the spectrum reported by Davis and Prue

(150) revealed a value for E3 of about 1800 L-mor1 -cm-1. Also, the value obtained from the

absorbance of a carefully prepared 1 to 100 dilution of a stock 0.0200-mol/L K2CrO7 in

0.25-mol/L NaHCO3 solution with a HP-8451A spectrophotometer is 1870 L-moll -cm-1. Thus, the

difference can not be explained by experimental error alone. If E3 is assumed to be

1870 L-mo1-1-cm-1, the computed value for A99 is 0.900 which is a factor of 1.6 higher than the

computed value using 1000 L-moll-cm-1. After equilibration, the absorbance with the larger value
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Of E3 is predicted to be 1.27 compared to the measured value of As of 0.68.

As previously shown, the measured absorbance at pH 3.3 agrees well with A33 calculated

using equation 6 and literature values for £1 and e2. This reconfirms the accuracy in the value

of b that was used.

The slope near 400 nm of the Cr04" absorption spectrum at a pH of 9.9 is very steep. If

the true measurement wavelength was actually 7- to 8-nm longer than 400 nm, the molar

absorptivity would be near 1000 L-mor1 -cm-1. An error in the wavelength would not affect A3.3

to the same degree because the spectrum of a 2.0-mmol/L Cr2072- solution at a pH of 3.3 reveals

that A33 does not decrease as rapidly over the 400 to 408 nm range as E3 does. Thus, the

differences between the literature and experimentally observed values for £3 are probably the

result of an error in setting the wavelength or the calibration of the wavelength dial of the

monochromator.

The data in table 111.3 also indicate that the first mixing order is more effective than the

second mixing order. Although the difference could be due to random error, it can also be

justified as follows. The film has a calculated thickness of approximately 0.17 mm and the

diameter of the droplet that intersects the film is approximately 2.0 mm. Therefore, the effective

concentrations in the interfacial region during the mixing of two solutions could be substantially

different depending on which solution is added into which port.

In summary, the mixing efficiency is apparently greater than 90% and possibly quantitative.

However, additional studies are needed to confirm these predictions. Also, the flow cell may be

well suited to obtain kinetic parameters for fast chemical reactions such as the neutralization of

a K2Cr2O7 solution with NaHCO3. However, the fluid dynamics associated with the falling-film flow

cell should be developed further before attempting to perform kinetic studies. Finally, the mixing

efficiency is presumably affected by the flow rate ratio of the falling film to an intersecting stream,

the miscibility of the reagent solutions, and the rheological properties.

Tubing interface. A brief study was conducted to determine If a tube placed directly

against the support wires, which confine the falling film, could initiate a fluid transfer. The desired

analytical use is to transport the solution to other analytical stations. To illustrate, one end of a

1.6-mm o.d. glass capillary tube or a 2.0-mm o.d. Teflon tube was placed in direct contact with

the film flowing between the cell wires and centered near the lower end of the cell. Thecontact

angle between the transfer tube and upstream film that consisted of a 0.50-mol/L NaHCO3

solution was varied from approximately 90° to 145° from the vertical. A film was successfully

transported to the glass capillary tube provided that the contact angle exceeded 90°. However,

the TFE tubing was not suited for film transfer due to insufficient wetting properties. Initially, the
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films were transferred by gravity flow to a collection tube but transfers via a peristaltic pump were

also accomplished. The pump transfers were successful when the pumping rate in the transfer

tube was equivalent or greater than the delivery rate of the falling film. However, conditions that

lead to rippling on the film surface are a potential source of problems. Also, the efficiency of the

transfer was not assessed, but any subsequent design work should minimize the dead regions at

the interface.

D. Conclusions

The flow cell described above is in an early stage of development. Additional studies are

required to understand fully the underlying principles for the mixing and to determine the physical

characteristics of the cell. However, the results and discussions above do demonstrate, that the

falling liquid-film flow cell offers a variety of challenges and hopefully opportunities for studying fast

chemical reactions. Also, the cell may be useful for segmented flow applications. As currently

configured, the cell features a small dead volume and is capable of mixing four solutions added

sequentially in less than 0.2 s. However, good mixing characteristics have only been

demonstrated with two solutions. For a flow rate of 8.8 mL/min, the film thickness across the

width ranges between 0.15 and 0.26 mm and the film has a volume of 8.6 /A. that is spread over

a cell length of 25.4 mm.

The predominate driving force for achieving good mixing characteristics is attributed to

the establishment of a jet flow from a properly spaced reagent or analyte port that induces film

pulsations. The tube-to-film gap is defined as some fractional amount of the critical length of

necking and is approximately equal to the internal circumference of the analyte or reagent tube.

With proper spacing, a minimum mixing length is also achieved. Additional factors that enhance

mixing include: peak-to-peak fluctuations in the flow rate, a temperature gradient at the tube-to-

film interface, the velocity ratio of a falling film to an intersecting reagent stream, the physical and

Theological properties of a solution constituting a film, and the diameter of the reagent tubes for

the fluids mixed. Collectively, these factors were termed the cell parameters.

A number of factors affect the stability of a falling film. The most obvious is the surface

tension properties of the liquids or, for the more general case, the interfacial tension between the

support material and the film. Also, the flow rate of the medium, peak-to-peak fluctuations in the

flow rate, the applied vacuum, and the cell parameters affect the stability of the falling film.

Any additional development of the cell design should include: a smaller cell volume, a

more user-friendly Interface, a well developed model of the physics that take place in the various

flow regions of the film, and plug flow transfer capabilities. Each of these proposals is detailed



63

in appendix A.

The CF-CL Photometer

The CF-CL photometer shown In figure 111.13 consists of four sections. The first section,

termed the detector assembly, includes the shutter and PMT housing that are fastened together

by the three screws provided with the PMT housing. The next section, termed the flow cell

assembly, Is mounted directly to the detector assembly via the two brackets [50] shown in figure

111.5. The air inlet [12] of the flow cell, shown in figure 111.5, is attached to a port on the face plate

of the detector assembly by a short length of tubing. The third section is the cell monitor system,

which is mounted inside a Plexiglas and aluminum box. A Plexiglas divider serves to isolate

electrically the cell monitor circuitry from the plumbing of the flow cell. Electrical contact with the

cell block is accomplished by a four pin connector. The last assembly is the plumbing and

electrical interconnect plate, which is the end-wall of the photometer and shown in figure A.6 of

appendix A. The electrical interface provides a male five pin connector for the KIM -1

microcomputer interface. The plumbing interface provides fittings for five reagent ports including

one HPLC interface. When all of the components are assembled as depicted in figure 111.12, the

photometer is light tight.

The CF-CL photometer is shown as a collection of components within the CF block

diagram of figure 111.3 and was typically configured in a partially automated system. The system

was automated because the experimental complexity of the gradient-elution experiments warranted

it. The automated system was based on the KIM -1 microcomputer board described earlier (23).

The microcomputer was configured to control the reagent pumps, acquire data for several exper-

imental designs, monitor the flow cell status and compute the gradient-elution curves and total CL

signals. Additional details of some of the interfaces involved are described below and in

appendix A.

A. Detector Assembly

The face plate of the CF photometer shown in figure 111.13 has a PMT housing mounted

directly on one side and on the opposite side the flow cell is mounted and aligned so that the cell

wires are centered in front of the PMT window. Also, a slot was machined into the face plate on

the side opposite the PMT to mount a shutter that could slide between the face plate and flow cell.

The individual components of the detector assembly are described in more detail below.

PMT housing. The relationship between detection efficiency and relative positioning of a



Figure 111.13 The CF-CL Photometer
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CL cell and detector has been previously investigated by Bullock, Bunce and Carter (152). The

PMT housing for a RCA-C31059 PMT was modified to allow the PMT housing to be mounted

directly to the photometer face plate mentioned above. In this configuration, the Delrin ring of the

PMT was fitted against a 1-inch hole in the face plate and as a result, the coupling distance

between the PMT and flow cell was reduced from approximately 30 to 7 mm. A replaceable

25-mm diameter fused silica or soda-lime glass window was placed over the opening in the Delrin

ring of the PMT housing to protect the PMT from the harsh chemical environment of the window-

less CL flow cell. The RCA-C31059 type PMT was selected primarily for its end-on features that

allowed a close coupling of the photocathode to the flow cell. Also, the box and grid structured

RCA-C31059 PMT typically has a lower anodic dark current and greater gain stability than the

focused structure of the RCA-1P28A side-on PMT used in discrete sampling experiments. The

greater light-collection solid angle helped offset the cell volume advantage of the DS-CL cell over

the flow cell.

Shutter design. The shutter is a section of Plexiglas cut from 0.2-inch thick sheet stock

and measures about 2-in wide and 8-in long. The shutter is placed in a 2-in wide by 0.2-in deep

slot that was machined into the aluminum face plate; thus, the shutter is nearly centered in the 7-

mm gap between the flow cell and the PMT. To prevent light leaks, the surfaces of the slot and

the front face of the flow cell are lined with felt. In addition, a similar clearance slot for the shutter

was cut into the cover of the photometer such that the clearance slot was centered directly over

the corresponding slot in the face plate when the detector assembly was mounted on the

photometer. In this configuration, the shutter simply served to isolate the PMT from the flow cell.

When the shutter was not in use, the slot in the cover of the photometer was sealed with black

electrical tape.

Later, an aperture was placed in the shutter for observing time dependent behavior of CF-

CL systems. This was accomplished by drilling a clearance hole into the shutter for a 4-mm long,

1.6-mm o.d. s.s. tube having a 0.8-mm i.d. and then inserting the small tube in the hole. The hole

was located about 50 mm from the bottom of the shutter such that it was centered between the

cell wires when the flow cell was mounted onto the face plate. The tube or aperture was then

positioned in the hole so that a 1.5-mm gap existed on each end of the tube between the PMT and

cell wires, respectively. When positioned correctly within the detector assembly, the aperture

travel was limited by it butting against the top or bottom of the observation chamber. The

aperture position is determined indirectly by reading a scale marked on the shutter using the cover

of the photometer as the reference point.
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B. Cell Monitoring System

The flow cell for most of the reported applications required a light-tight box that prevented

a direct observation of the cell in operation. Therefore, a monitoring system was developed to
allow the operator and microcomputer to detect a break in the falling film, to detect an overflow

condition, or to initiate data collection. Additional details of the system are provided in
appendix A.

Physical description. The drop detector [19] is a one-probe monitor consisting of a

30-gauge wire encompassing the cell support wires as shown in figures 111.5 and 111.6. The

overflow detector [20], which is inserted through the lower body plate, is also a one-probe monitor

constructed from 30-gauge wire. For both probes, an electrical short circuit occurs when a low

resistance fluid bridges the gap between one of the probe wires and a grounded cell support wire.

For the drop detector, a short circuit occurs when a break in the film causes drops to form and

drop from the reagent tubes. For the overflow detector, the short circuit results from a significant

pooling above the lower wire spacer. The third detector, an event marker, allows the operator to

obtain an accurate timing of an event, such as, the starting time of a gradient. In this
configuration, the event marker consisted of a 30-gauge wire that was inserted into a reagent tube

upstream from the cell wires. In an automated system, the event marker could also be used to
detect fluid breaks in the inlet tubing which may be useful for troubleshooting an output signal of

the drop detector.

Circuit design. The resistances between the probes and ground are continuously
monitored independently by three different circuits that are each based on a LM-1830 fluid

detecting IC chip with its associated circuitry for signal modification and for microcomputer inter-

facing. The circuit outputs an appropriate TTL signal when the resistance between the probe

monitored and the grounded cell wires drops below the internal resistance of the LM-1830 chip.

All three circuits were mounted on the printed circuit board that is shown in appendix A.

The drop detecting circuitry is comprised of three sub-sections: the LM-1830 fluid detect-

ing chip, a signal clean-up sub-section based on the 7424 Schmidt trigger, and a drop counter

with auto reset capabilities. The operating details are as follows:

(i), when a drop due to a break in the film occurs, an LED is activated, the 7490

decade counter is incremented by one, and a 556 timer is initiated if the

drop is the first in a sequence;

(ii), if the drop count reaches ten prior to the generation of a reset signal by a

556 timer after 10 s, a falling-edge transition causes a microcomputer

interrupt to occur;
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(iii), if the 556 timer does generate a reset signal, the counter is reset to zero and

the process is initiated again by the next drop.

The overflow detector circuitry consists of three sections; a fluid overflow detecting system

based on an LM-1830 chip, an adjustable 0.1- to 15-s time delay circuit based on a unijunction

transistor, and a signal clean-up and reset section. A time delay is designed into the circuitry to

accommodate short term overflow conditions that are normal for a properly functioning flow cell.

The time delay prevents interruption of an experiment by the controller unless an actual default

is evident. An overflow condition is detected as follows:

(I), after the LM-1830 chip detects an overflow condition, a 0.1- to 15-s time

delay is initiated after which a pulse is generated that will trigger the 555

timer if an overflow condition still exists;

(ii), the 555 timer In a monostable mode generates a pulse with a width of 0.1

to 48 s that switches an LED on and generates a falling-edge transition

signal on the KIM-1 interface connector after an inversion by the 7414

Schmidt trigger;

(iii), following the pulse to the KIM-1 controller, a reset pulse is generated and

the process is reinstated.

The event marker circuitry is identical to the drop detector except the RC-time constant

of the 556 timer is 15 s and the counter is set to capture only one event. Once the event is

captured, data collection for a gradient elution experiment is initiated by a logic-1 TTL signal

placed on the KIM-1 interface connector.

For other applications, the RC-time constant of the 556 timer may be set for times that are

greater or less than the 15-s time constant above. Also, a reconfiguration of the decade counter

to collect from 1 to 10 events prior to initiating data collection by the KIM-1 controller is feasible.

Additionally, the circuit could be modified to account for solvents with low ionic strength by

decreasing the spacing between the probe and the cell support wires, increasing the surface area

of the probes, or increasing the reference resistance of the LM-1830 detecting chip.

C. Peristaltic Pump Interface

A pump interface was designed and built to allow the microcomputer to shut the pumps

off in the event of a cell malfunction that is detected by the cell monitor circuitry discussed above.

This capability provided a means of assuring that equipment damages would be minimized. The

automation was also useful for streamlining the start-up procedure and it freed the operator for

performing other tasks. The total result being that a significant boost to the throughput was
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realized through the automation of the pumping activities.

Physical description. The Pharmacia peristaltic pump model P-3 is a three channel labora-

tory pump capable of producing flow rates from 0.01 to 6.6 mL/min through each of three
channels. The pump delivers a pulsated21 flow with a flow rate deviation of approximately 1%

designed into the temperature and load compensating circuitry through the selection of tubing
diameters and gear ratio setting (153).

The two P-3 pumps were modified for remote control of the pump flow rate by supplying

a 0- to 2-V dc input from a digital-to-analog converter (DAC) to a BNC connector located in the

rear of the pump housing and labeled DAC-IN. Details of the 8-bit DAC and associated pump

interface are depicted in appendix A. Switch S2' located on top of the pump housing was added

to allow for manual or remote operation. The modifications to the pump circuitry do not affect the
performance characteristics.

Manual operation. When switch S2' is placed in manual mode, the flow control knob S2

is used to control the current to the motor, which determines the pumping action. The flow rate

observed is linearly proportional to the setting on the 1 to 10 scale that is displayed around the

control knob.

Remote operation. With S2 set at position 1 and switch S2' set in the remote position, the

current supplied to the motor is directly proportional to the voltage supplied at the DAC-IN
connector. With the 8-bit DAC interface the flow rate can be adjusted from 6.5% to 100% of full

capacity in 39-mV steps representing increments of 1.9% of full capacity. If S2 is set at a value
other than one, the flow rate will be proportional to the summed output of the DAC and the setting
on S2.

Flow rate determination. Two means of generating a given flow rate with the peristaltic

pumps were evaluated. The objective of both methods was to have a microcomputer control the

pumps utilizing information received during the initialization of an experiment. With the first
method, the microprocessor performed a simple software calculation based on a predetermined

proportionality constant to obtain the proper DAC setting for regulating the pump motor. The flow

rate accuracy of both pumps, day-to-day reproducibility, and any error due to pump loading were

within 4% over the flow rate range. The maximum error expected of this method is approximately
8%.

The other method utilized an in-line flow rate monitor and provides an adjustment factor

21The pulsation is minimized by adjusting the screws regulating the applied pressure to the
pump tubing. However, to achieve day-to-day reproducibility, the tubing pressure is relieved when
the pumps are not in use otherwise, the peak-to-peak height of the pulsations will increase. Also,
the frequent replacement of the tubing is suggested.
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for the predetermined proportionality constant to account for unexplained fluctuations in the

system. The monitoring was accomplished by measuring the time required for an electrically

conductive reagent to short out the event marker probe to the grounded cell wires. The event

marker probe was placed upstream in the tubing containing the reagent. The first method proved

to be superior. The observed accuracy and precision of the second method are believed to be

limited by the in-line monitoring system. Corrections to the design should reverse these findings.

The software routine for the monitor system is presented in appendix C.

D. Interacting with a KIM-1 Microcomputer

The basic design objectives and input and output configurations of the KIM -1

microcomputer system were described previously (23). For this study, the KIM-1 microcomputer

served three purposes: data acquisition and subsequent data computations, control of the

peristaltic pumps, and monitoring the status of the flow cell. The partially automated CF-CL

photometer incorporating the KIM -1 system and the associated operating procedures are

described in this section.

Physical description. Figure 111.3 depicts a block diagram of the entire system with the

interfaces to the KIM-1 microcomputer labeled. The data acquisition section consists of three

modules; a current-to-voltage (I-to-V) converter, a Spectrum model-1021 electronic filter, and an

analog-to-digital converter (ADC) (23). The filter was placed in-line between the strip chart re-

corder and the 1-to-V converter. The ADC was placed in-line between the I -to -V converter and

KIM-1 microcomputer. The output signals can be displayed on a strip chart recorder, a CRT

terminal or a Panasonic electrostatic printer. The non-maskable interrupt of the KIM-1 micro-

computer initiates an immediate reset of the pumps when an overflow condition is detected. As

configured, a digital signal is sent to the KIM-1 microcomputer where smoothing routines may be

accomplished.

Operating principle. An example of the printout from a typical experiment is presented

in appendix C. Prior to loading the software, the vacuum to the flow cell is initiated, the pumps

are placed in remote control by selecting the remote mode of switch S2' after switch S2 is set to

one, and all power switches of the support instruments are turned to an on position. Once init-

iated, the program prompts the user to furnish inputs to a series of questions. Afterwards, a final

request of the user is made to check the different interconnections and to make sure the start LED

is off. Entering a "Y" followed by a carriage return begins the experiment.

Once flow is initiated to the reagent and analyte ports, flow is started in the gravity fed

primary inlet tube connected to a reservoir as shown in figure 111.3. The gravity fed system
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provides a pulse free stable film with lower flow rates than a pumped reagent system. Flow rates

for the gravity fed system are evaluated from head height measurements that were obtained by

determining the vertical distance between the upper cell-wire spacer plate and the fluid level in the

reservoir. A plot of the observed flow rate for H2O versus the measured head height is depicted
in figure 111.14.

The start signal generated by the event marker was used primarily during gradient form-

ation experiments, where an accurate accounting of elapsed time was essential for determining

concentrations of solute and solvent in the region of the detector at any given time. Once the

parameters were set, the start signal was normally not utilized. At the completion of an experiment

or if an experiment is to be aborted, the user need simply depress the black reset switch located

on the front of the photometer near the PMT housing as shown in figure 111.13. Alternatively, the

user can wait until the experimental results are printed then the software will once again be avail-

able for user interactions. Incorrect responses to the questions result in a default pump setting

of 6.5%, that corresponds to a maximum flow of 0.63 mL/min when the 3.1-mm i.d. tubing is used.

E. In-Line Tube Heater

A simple heater was designed for studying the effects of temperature on the CL signal
derived from the Pg CF-CL system utilizing a H202 + CH2O couple as an oxidant. The heater

uses five separate 1.2-kfa, 2-W resistors to individually heat five glass capillary tubes that pass

through the hollow core of each resistor. Thus, the design features individually controlled heaters

for up to five different reagents, rheostatic control of the maximum power supplied to each 2-W

resistor for better temperature control, and a 23° to 40° ± 0.5° C temperature range.

A delay time of 10 s is typical for a pump setting of 2 mL/min because the tube heater

is located outside the CF-CL photometer. In the future, this time delay may be shorted by placing

the tube heater internal to the photometer. This modification plus a new design that allows both

heating and cooling of the individual reactants could be very useful for kinetics studies of fast CL
reactions.

Conclusions

The CF-CL photometer shown in figure 111.13 with the enclosed falling-film flow cell
provides a new method of observing fast CL reactions. The flow cell having inherent rapid and

efficient mixing characteristics features the introduction and mixing of several reagents in full view

of the PMT detector. Therefore, the CL photometer is well suited for monitoring fast CL reactions.
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Figure 111.14 Measured Flow Rate of H2O as a Function of the Head Height
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This capability could result in improved sensitivities and less band broadening over the more

conventional flow cells used in miniaturized HPLC. Some of these problems are discussed in the

literature (154-155). The ability to use gradient-elution techniques for performing parameter

dependency studies and obtain calibration curves gives the CF-CL photometer an advantage over

the DS-CL photometer described earlier. Also, the use of a simple in-line heater and the ease of

evaluating various mixing orders are features that allow rapid evaluations of the kinetics that might

affect the analytical results. Additionally, a variable cell length design could increase the selectivity

of a CL analysis scheme by providing the analyst with a range of post-mixing reaction times to

select prior to detection. Lastly, several modified cell designs are proposed in a variety of other

analytical techniques that are described in appendix A.
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IV. DEVELOPMENT OF ANALYTICAL METHODS

In this chapter, five analytical studies based on polyphenol CL are presented for the DS

and CF instrumentation described in chapter III. The three major goals of the three DS-CL studies

were to select a set of experimental conditions that provided analytically useful conclusions, to
evaluate accurately the feasibility of employing Pg or catechol as a CL reagent for determining

trace amounts of transition metals in aqueous synthetic samples, and to determine trace levels of

Co(11) in natural water and biological samples. Additionally, the determination of Pg and catechol

in the presence of excess Co(11) and the relative response characteristics of a number of other
polyphenols were studied.

The CL properties of the Pg CL system were investigated in the presence of H202,

H202 + CH2O and H202 + CH2O + Mn04 . The enhancement of Pg CL by CH2O was first

observed by Trautz and Schorigin (156) and the ensuing CL reaction is termed the TS reaction.

The classical TS reaction, which utilizes concentrated reagents, has little analytical usefulness.

However, a modified TS reaction incorporating dilute reagents has been used to determine CH2O

in water samples (110,116). To the knowledge of this investigator, the H202 + CH2O + Mn04

system has not been disclosed in the literature. The potential for enhancing the analytical CL

signal of polyphenols was investigated for all three oxidant systems.

The major experimental emphases for the two CF-CL investigations were to characterize

further the flow cell introduced in chapter ill, to compare directly DS-CL and CF-CL measurements,

and to investigate the feasibility of determining polyphenols by a CF-CL technique. Thus, the first

investigation was accomplished using polyphenol CL, but to further substantiate the use of the
flow cell for CF-CL measurements, the luminol CL system for determining Cr(111) (24) was studied.
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The Determination of Co(11) by Pg DS-CL

The purpose of this study was to assess the analytical feasibility of determining Co(II) in

natural water and biological samples by a Pg DS-CL methodology. However, a characterization

study of the Pg-CL system was first completed to give insight about the kinetics and mechanisms

of the CL systems in the presence of a metal activator such as Co(II) and to provide information

to help minimize problems associated with the complexity of using a Pg-CL system as an

analytical tool. Next, a sequence of experiments were designed to determine the dependency of

a Co(II)-enhanced CL signal on various chemical or physical DS-CL cell conditions and to

determine other possible analytes, inhibitors or enhancers of a Co(II) enhanced CL signal. Finally,

Co(II) was determined in bovine liver, tap water and river water samples. The results are

compared to those obtained by lophine CL (157) and neutron activation analysis (158).

Before proceeding, a brief discussion of the terminology used to describe the output

characteristics of the DS-CL instrumentation discussed in chapter III is offered. A measurement

consisted of determining the background and analyte CL signals. The background or blank CL

signal is defined as the maximum in a chart recorder response curve derived from a reagent blank

consisting of the reaction mixture but substituting reagent-grade water for the analyte solution.

The total CL signal is defined as the maximum in the CL response curve without correcting for the

background CL signal. The analytical CL signal is defined as the difference between the total and

background CL signals. Finally, the phrase "Pg DS-CL system" is used throughout this text and

represents a short hand notation for the instrumentation, reagents, and procedure described

above.

Experimental

A. Reagents

All solutions were prepared using deionized water obtained from a Millipore model Milli-0

reagent-grade water system. The pH of the analyte samples and H202 solution was adjusted by

adding dilute HNO3.

Stock 50-mmol/L Pg solutions were prepared by dissolving Mallinckrodt reagent grade

Pg in 0.01-mol/L HNO3 and diluting to the required volume with 0.01-mol/L HNO3. Such solutions
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were stable at room temperature for a period of time in excess of two weeks22.

Stock 680-mmol/L H202 solutions were prepared by diluting 30% (w/v) Mallinckrodt
reagent-grade H202 and adjusting the solution to a 4 to 4.5 pH range as suggested by Montano

and Ingle (137). The stock solution is stable for approximately two weeks at best. However, a
larger than normal CL background signal was restored to a normal level when a freshly prepared
H202 solution was used. Despite an observed large variation in the CL intensity of the back-
ground signal, the analytical signal for a 10-ng/mL cobalt solution observed to be reproducible
to within 4%.

Stock 0.50-mol/L NaHCO3 buffer solutions were prepared by dissolving Mallinckrodt
reagent-grade NaHCO3 in deionized water and then adjusting the pH to 9.9 by adding reagent-
grade KOH pellets from Mallinckrodt. The solution was stable for at least one month.

The procedures for preparing Co(II) standards, cation and anion solutions, and cleaning

solutions for glassware were as previously described (137). The humic acid and CH2O stock
solutions were prepared from Aldrich practical-gradehumic acid and Baker reagent-grade formalin,
respectively.

B. Procedure

The general analysis procedure previously described for another DS-CL system was
followed (137). To summarize, 1.0 mL of a reagent blank, analyte, or interferant solution, 0.5 mL

of a stock H202 solution, and 0.5 mL of a stock Pg solution were added to a sample cell utilizing

Eppendorf pipets. With the cell-compartment lid closed and the PMT shutter open, 0.5 mL of
stock buffer solution was injected into the cell through a septum with a Hamilton pneumatically
driven liquid dispenser. Between measurements the reaction cell was flushed four times with
reagent-grade water.

22 Two month old solutions stored at room temperature developed a yellowish-brown hue
which in time turned a dark brown color. Solutions stored at 3° C showed no signs of degra-
dation even after two months. Degradation was evidenced as any observable color change or by
a significant enhancement of the background CL signal.
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Results and Discussion

A. Characterization Study

The characterization study consisted of a collection of ten abbreviated experiments termed

"spot experiments", which were designed to provide information regarding the CL reaction

mechanism, provide literature confirmation, or identify prospective analytical aspects. Although

each spot experiment is described below, additional details are summarized in appendices D and

E.

Monitoring time. Typical CL response curves for the background and Co(II)-enhanced CL

signals are shown in A of figure IV.1. Although a Pg-CL signal was observed for over 15 min, a

10-s monitoring time was usually selected. A 10-s monitoring time was estimated as being

sufficient for determining whether or not an observed response curve was typical for a given set

of experimental conditions. Any atypical responses were investigated further, including the

unexpected appearance of the first semi-symmetrical Mn(II) peak depicted in illustration B rather

than the often observed asymmetrical peak shown in A. The Mn(II)-induced response curve

characteristics were observed while evaluating possible interferences to the Co(II)-enhanced Pg

DS-CL system. When an anomalous peak was observed, such as in the Mn(II) example, the mon-

itoring time of the CL signal was increased and a set of characterization experiments was designed

and administered. Such responses were commonly observed as discussed in later sections and

illustrated in appendix D.

Absorption spectra. A series of absorption experiments were completed using two

different spectrophotometers. The experiments were designed to yield either mechanistic inform-

ation on the background Pg-CL reaction or to provide insight on the role of Co(II) and Mn(II) in

the Pg DS-CL reaction.

The absorption spectra from 200 to 800 nm were acquired with the Cary 118C

spectrophotometer utilizing cell conditions similar to those suggested by Slawinski and Slawinski

(110). The general procedure followed was to pipet 2.7 mL of a freshly prepared solution contain-

ing 0.020-mol/L H202, 0.010-mol/L Pg and 0.010-mol/L HNO3, with or without Co(II), into a

square 1-cm pathlength absorption cell. After the cover was replaced and the absorption readout

stabilized, 0.3 mL of a 0.020-mol/L K2CO3 solution was injected into the cell while simultaneously

initiating the scan drive.

The absorption spectrum of a freshly prepared Pg solution is depicted by curve a in

figure IV.2. The peak with an absorbance maximum at 263 nm agrees well with the reported liter-

ature value of 266 nm (159). The spectra derived from a background CL reaction as a function
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Figure IV.1 Typical Pg DS-CL Response Curves

Cell Conditions: 10-mmol/L Pg; 140-mmol/L H202; 100-mmol/L NaHCO3
(pH 9.9). Illustration A: curve a; 100-ng/mL Co(II). b; 10-ng/mt.. Co(II).
c; background CL. Illustration B: curve d; 100-i.ig/mL Mn(II).
e; 1000-4g/mL Mn(ll), Y-scale = 0.15 magnification.
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of post-injection time are depicted by curves b through e. The spectra sustain the hypothesis by

Collier that "a blue intermediate having an absorption maximum at 605 nm and a relatively short

half-life is formed during the course of the reaction" (105). Bands between 300 to 350 nm and

between 400 to 425 nm are also shown. The band maximum in the 400 to 425 nm range
originates from a species with a relatively long half-life and is probably associated with the pur-
purogallin end product used to monitor enzyme activity by a spectrophotometric method (160).

The repetition of a limited number of absorption experiments utilizing a Hewlett-Packard

model HP8450A UV/VIS-spectrophotometer was achieved to obtain additional mechanistic and

kinetics information. A sequence of spectra over the wavelength range of 200 to 800 nm was

acquired at approximately 2-s intervals. Since the Pg DS-CL response curve attains a maximum

within 0.8 s, the acquisition of multiple spectra before the intensity maximum was not feasible. The

experimental results shown in figure IV.3 correlate a time series of absorption spectra derived from

a Co(II)-enhanced CL reaction to a time series derived from a Mn(II)-enhanced Pg CL reaction.

Figure IV.3 is an enlargement of the shaded region within the original absorption spectra that are

located in the upper right-hand corner of the illustration.

The absorption spectrum of the Co(II)-enhanced reaction was sampled every 2 s for a total

of 12 s following the initial sampling within 1 s. Some of the time sequence is represented by

curves b through d that depict the rapid formation of an intermediate product with an absorption
band in the 600- to 620-nm range. The intensity appears to peak between 5 and 7 s and the
intensity at 9 s was approximately 90% the intensity at the illustrated time of 5 s.

When a similar experiment with Mn(II) substituted for Co(II) was completed, the results

show different information. First, an absorption band at 605 nm did not appear. Also, the broad

band near 420 nm had slower kinetics associated with its formation, was broader, and persisted

longer than the 605 nm band. Some of the results are reported by curves e through i. The

experiments shown were conducted in a manner similar to the Co(II)-enhanced reaction.

However, curves e and g were obtained from an experiment involving sampling every 2 s, after

the first spectrum, for a total of 23 s. The rest of the curves for the Mn(II)-enhanced reaction were

obtained in a separate experiment in which one spectrum was collected every 5 s over a time
period of 150 s. The intensity of the Mn(II)-enhanced band at 420 nm peaks after approximately

140 s.

The differences in the absorption characteristics are probably related to the CL response

curves differences shown in figure IV.1. One plausable explanation is that the Mn(II)-enhanced

reaction occurs via a separate pathway. This explanation is supported by the difference in the

kinetics beween the two systems. A mechanism for multiple pathways was presented in chapter
11 and two absorption band maxima were reported at 422 and 605 nm in the literature (110,116).
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Figure IV.3 Spectral Differences Between the Co(II)- and Mn(II)-Enhanced Pg-CL Reactions

Cell conditions: 10-mmol/L Pg; 136-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9). Curve a: reactants without

NaHCO3; pH = 2. Curves b through d: 30-ng/mL Co(II). Curves e through i: 100-pg/mL Mn(II).

Post injection times, s: a = 0; b = 1; c = 3; d = 5; e = 7; f = 11; g = 23; h = 47; i = 59. 8
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Additional observations regarding colored end-products are documented in appendix E.

Chemiluminescence and fluorescence spectra. The CL and FL spectra of the transition

metal enhanced Pg DS-CL reactions were obtained using the IDA system described in chapter III.

The S/N problems associated with replacing a conventional PMT in the CL photometer with the

less sensitive detection system based on the IDA spectrometer were minimized by selecting

experimental conditions which provided an adequate S/N. Figure IV.4 exhibits superimposed CL

and FL spectra for different Pg + H202 + Co(II) + NaHCO3 reaction mixtures. The maximum of

the CL emission band is at 466 nm and the FL band maximum is at 482 nm. A wavelength cali-

bration of both spectrometers was accomplished with the 365-nm mercury line derived from room

light.

A low S/N is evident in the CL spectra tracing even though 20 spectra were summed.

Hence, the IDA system is useful for obtaining only qualitative information for the alkaline Pg +

H202 DS-CL system. However, both quantitative and qualitative information are feasible using an

IDA detector and the luminol (24) or lucigenin (137) based DS-CL systems because these CL

systems produce emission intensities approximately four orders of magnitude greater than the Pg

DS-CL system.

A time sequence study of the Pg + H202 + Mn(II) + NaHCO3 CL system is exhibited in

figure IV.5. The summed Mn(II)-enhanced CL spectra of experiment B depicts an emission

maximum at 472 nm that was observed between 10 and 20 s after initiating the Pg-CL reaction.

This wavelength agrees well with the Co(II)-enhanced reaction discused above. Consequently, the

emission from both Co(II)- and Mn(II)-enhanced CL systems are probably derived from the same

CL species as expected. The pathway for obtaining the species is probably different for the two

transition-metal enhancers as illustrated by the absorption spectra data.

Neither Pg or purpurogallin (117), the two principal species present after the Pg-CL

reaction, are reported in the literature to be fluorescent. However, during the oxidation of

purpurogallin, a blue-green FL has been reported by Slawinski (117). Therefore, the observed FL

band may be due to a long-lived intermediate or an additional end-product formed when Co(II)

is present in the reaction mixture. Also, Slawinski reported a single CL emission band with a

maximum at 470 nm for a purpurogallin + H202 + NaCO3 CL system. Since purpurogallin is both

an intermediate and an end-product of Pg oxidation (117), the reported emission observed by

Slawinski and in this study is probably derived from identical CL species.

Two CL bands at 480 and 640 nm for a Pg + H202 + KOH CL system were reported by

Melozova and Vassil'ev (122), and they proposed that the bands were caused by singlet-oxygen

dimers. They reported too that the 640-nm band was "always at least an order-of-magnitude

higher and always precedes the 480-nm band. However, no CL band at or near 640 nm is



Figure IV.4 Superimposed Spectra of Pg DS-CL and Pg-FL Reaction Mixtures

Cell conditions for Pg FL (dotted line): 10-mmol/L Pg; 136-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9);
10-ng/mL Co(II) [as initial concentration]; 15-s integration time from time of injection of NaHCO3. Cell

conditions for Pg CL (solid line): 2-mmol/L Pg; 136-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9); 30-ng/mL

Co(II) [as initial concentration); sum of 20 spectra each with a 5-s integration time from time of injection of

NaHCO3.
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Figure IV.5 Consecutive Mn(II)-Enhanced Pg-CL Emission Spectra

Cell conditions: 10-mmol/L Pg; 136-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9); 1000-pg/mL Mn(II).
Instrument parameters: sum of 5 spectra, each spectrum had a 10-s integration time initiated after a 0 to
30-s time delay; spectra labeled A-D range from 197 to 823 nm. I = relative CL signal intensity.
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observed in the spectra depicted in figures IV.4 and IV.5. The absence of the 640-nm CL band

may be attributed to differences in the reaction conditions or a low S/N.

Solvent effects. The background and Co(II)-enhanced CL signals increased by a factor

of two in 20% (v/v) methanol or ethanol solutions relative to purely aqueous solutions as shown

in table IV.1 and illustrated in figure IV.6. Also, the recorded response signal derived from a

20% (v/v) ethanol solution consists of two CL peaks. The first one reaches its maximum within

1 s and the other was observed 3.6 s after initiating the CL reaction and was approximately 20%

more intense.

The CL signal derived from a 20% (v/v) methanol solution differs significantly from the

water or ethanol-based CL response curves as illustration C shows. The maximum intensity of the

first CL peak was insensitive to Co(II) concentrations below 100 ng/mL But, the rise time and

maximum intensity of the second CL peak were both dependent on the Co(II) concentration.

Above a Co(II) concentration of 1 mg/mL, only one measurable maximum with an enhanced

sensitivity is observed under the conditions of the experiment.

These findings have analytical significance when a separation scheme is employed if the

scheme also incorporates a gradient-elution or solvent programming technique. Additional details

of coupling a CL detection system with a HPLC were reported in the literature (154,161).

Oxidizing aaents. Several different oxidants for the Pg-CL system were evaluated. Also,

an electroluminescence experiment is presented in a subsequent section. Initially, alternative

oxidants were evaluated for enhancing the S/N of the background CL signal. However, the

replacement of an older RCA-4840 PMT with a RCA-1P28A PMT was sufficient to allow detection

of a background CL signal which also resulted in a larger S/N for the Pg CL system. Prior to

replacing the PMT, a H202 + 103" oxidizing system was evaluated to enhance the efficiency of

producing superoxide ions. The role of superoxide ions in the CL of many chemical systems has

been reported by Michelson (121). Earlier, Knowles, Gibson, Pick, and Bray demonstrated the

production of superoxide radicals by the oxidation of H202 with Na103 using an electron-spin-

resonance technique (131). Enhancement of the Pg-CL emission efficiency might yield a back-

ground CL signal above the dark-current noise. Although some enhancement of the analytical

signal was observed, the enhancement did not justify the additional analytical complexity.

The effect of purging the Pg DS-CL system with N2 was investigated for possible

mechanistic information using the apparatus discussed in chapter III. The CL signals of a reagent-

blank solution and a 10-ng/mL Co(Il) solution are displayed as a function of the N2 purge time in

figure IV.7 and the results are summarized in table IV.2. The rapid decrease of the background

CL signal with increasing purge time implies that the background CL signal for a Pg + H202 +

NaHCO3 system is primarily attributed to low levels of dissolved 02 and not to trace levels of



Table IV.1 Pg-Based CL Signals in 20% Methanol and 20% Ethanol Solutions.

Solvent System a

Results 100% H2O 20% Ethanol 20% Methanol b

w/o Co(I!) w/ Co(I!) w/o Co(II) w/ Co(II) w/o Co(II) w/ Co(II)

total CL, nA 0.74 0.96 1.5 1.9 1.3 (1.6) 1.8 (2.2)

peak time, s 3.6 3.6 3.6 3.6 1.6 (900) 0.6 (300)

a - Cell conditions: 20-mmol/L Pg; 230-mmol/L H202; 100-mmol/L NaHCO3 (pH 10.3); 10-ng/mL Co(It).

b - The second peak data for methanol is given in parenthesis.
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Figure IV.6 Typical CL-Peak Shapes in Aqueous and 20% (v/v) Alcoholic-Pg Solutions

Cell conditions: 20-mmol/L Pg; 230-mmol/L H202; 100-mmol/L NaHCO3
(pH 10.3). Illustration: A = deionized water. B = 20% ethanol.
C = 20% methanol. curves: a. 10-ng/mL Co(II). b; background CL
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Table IV.2 Analytical Assessment of Various Oxidants for the Pg DS-CL System a

Oxidant Total CL Signal, nA
back- 10-ng/mL
ground Co(II)

S/N Detection Comments
limit

(ng/mL)

H202 only
(air sat'd)

0.35 0.59 7 1.4
* unsymmetrical peak

with rapid rise and
slow fall times

* very fast symme-
H202 + CH2O 0.06 0.55 12 0.7 trical peaks
(200 mM each) * formalin source

H202 + N2 0.03 0.13 5 3
(3 min. purge)

H202 + 02
1.27(pk1) 1.42(pk1) 4 3 * pk1 = peak, < 1 s

pk2 = peak, 24 s
(after 3 min) 0.82(pk2) 0.98(pk2) 4 3 * Co(II) peak, 18 s

02 purge only
(after 3 min)

1.02 1.03 * one peak, 3 min

4.29 4.28 * one peak, 2.3 minb

a Cell conditions: assume 10-mmol/L Pg; 136-mmol/L H202;
200-mmol/L NaHCO3 (pH 9.9) or as listed.

b - same conditions except the cell pH was 8.3 instead of 9.9.
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metals in H202 as suggested by Montano and Ingle for the lucigenin CL system (137). However,
an additive effect should not be ruled out. The analytical CL signal shows a negligible sensitivity
to N2 purging, and the time delay required to purge the system increases the total analysis time.
The signal insensitivity may give insight on the two CL-reaction pathways reported in chapter II.
One pathway, which requires 02, is not enhanced by Co(II) while the other pathway which requires
H202 is enhanced by Co(II). Alternatively, the 02 and Co(II) may compete for the H202 present.
Such a model assumes that under ambient conditions the 02 concentration is not excessive and
the uncomplexed Co(11) is free to react with any available H202 too.

The hypothesis regarding Co(II) sensitivity in the presence excess 02 was tested by
purging the cell with 02. In this case, the source tube of the purging apparatus remained in a pre-
injection position23 during the injection of a NaHCO3 reagent such that 02 continuously purged
the reaction cell. As shown in table IV.2, the 02-enhanced Pg CL signal without H202 is
independent of Co(II) at low levels. Furthermore, the 02 derived emission signal depicts a four-
fold background CL signal enhancement and a 23% reduction in the peak time by using a
NaHCO3 buffer solution adjusted to a pH of 8.3. This behavior differs from that of the H202-based
Pg-CL system at a pH of 9.9. The two CL-pathway theory discussed in chapter II was further
tested by purging the cell mixture with 02 in the presence of H202. The magnitudes of the two
maxima were enhanced equally by low concentrations of Co(II) but the resultant analytical signal
and S/N showed no significant advantage over a Pg CL system without 02 purging. The effect
of 02 on the response curve is depicted in figure D.2 of appendix D.

The last oxidizing agent investigated was a H202 + CH2O couple. Gallic acid CL with
H202 + CH2O was described by Slawinska and Slawinski (110,116). The Trautz-Schorigen reac-
tion (TSR) was proposed to occur by first forming an organoperoxide with the H202 and CH2O
as expressed in reaction 12 (31,116,110,162). Further details of this oxidant were described

H2O2(aq) + CH2O(aq) --> HOCH200H (12)

by Bowen (123). Also Slawinski and Slawinski utilized the enhancement of a gallic acid + H202
CL signal in the presence of CH2O to determine low concentrations of CH2O in natural water
samples.

Several features listed in table 1V.2 for the formalin based CH2O + H202 system make the
system attractive for continuous flow experiments. Among these features are rapid reaction
kinetics, symmetrical CL-response curves without any measurable tailing, and improvements to

23For the pre-injection position, the purge tube is butted against the bottom of the sample cell.
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the analytical signal, S/N, and detection limit for determining Co(II). These features may relate

to an increase in the population of the excited state, free radical stabilization, or an enhanced
formation rate of the free radicals involved in some rate-determining intermediate step.

Mirrored cell effects. An experiment was designed to assess the effects of a mirrored cell

as previously described by Montano (137). The background and Co(II)-enhanced Pg-CL signals

were not significantly different. This may be due to self-absorption as suggested by Neiman and
Steig (72). However, the Co(II)-concentration range was within the linear region of the calibration

curve.

Gallic acid. The CL reaction of gallic acid (2,3,4-trihydroxybenzoic acid) has been
reported by several authors to be analogous to the Pg-CL reaction (72,116,123). However, the

previous investigators preferred gallic acid based on its greater stability against auto-oxidation.

Although some S/N problems observed during this investigation were traced to an aged or con-

taminated Pg solution, the majority of the problems encountered were resolved by preparing fresh

H202 solution. No significant change in the background or analyte CL signal was observed after

a month when the Pg solutions were prepared in 0.010-mol/L HNO3 and stored at 3° C. If the Pg

solutions are not prepared in 0.010-mol/L HNO3, the Pg is rapidly oxidized as evidenced by a
colorless to pale-yellow color change over a short period of time. Lastly, a degraded stock-Pg

solution does enhance the background CL signal, but no significant effect on the analytical CL
signal was observed.

Peak shapes. Many cell parameters affect the CL-response curves or peak shape
including pH, solvent, analyte species, concentration of Pg, type and concentration of oxidizing

agent, dissolved gases, mixing order, post-injection mixing time, and the injection time of the last

reagent. The information is documented throughout the text and a illustrative listing is provided
in appendix D.

Peak area determinations. An electronic integrator was used to measure the area under

the CL-response curves, and a comparison to the measured peak height is shown in table IV.3.

No significant differences in the detection limits were observed using peak area or peak height as

the analytical signal. Also, the peak area measurements do not provide kinetics information on
the CL reactions.

Electrochemical luminescence. Hercules observed luminescence for several organic

molecules dissolved in organic solvents utilizing an electrochemical cell (163). The lumin-
escence was observed only in the vicinity of the cathode. Hercules proposed that stable
negatively charged aromatic ions are oxidized by anodically generated species to produce the
CL With the cell described in chapter Ill, a 25-mmol/L Pg + 0.12-mmol/L NaHCO3 (pH 9.9)
solution, with or without 7.5-ng/mL Co(II) gave no measurable CL signal when an 02 or N2 purge
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Table 1V.3 Comparison of Peak-Area and Peak-Height Methods for Determining Co(I1)a

Peak Height Peak Area

Experimental m DL m DL

Conditions (nA-mL/ng) (ng/mL) (nA-min-mL/ng) (ng/mL)

100- mmoi /L 0.18 4 0.39 2
NaHCO3

200-mmol/L 0.11 6 0.25 4
NaHCO3

100-mmol/L
NaHCO3 0.086 0.3 7.1 0.3

20% methanoib

a - Cell conditions: 10-mmol/L Pg; 140-mmol/L H202; NaHCO3 as stated;
60-s integration time, n = 10. m = calibration sensitivity;
DL = detection limit.

b - 7-min integration time, n = 6.

was applied. Perhaps the end-products resulting from the electrolysis of the Pg-CL system are

not involved in the observed CL signal or the emission intensity is below the detection limit of the

CL photometer. The observance of a reddish-brown end-product at the cathode surface, instead

of the frequently observed blue or green24 intermediate color during the DS-CL experiments,

may support the first explanation. However, the reaction time of the Pg + Co(II) + H202 system
is typically under 1 s. Therefore, it is conceivable that the current flux of the electrochemical cell

was insufficient for generating a sufficient number of luminescing species per unit time for
detection. However, the apparatus was operated at 3 V and 15 mA, which is similar to the 3 to

4 V voltage and 10 mA current that Hercules used to generate CL. A similar experiment which

24The green color observed with the lower Co(II) to Pg ratios may actually be the resultant
color formed from blue and yellow colored intermediates or end-products. This hypothesis is
supported by the absorption data presented previously.
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substituted 0.10-mmol/L lucigenin instead did not produce a CL signal either. A recent review by

Faulkner and Glass provides additional insights on the principles and experimental methods for

electrochemically generated CL (164).

B. Dependency Study

The set of factors evaluated for the Pg DS-CL system included the cell pH, the H202 and

Pg concentrations, temperature, and the mixing order. The criteria utilized for selecting the

experimental conditions to use for analysis included the analytical signal, detection limit, dynamic

range, analysis time, and the safe-handling limitations for all reagent-concentration ranges. Often,

the preferred analytical signal and detection limit criteria indicated identical experimental condi-

tions. However, the dynamic range was used as the criterion if the analytical signal was insensitive

to the concentration of a given reagent. All dependency studies were completed using Co(II) as

the analyte. The detection limit was calculated as the ratio of twice the standard deviation of a

background CL signal using a reagent blank to the calibration curve slope for an analyte. The

observed variations in the background Pg DS-CL signal25 were the result of reproducibility pro-

blems associated with the background CL signal and noise in the dark current or CL signals.

Strategy. There are two basic statistical strategies in common use today for selecting a

set of experimental conditions following an analysis of one or more dependency investigations in

analytical chemistry. The single-factor optimization strategy utilizing either a single cycle or some

iteration of a sequential equal-interval search procedure is one common method. The second

strategy is based on a multiple-factor optimization strategy (165-169). The most frequently used

methods include either a sequential simplex, which was introduced by Spend ley, Hext and

Himsworth (165) or the modified version of the original simplex method as proposed by Nelder

and Mead (166). Nelder and Mead actually utilized a two - level fractional-factorial design

experiment to determine significant factors and then a modified simplex method to select the final

experimental conditions. Confirmation was accomplished by repetitive simplexes, each originating

from different regions of the response surface. More recently, Deming and Morgan (167) have

introduced an experimental design strategy that utilizes a simplex technique to initially focus onto

25The calculated relative standard deviation for a given experiment was typically in a 3 to 5%
range for the background CL signal and a 1 to 3% range for the total CL signal.

26A C"- fractional factorial design experiment is accomplished by selecting C levels or values
of each factor or variable, n, and performing a regression analysis to obtain the best fit to a
mechanistic or empirical model. Therefore, a hypothetical 23-fractional factorial design is a
two-level design with three variables and would entail a total of eight experiments.
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the region of interest and then one of the four design experimentsu is executed to select

optimal experimental conditions within the region defined. An additional sum of errors term was

also introduced for distinguishing between a lack-of-fit and the precision associated with

experimental replication. The associated variance term was termed the "pure experimental-uncer-

tainty variance". The selection of the factors for the original simplex was accomplished by a prior

knowledge of the system. Additional topics are discussed in two reviews regarding the subject

of statistics for experimental measurements (168,169).

A single-factor optimization strategy was utilized for selecting the experimental conditions

of the Pg DS-CL system. The strategy is described below for five independent studies. However,

a modified-simplex method was also used to reestablish the optimum experimental conditions and

these results are discussed briefly after the single-factor dependency studies.

PH dependency. The pH dependency study consisted of two experimental sets. First,

the pH of the cell mixture was varied from 2.3 to 12.9 by changing the KOH concentration and a

region near a pH of 10 was selected for follow up study. Next, the Co(II)-enhanced analytical CL

signals using K2HPO4 or NaHCO3 buffer solutions adjusted with KOH to obtain a cell pH of 10.0

were compared. The Co(II)-enhanced analytical CL signals derived from KOH or the NaHCO3

buffer system are within one standard deviation. Whereas, the Co(II)-enhanced analytical CL

signal derived from a K2HPO4 buffer system is about half the intensity observed with a KOH

solution. Therefore, a NaHCO3 buffer system was selected for further studies.

The pH dependency results for a NaHCO3 buffer system are exhibited in figure IV.8 with

additional information in figure D.1 of appendix D. The pH was adjusted by adding KOH pellets

to a stock 0.5-mol/L NaHCO3 solution. A broad maximum in the Co(II)-enhanced analytical CL

signal is evident over the pH range of 9.5 to approximately 10.1. The analytical signal and

detection limit define a slightly narrower optimal cell-pH region of 9.7 to 9.9 and this pH range was

selected for the Pg DS-CL system.

Data for a pH above 10.3 are not shown due to buffer limitations. However, additional

experimental results utilizing KOH only, confirmed the negative slope trend shown for the analytical

CL signal above a pH of 10.1. No significant analytical signal or detection limit gains are realized

when greater than 80-mmol/L NaHCO3 is used as the cell concentration. Thus, an initial con-

centration of 0.5-mol/L NaHCO3 was selected28 for most applications. When a higher buffering

capacity was desired, a stock 1.0-mol/L NaHCO3 solution was utilized.

°the list of designs include; a two- or three-level fractional-factorial design, a star design, a
central-composite design, or the Box-Behnken design (167).

28A 0.5-mol/L NaHCO3 stock solution is diluted to a 100-mmol/L NaHCO3 cell concentration.
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Figure IV.8 pH Dependency Study

Cell conditions: 10-mmol/L Pg; 140-mmol/L H202; 100-mmoi/L NaHCO3;
Kgy: 10-ng/mL Co(II) [- o -]; background CL [- o -]; detection limit [- -].
background CL-signal noise = 0.017 nA
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Temperature dependency. The effect of temperature in an 18 to 40° C range is shown in

figure IV.9. Since the analytical signal and detection limit do not change significantly over the

temperature range studied, a temperature of 25° C was chosen for convenience.

The Arrhenius plots shown in figure IV.10 portray a positive deviation from linearity for the

background CL signal and the 10- to 30-ng/mL Co(II)-enhanced CL signals. The deviation may

be due to the two or more simultaneous reactions taking place or quantum mechanical tunneling

as in electron transfer reactions.

The linear Arrhenius plots obtained with 1- and 10-pg/mL Co(II) solutions have a statis-

tical correlation coefficient of 0.99 and yield a calculated activation energy of 14 kcal/mol.

Slawinski (117) obtained an activation energy of 8.1 kcal/mol utilizing conditions which were

similar to the background CL reaction conditions with purpurogalline substituted for Pg. Also,

Slawinska proposed that the purpurogalline and Pg-CL reactions were similar in nature. Nilsson

observed an activation energy of 8.4 kcal/mol for a Pg + H202 + peroxidase CL system (109).

The activation energy from a leuco-malachite green + peroxidase system (170) was calculated

to be 11.5 kcal/mol (109). The results of the two enzyme studies led Nilsson to propose that the

CL step during Pg oxidation is a secondary, non-enzymatic reaction yielding a lower energy of act-

ivation. Perhaps, the 8.1 kcal/mol and 8.4 kcal /moi values reported reflect similar CL-reaction

pathways were involved for the enzymatic and non-enzymatic reactions involving Pg and thus

support the lower activation energy value. If true, the 14-kcal/mol value reported here may reveal

an alternative CL reaction pathway is favored in the presence of high concentrations of Co(II).

Mixing order. Montano and Ingle (137) reported a mixing order dependency of the

reagents utilized in the lucigenin CL system. The dependency affected both the precision of a

background CL signal derived from a reagent blank and the analysis time. For the Pg DS-CL

system, the mixing order of the first three reagents has no significant effect on the subsequent CL

signal. Therefore, the number of analytically significant mixing orders was assumed to be

equivalent to the total number of reagents mixed, which was four.

The injection of an analyte or a blank solution last was the only mixing order that

produced a background CL signal prior to the injection of the last solution. The analyte or blank

solution was injected after a one-minute delay time between the mixing of the first three reagents

to assure a relatively stable background CL signal. Injection prior to the plateau region resulted

in a significant decrease in the analytical signal. The analytical difficulties associated with injecting

a solution on a rapidly changing slope can however be minimized by an automated process. For

a manually operated system, the injection of an analyte last was deemed undesirable because the

analysis time was increased by approximately 50% and the analytical signal was dependent on
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Figure IV.9 Temperature Dependency Study

Cell conditions: 20-mmol/L Pg; 230-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9)
Key: 10-ng/mL Co(II) [- o -]; background CL [- o -]; detection limit [- -].
background CL-signal noise = 0.017 nA.
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Figure IV.10 Arrhenius Plots for Various Co(II) Concentrations

Cell conditions: 20-mmol/L Pg; 230-mmol/L H202; 100-mmol/L NaHCO3
(pH 9.7). iSgy: background [- -]; 10-ng/mL Co(II) [- + -];
30-ng/mL Co(II) [- o -]; 1.0-Ag/mL Co(II) [- A -1; 10-pg/mL Co(II) [- x -].
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the actual injection time29 of the analyte or blank solution.

The injection of the Pg solution last increases the background CL signal by a factor of four

while no significant enhancement of the 10-ng/mL Co(II)-enhanced analytical CL signal was
observed. The Pg last mixing order was therefore unacceptable.

The results obtained by injecting the H202 or the NaHCO3 buffer solution last were

comparable. However, when H202 was injected last, the total CL signals derived from both the

reagent-blank and Co(II) solutions were dependent on how long the Pg and buffer solutions were

allowed to react prior to the injection. The time delay affects both the analytical CL signal and the

reproducibility of the background CL signal but does not affect the detection limit for Co(II). The

observed enhancement of the total CL signal as a function of pre-injection time may be due to a

higher concentration of the anionic form of Pg at the onset of the reaction or to a higher concen-

tration of an intermediate species involved in the CL reaction, such as a semiquinone. Finally, the

results obtained with three of the four mixing orders are given in table IV.4.

Table IV.4 Summary of the Mixing Order Dependency Experiments a

Last CL Signal (total), nA Analytical DL
Reagent Signal
Injected blank 10 ng/mL Co(II) (nA) (ng/mL)

NaHCO3 0.65 1.01 0.36 0.4

H202 0.67 1.02 0.35 0.5

Pg 2.39 2.25 -0.14

a Cell conditions: 10-mmol/L Pg; 140-mmol/L H202; 200-mmol/L NaHCO3
(pH 9.7). DL = detection limit.

In summary, the injection of the buffer lastwas selected as the preferred mixing order for

three reasons. First, the magnitude and precision of the CLsignal are independent of the injection

The injection time in this case is defined as the actual time required for the syringe to deliver
1 mL of solution.
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velocity or the pre-injection delay time. Secondly, the analytical signal and detection limit are

similar to the results obtained with by injecting H202 last. Lastly, the analysis time is the shortest.

Dependency on H2Q2. An interdependency of the effect of Pg and H202 concentrations

was recognized early and it is probably associated with the two or more proposed reaction

pathways discussed in chapter II. Therefore, a CL signal response matrix as a function of both

the Pg and H202 concentrations was determined. First, the analytical signal and detection limit

were extracted from the data and a Pg concentration selected. Next, the H202 concentration was

reevaluated using the Pg concentration selected above. The selected Pg concentration was

then confirmed by a reduced number of experiments involving various H202 concentrations. The

effect of varying H202 concentration on the CL response curve is shown in figure D.3 of
appendix D.

The total CL signals and detection limits for the reagent blank and 10-ng/mL Co(II) solu-

tions are depicted in figure IV.11 as a function of H202 concentration. The background, Co(II)-

enhanced, and analytical CL signals rapidly increase and the detection limit improves as the H202

cell concentration increases from 7.8 to 100 mmol/L. Above a cell concentration of 100 mmol/L,

the analytical signal and detection limit continue to improve gradually.

A final H202 cell concentration of 140 mmol/L was selected because the analytical signal

and detection limit are within a factor of two of those for a 1.9-mol/L H202 cell concentration.

Also, the precautions that must be used when handling a stock solution of 9.8-mol/L H202 are

not required for a stock solution of 0.68-mol/L H202.

Pg dependency. The selection of a Pg concentration to use for the analysis was

accomplished by first evaluating the analytical signal and detection limit results shown in

figure IV.12 and then the dynamic range of the calibration curves shown in figure IV.13. The incre-

ase in the analytical CL signal paralleled the improvement in the detection limit as the Pg cell con-

centration increases to 5- mmol/L. Therefore, a reasonable choice for the cell Pg concentration

is 5 mmol/L or above with the analytical signal and detection limit as criteria. Note that, all the

calibration curves shown depict a negative deviation in the slope at high concentrations of Co(II).

Although it is not obvious from the curves in figure IV.13, the CL signal for Pg concentrations

below 10-mmol/L Pg showed an appreciable positive deviation from linearity for Co(II)

concentrations below 30 ng/mL. The two effects cause the calibration curves to be S-shaped.

For higher Co(II) concentrations, the negative deviation was more pronounced for a 20-mmol/L

Pg solution than that of a 10-mmol/L Pg solution. Based on all studies, a 10-mmol/L Pg cell

concentration was selected for futher analysis.

The observed non-linearity at high Co(II) concentrations might be attributed to light

scattering or absorption by a water-soluble, brown-polymeric, end-product originally identified for
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Figure IV.11 H202 Dependency Study

Cell conditions: 10-mmol/L Pg; 100-mmol/L NaHCO3 (pH 9.7)
Key: 10-ng/mL Co(II) [- + -]; background CL signal [- -1;

detection limit (- III -1. typical background-CL signal noise = 0.017 nA.
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Figure IV.12 Pg Dependency Study

Cell conditions: 140-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9)
Key: 10 -ng /mL Co(II) + 1; background CL signal [- 0 -1:
detection limit [- 1. typical background-CL signal noise = 0.017 nA.
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Figure IV.13 Family of Co(II) Calibration Curves as a Function of

Pg Concentration

Cell conditions: 140-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.7).
Key: 1-mmol/L Pg [- + -]; 2-mmol/L Pg [- o -]; 5- mmol /L Pg [- o -1;
10-mmol/L Pg [- A -]; 20-mmol/L Pg [- x -]. typical background-CL
signal noise = 0.017 nA.
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a Pg-CL system by Slawinska and Slawinski (116). Alternatively, the measured CL signal may
reflect two competing Co(II)-sensitive reactions that have different reaction kinetics or CL
efficiencies. The overlap of the absorption spectra and the CL spectrum illustrated in figures IV.3
and IV.4, respectively, may support a self-absorption hypothesis. Neiman and Steig (72) have
reported self-absorption effects associated with the gallic acid CL system that is probably similar
to the Pg-CL system.

Simplex optimization. The last study of this section entails a brief analysis of a simplex
optimization strategy used to examine the effect of the experimental conditions in the Pg-CL
system. As discussed above, the Pg-CL system involves several highly interactive variables. The
complications associated with establishing final experimental conditions for interactive variables
by a single-factor strategy can be visualized with the aid of figure 1V.14. The geometric response
surface for two non-interactive variables is a plane as shown in a and the curvature in b reveals
a moderate degree of interaction between two variables. Using a single-factor strategy, one can
infer from the figure that the total number of experiments required to define the response surface
is greater for two interactive variables than for two non-interactive variables. However, the use of
a multiple-factor strategy may accomplish the task using the same number of experiments for the
two cases. Still, a single-factor optimization strategy may successfully identify the maximum of
a complex response surface provided the interaction is realized by the analyst and a detailed
mapping of the response surface is obtained. If the interaction is between three or more variables,
a mapping of the response surface can become a formidable task. In this case, a modified sim-

plex-optimization procedure may reveal starting experimental conditions without acquiring a
"chemical feel" for the CL system and with a fewer number of experiments. To paraphrase, a mul-
tiple-factor optimization strategy may led to a substantial reduction in the total time required to
complete a dependency study and possibly improve the analytical signal and detection limit.

The procedure followed was to place the variables of the Pg-CL system into two groups
prior to selecting a starting simplex for a three variable optimization scheme. The grouping was
based on a prior knowledge of the Pg-CL system, which was gained from the single-factor
optimization study presented above. The two groups consisted of those variables that do exhibit

3°Typically, an unconfirmed suspicion of possible interactions by the analyst is termed the
"chemical feel" of the system. This feel is a very powerful tool In analytical chemistry as well as
other scientific fields. The author proposes that the "chemical feel' is actually a form of pattern
recognition where a stochastic process eventually provides the analyst a subconsciously
generated model. The software packages termed expert systems and artificial intelligence
probably represent mans early attempts to quantity this process.
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Figure IV.14 Graphic Representation of Response Surfaces for

Non-Interactive and Interactive Variables

(a) A response surface exhibiting insignificant variable interaction
(b) A response surface exhibiting significant variable interaction
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an interaction31 and those variables that do not exhibit an interaction32. Next, a starting

simplex was selected near one of the boundaries of the expected response surface. Lastly,

several interactive searches for the optimal H202, Pg and KOH concentrations were initiated using

different starting simplexes. The optimization criterion was the analytical signal.

During the search, a strength and a weakness of a simplex search method for CL-based

measurements were realized. The strength being the relative ease that the simplex method

identifies and tracks interactions between variables. As an illustration, two brightly colored inter-

mediates were observed for the Co(II)-enhanced Pg-CL reaction using different experimental

conditions. The color of one intermediate is blue and the other is red. The latter intermediate

appears as a reddish-brown color when the reaction cell is viewed from the side. Although this

intermediate was not noticed during the single-factor optimization strategy, it is probably the

correlated to the observed change in the peak shape when the pH dependency study was being

performed. These CL response curves are illustrated in figure D.5 of appendix D. Under the

conditions that cause a red intermediate, two maxima were observed in the CL response curve.

The magnitude and response time of the second maximum was affected by the initial Co(II)

concentration. Also, the observed Co(II) calibration-curve sensitivity near the detection limit was

similar to the sensitivity observed with a Pg-CL reaction mixture that was associated with the

appearance of a blue intermediate species. However, the reproducibility of the CL signal intensity

and response times were not acceptable.

The observed weakness of the simplex system is that experimental design decisions are

often made dynamically when investigating local optima. As an example, the decision to modify

the CL response expression to investigate the experimental conditions required for observing the

blue and red intermediates was made after several experiments were performed. The decision

involved a change in the original CL-response expression which invalidates conclusions from

previous simplexes. Such decisions can be made when the analyst is familiar with the CL system,

but the use of an inflexible CL response expression may lead to a significant experimental design

error when new CL systems are being investigated. The error is derived from the assumption that

the selected response expression will incorporate all local optima that might be of interest to the

analyst.

The experimental cell conditions selected by the simplex optimization for the blue

intermediate were 10-mmol/L Pg of 800-mmol/L H202 + 120-mmol/L KOH. These conditions

31This group includes the following interactions; H202 and Pg, Pg and Co(II), and H202 and
CH2O.

32This group includes pH, temperature, and mixing order.
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give a detection limit of 0.5-ng/mL Co(II) and a calibration sensitivity of 0.08 nA-mL/ng. All of

these findings are in good agreement with the single-factor optimization strategy. The optional

experimental conditions for observing the red complex were 7-mmol/L Pg + 380-mmol/L H202 +

350-mmol/L KOH. This Pg system was not studied any further; however, two peaks were also

observed during the early stages of the investigation of the pH dependency with various KOH

solutions. Although the red complex was not recognized at the time, it was probably present. The

CL response signals for this system are illustrated in peaks g through i in figure D.1 of appendix D.

Conclusions. These studies using two basic statistical strategies provided some insight

on the applicability of each strategy for assisting the analyst in experimental design. The

advantages of a single-factor optimization scheme include the acquisition of mechanistic and

kinetic information, an acquired feel for the relative sensitivity of a measured response to different

variables, the obtainment of a qualitative knowledge of the degree of interaction between variables,

and a well characterized level of confidence in the chemical system investigated. The primary

disadvantages for the single factor analysis strategy are the experimental design difficulties and

the associated number of experiments required to characterize fully a response surface which

includes two or more interactive variables. The primary advantages of the simplex optimization

scheme include the procurement of optimized response characteristics, even for highly interactive

variables, and the relatively few experiments required to obtain a solution set. The primary disad-

vantages of the multiple factor analysis strategies are probably associated with an inability to

obtain a "chemical feel" for the system, an inherent inflexibility in the response expression or

model, the sensitivity of the strategy to variable scaling, and the assumption that the precision of

a measurement anywhere on the response surface does not exceed a predetermined range.

Finally, the results of this study supports a combination of the two statistical strategies for

selecting experimental conditions for research oriented investigations. In general, a single-factor

optimization strategy such as iterations of a sequential equal-interval search technique should be

implemented singularly or utilized in combination with a multiple-factor strategy if a "chemical feel"

or pattern recognition is desired33. A multiple-factor optimization strategy such as the modified

simplex method should be implement for rapidly obtaining a set of experimental conditions for a

known analysis procedure34.

33A "chemical feel" is probably desirable for basic research activities and advanced
developmental efforts in analytical chemistry, kinetics type measurements, and as a software
development tool.

34Typical examples include chromatographic separation techniques, continuous flow systems,
other non-research oriented applied analytical chemistry applications and systems which can be
modeled by a deterministic modeling technique.
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C. Cationic and Anionic Study

A cationic and anionic investigation was completed for the Pg-CL system to identify which

species would interfere with the determination of Co(II), to provide mechanistic insight regarding

the role of CL enhancers and inhibitors, and to evaluate if the detection of ions other than Co(II)

was feasible.

Procedure. The general procedure ensued was to first obtain a three- to five-point calibra-

tion curve for each species by substituting a solution of the test species for the Co(II) solution in

the normal analysis procedure. Generally, the study was initiated with a stock 100-pg/mL solution

of the species followed by a serial dilution of the stock solution to a concentration where the total

CL signal could not be distinguished from the background signal.

Results. The calibration sensitivity and detection limits are summarized in tables IV.5 and

IV.6. A negative sensitivity signifies an inhibition, whereas, a positive sensitivity symbolizes an

enhancement of the background CL signal by the analyte. The listed detection limits for species

other than Co(II) may not reflect the best achievable by a Pg-CL system because the experimental

conditions were selected for determining Co(II). For example, the detection limit for Fe(II) is listed

as 2 pg/mL. However, if the first three reagents were allowed to mix for 5 min prior to injecting

a buffer, a calculated detection limit of 34-ng/mL Fe(II) was obtained.

The actual interferent effect on the Co(II)-enhanced CL signal was further characterized

by "spiking' a 5-ng/mL Co(II) solution with a selected interferent species. The CL signal from the

spiked solution was then compared to that from a 5-ng/mL Co(II) solution. The experimental

results, depicted in table IV.7, show whether or not the concentration of interferent species incited

significant enhancement or inhibition of a Co(II)-enhanced Pg-CL signal. The interference level of

a given species is defined here as the concentration of the species in the presence of

5-ng/mLCo(II) that causes an observed CL signal to deviate by greater than two standard devi-

ations from the observed CL signal without the test species present. Of the species tested, most

have interference levels within a factor of two of the detection limits presented in tables IV.5 and

IV.6. The exceptions include Fe(II) and EDTA. These species had interference levels of

approximately 0.6 and 0.2 pg/mL, respectively, which is below their respective detection limits.

Neiman and Steig (72) noted a similar suppression of the Co(II) signal for the gallic acid

CL system in the presence of complexing agents and they proposed that the degree of

suppression could be determined by calculating the concentration of uncomplexed Co(II) in the

solution. Calculations for the Pg DS-CL system with EDTA indicated a similar behavior. The

formation of the Co(II)-EDTA complex should be quantitative for 0.1-pmol/L Co(II) and 0.1-mmol/L

EDTA concentrations at a cell pH of 10 (171). However, the best fit of the data was obtained
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Table IV.5 Cation Sensitivity for the Pg-CL System a

Cation
Calibration
Sensitivityb
(nA-mL/gg)

Detection
Limit

(.ig/mL)

Relative°
Intensity

U(I)
Be(II)
Na(I)
Mg(II)

1.7 x 10-5
3.3 x 10'3

> 1.0 x 102
> 1.0 x 102

2.0 x 103
1.0 x 101

0.0002
0.05

A1(111) -1.9 x 10'3 1.8 x 101 0.03
Si(IV) 4.0 x 10'4 8.5 x 101 0.6
Ca(II) 5.5 x 10'3 6.0 x 10° 0.08
Sc(III) -1.1 x 104 3.0 x 10° 0.2
V(V) 2.7 x 10'2 1.0 x 10° 0.5
CO II) 1.2 x 10-2 3.0 x 10° 0.2
Cr(VI) 5.6 x 104 6.0 x 10'1 0.8
Mn(II) 8.6 x 10-1 4.0 x 104 12
Mn(VII) 1.6 x 10-1 7.0 x 104 7
Fe(II) 8.4 x 10'3 4.0 x 10° 0.1
Fe(III) 9.5 x 10'3 2.0 x 10° 0.2
Co(11) 6.5 x 10-1 5.0 x 104 1000
Ni(II) 1.0 x 104 3.0 x 10o 0.2
Cu(II) > 1.0 x 102
Zn(II) 1.2 x 104 3.0 x 100 0.2
Ga(III) > 1.0 x 102
Ge(IV) > 1.0 x 102
As(III) 5.5 x 10'3 6.0 x 10° 0.08
As(V) 2.7 x 10-3 1.3 x 101 0.04
Se(IV) > 1.0 x 102
Sr(11) 1.5 x 10'2 2.0 x 10° 0.2
Y(III) 7.1 x 10"3 5.0 x 10o 0.1
Zr(IV) > 3.3 x 101
Nb(V) -1.8 x 10-3 1.9 x 101 0.03

a Cell Conditions: 10-mmol/L Pg; 140-mmol/L H202;
200-mmol/L NaHCO3 (pH9.9).

b Sensitivity at the detection limit.
c Relative intensity at the detection limit compared to Co(II),

where Co(II) is assigned 1000.
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Table IV.5 Cation Sensitivity for the Pg-CL System (continued)

Cation Sensitivityb

(nA-mL/Ag)

Detection
Limit
(.ig/mL)

Relative C

Intensity

Mo(VI) 8.5 x 10-4 4.0 x 101 0.01
Ru(111) 1.6 x 10.1 2.0 x 104 2

Rh(III) > 1.0 x 102
Pd(11) > 1.0 x 102

_

Ag(I) 1.6 x 104 2.0 x 104 2

Cd(II) 8.4 x 10'2 4.0 x 104 1

Sn(ll) - > 1.0 x 102
Sb(II) 7.5 x 103 4.0 x 100 0.1

Ba(II) 2.4 x 103 1.4 x 101 0.03
La(III) > 1.0 x 102
Ce(III) 1.6 x 10-2 2.0 x 100 0.2
Nd(III) 1.0 x 103 3.0 x 100 0.2
Tm(III) > 1.0 x 102
Hf(IV) > 3.3 x 101
Ta(III) -2.0 x 103 1.7 x 101 0.03
W(VI) > 1.0 x 102
Re(VII) > 1.0 x 102
Os(VIII) 1.7 x 100 2.0 x 104 25
Ir(111) > 1.0 x 102
Pt(IV) 9.9 x 10-2 3.0 x 104 2
Au(III) 1.2 x 104 3.0 x 104 2

Hg(II) 8.0 x 103 4.0 x 100 0.1

Pb(II) 1.2 x 104 3.0 x 100 0.2
BI(II) 1.9 x 10-3 1.8 x 101 0.03
Th(IV) -2.7 x 10'2 1.0 x 100 0.5
U(VI) - > 1.0 x 102
NH4 -5.7 x 103 6.0 x 100 0.08

b Sensitivity at the detection limit.
c Relative intensity at the detection limit compared to Co(II); where, Co(II) is

assigned 1000.
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Table IV.6 Anion Sensitivity of the Pg-CL System a

Anion Sensitivityb

(nA/A9/mL)

Detection
Limit

(p,g/mL)

Relative
Intensive b

F > 1.0 x 102

S2- 3.6 x 10-2 9.0 x 10'1 0.6

SO42- > 1.0 x 102

S2082' 1.5 x 104 2.0 x 10° 0.2

Cr 1.2 x 10'5 2.9 x 103 0.0001

OCI- 4.0 x 10'1 3.0 x 10'1 2

C104 > 5.0 x 102

Br > to x 102

I- 4.6 x 10-2 7.0 x 10.1 0.7

104 1.6 x 10"2 2.0 x 10° 0.2

C032- > 1.0 x 102

PO,' 7.5 x 104 4.5 x 101 0.01

NO3 > 1.0 x 102

CH2O 5.5 x 10-3 3.0 x 10° 0.1

EDTA > 5.0 x 101

Humic Acid > 1.0 x 102

a Cell Conditions: 10-mmol/L Pg; 140-mmol/L H202;
200-mmol/L NaHCO3 (pH 9.9).

b Sensitivity at the detection limit.
c Relative intensity at the detection limit compared to Co(11);

where, Co(II) is assigned 1000.
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Table IV.7 Interference Study of the Co(II) Enhanced Pg-CL System a

Cation
(1.1g/mL)

Cation
Concentration

(ng/mL)

Co(II)
Concentration

(nA)

CL signal
(analytical)

(i.zg/mL)

Interference
Level

Fe(II) 1.0
1.0

5.0

5.0

0.22
0.025
0.31

0.6

5.0 0.22
Mg(II) 5.0 0.055

5.0 5.0 0.22

5.0 0.24
Ca(II) 10 0.16 3

10 5.0 0.38

2.5 0.075
Ca(II) 10

+ 2.5 0.23
Mg(II) 2.5

5.0 0.23
A1(111) 50 -0.12 9

50 5.0 -0.01 --> 0.01

5.0 0.17
Mn(II) 0.5 0.09 0.3

0.5 5.0 0.23

a Cell conditions: 10-mmol/L Pg; 140-mmol/L H202; 100-mmol/L NaHCO3
(pH 9.9).
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Table IV.7 Interference Study (continued)

Interferent
Interferent

Concentration
(mg/mL)

Co(II)
Concentration

(ng/mL)

CL signal
(analytical)

(A)

Interference
Level

(Ag/mL)

EDTA 0.04 - 22
0.04
0.20
0.70
2.2
7

10

10
10

10
10
10

0.42
0.00
0.41
0.38
0.31
0.27
0.10

0.9

0.9
0.2
0.2
0.6
0.9

22 10 0.03 2.2

humic 10 0.21
acid 50 0.01 > 50

50 10 0.21

10 0.18
CH2O 50 0.20 5

50 10 0.42

a Cell conditions: 10-mmol/L Pg; 140-mmol/L H202; 100-mmol/L NaHCO3
(pH 9.9).
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by assuming a conditional stability constant35 for a 1:1 Co(II)-EDTA complex at a pH near 3.

Since the solution pH is about 2 prior to injecting the buffer solution, a plausible explanation is that

the reaction kinetics may be important. If the EDTA complexation reaction of the remaining free

Co(II) is slow relative to the CL reaction time, the higher pH environment would have a minor

influence on the amount of Co(II) complexed. Finally, a solution containing 10-ng/mL or

0.2- pmol /L Co(II) and 0.1-mmol/L EDTA rendered a 7% suppression while EDTA concentrations

of 50 idmol/L or more resulted in a greater than 99% suppression of the Co(II)-enhanced Pg-CL

signal.

The effects of humic acid (HA) on the Pg DS-CL system were studied because of HA role

as a naturally occurring organic sequestering agent (172) and since HA, a complex polyphenol,

had a detectable CL signal in the absence of Pg. When 0.02% (w/v) of HA was substituted for

Pg in the reaction mixture, the HA background CL signal was approximately 150% times greater

than the Pg derived background CL signal, and the analytical CL signal for a 1-pg/mL Co(II)

solution was only 6% of the Pg derived CL signal. The detection limit for Co(II) was estimated to

be 20 ng/mL.

Earlier, Slawinski (110) reported that 0.1 urnol/L of CH2O could be detected by a gallic

acid CL system. Since Pg and gallic acid CL systems are chemically similar, CH2O from a

formalin stock solution was evaluated using the Pg DS-CL system. The detection limit for CH2O

was 3 pg/mL or 0.10 mmol/L utilizing the experimental conditions for determining Co(II).

Without Pg, a 0.01% (v/v) OCI" solution yielded a background CL signal that was 77% the

CL emission intensity of a normal Pg derived background CL signal. The MI' + H202 derived

CL signal was not enhanced by the addition of as much as 10 jig/mL Co(II). The observed

emission is probably due to the reduction of the hypochlorite ion by H202 (173).

Several of the inhibitors listed in tables IV.6 and IV.7 are known to form complexes with

Pg (72,174). Therefore, the inhibitor may effectively decrease the free Pg concentration in the

reaction mixture. However, some of the observed enhancers form Pg complexes too. Perhaps

the chemical kinetics associated with the formation of such complexes account for the observa-

tions.

Unusual systems. The time dependency of the Fe(II)-enhanced CL signal was only

observed if Fe(II) + H202 + Pg are all mixed together prior to the injection of the buffer. At Fe(II)

concentrations of 100 lig/mL and above, a CL signal was observed prior to the injection of buffer.

Also, the observed CL signal was always enhanced by the buffer injection regardless of the time

35 [COY21

Kf ry4-1 [co2 +
7.9 x 105 (mol/L)-1 at pH 3
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delay utilized. The time dependence illustrated in figure D.6 of appendix D is probably due to the

decomposition of H202 by Fe(II).

The unique Mn(II)-based CL response curve exhibited two CL signal maxima for con-

centrations between 1-pg/mL and 100-pg/mL Mn(II). The first maximum was observed within

0.5 s after the injecting the buffer solution. The second maximum was observed between 30 s and

7 min after the injection of the buffer solution, depending on the initial Mn(II) concentration. The

latter peak was preceded by the formation of a brown precipitate36 followed by an immediate

CL emission and the subsequent dissolution of the brown precipitate. The dissolution process was

accompanied by a visually observed clearing of the reaction mixture and the evolution of gas

bubbles. The later CL signal is proposed to require the decomposition of H202 by the

Mn(OH)2-Mn02 couple. Comparable CL response signals were also observed for KMnO4

solutions. In the presence of acidic Pg, Mn(VII) is probably reduced to Mn(II) as indicated by the

loss of color observed at a pH of 2 and prior to the injection of H202 or a buffer solution.

Additional observations. Several visual observations of unusual end products or response

characteristics deserve further comment. As for the Mn(ll)- and Fe(II)-enhanced Pg-CL signals,

Ru(ll), Ag(I), V(V), I' and S2-, all produced response curves that differed significantly from the

observed Co(11)-enhanced signal. Similar to Mn(ll), a 100 tig/mL Ru(Ill) solution produces two

maxima in the CL response curve. The first maximum was observed in less than 0.5 s following

reaction initiation. The second maximum appeared after 2.7 min. A 10-4g/mL Ru(111) solution

produced a single maximum in the response curve that was one tenth the CL signal intensity of

a 100-pg/mL Ru(III) solution.

The behavior of the Ag(1) ion was not fully characterized due to the formation of a white

precipitate over a wide range of post-injection times. The formation of the white precipitate may

explain why the Ag(1)-induced CL response curves were not reproducible. The Ti(11) ion also forms

a white precipitate but the resulting precipitate was stable and formed immediately after the

injection of a buffer solution with no time dependency observed.

Three cationic species inhibited or quenched the reagent-blank CL signal resulting in

negative calibration sensitivities for the respective calibration curves. Both Sc(III) and A1(111) ions

quenched the reagent blank CL signal throughout the concentration range evaluated. However,

the V(V) ion showed an enhancement effect up to and including a concentration of 20 pg/mL

At 50-p.g/mL V(V), the CL signal was only slightly inhibited and at 100 gg/mL the CL signal was

further surpressed as shown in table IV.5.

Finally, both the I" and S2- anions showed curious Pg reaction features too. The addition

36Possibly Mn(OH)3 or Mn02.
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of an acidic Pg solution to an acidic solution resulted in the formation of a reddish-brown solu-

tion. The presence of 12 was not determined. Also, S2' solutions enhanced the Pg-CLsignals up

to 33 pg/mL. However, for a 100-pg/mL S2' solution two to three maxima in the CL response

curve were observed. The CL intensity of the first maximum was less than that from a 33-pg/mL

S2' solution. However, the peak CL intensity of the second and possibly a third maxima were

equally or more intense than that from the 33-mg/mL S2" solution.

D. The Determination of Co(I!) in Natural Samples

The cationic and anionic studies summarized in tables IV.6 and IV.7 showed the

enhancement or inhibition effects of a number of species to the Pg-CL reaction. However, the

detection limit and interference level for most species are above 1 pg/mL. The detection limits

for only Cr(VI), Mn(II), Mn(VII), Ru(III), Ag(I), Cd(II), Os(VIII), Pt(II), and Au(III) are below 1 pg/mL.

Therefore, only Ca(II), Mg(II), and possibly natural sequestering agents would be potential inter-

ferences in most fresh water samples. The effect of complexing agents may be minimized by an

acid digestion step. In biological samples, interference should be expected from Ca(II) and Mg(II)

after an acid digestion step. The ions Fe(II), Zn(II), Mn(II) and Mn(VII) could cause problems for

some natural samples too. Since the relative CL signal response of a Co(II)-enhanced CL signal

is much greater than most elements, sample dilution in some cases would bring the concentration

of the potential interferant species below its interference level. Also, Co(II) concentrations in bio-

logical samples are typically between 0.1 to 1 tig/g. Therefore, a simple dilution step may be

sufficient to remove the interference effects in the acid digested solution.

Calibration curve. Figure IV.15 depicts a log-log calibration curve for determining Co(II)

utilizing the experimental conditions selected in the dependency study. The log-log plot is linear

from the detection limit of 0.47-ng/mL to 10-pg/mL Co(II), which results in a linear region of over

four orders of magnitude with a slope of 0.77 and a correlation coefficient of 0.99. The calibration

curve a in figure IV.16 depicts the analytical signal as a function of the Co(II) concentration below

10-ng/mL Co(II) and exhibits a calibration sensitivity of 0.072 nA-mL/ng and a correlation coef-

ficient of 1.00. The relative standard deviation in the Co(II) enhanced Pg CL signal near the detec-

tion limit is approximately 10 to 30%, and at concentrations well above the detection limit, the

value is typically 1 to 3%. The rms noise in the background CL signal was typically 0.017 nA for

this experiment and it did not exceed a two fold increase throughout this investigation.

Sample preparation. The applicability of the Pg DS-CL technique to study natural samples

was evaluated by assaying tap water, Willamette River water, and an NBS bovine liver sample

(175). Earlier, Montano reported a 5- to 15-pg/mL Ca(11), 3- to-5 pg/mL Mg(II), and 0.1- to
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Initial Co(II) Concentration, ng/mL

Figure IV.16 Linear Calibration Curve for the Determination of Co(II)

Cell Conditions: 10-mmol/L Pg; 140-mmol/L H202; 200-mmol/L NaHCO3
without 300-Ag/mL Ca(II) [- -]; with 300-Ag/mL Ca(II) [- + -].
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0.3-ILg/mL Fe(II) content in the water supply system (137). If the mineral content in the water
supply did not fluctuate radically since the Montano study, only Ca(11) could be considered a

potential interferent species for the determination of Co(II) as extrapolated from the data in
tables IV.5 and IV.6. Since Co(II) concentrations in natural water are usually below 10 ng/mL and
often below 1 ng/mL, the sample dilution method is not a viable technique to eliminate the
potential Ca(ll) interference.

The calibration curve for Ca(11), shown in figure IV.17, exhibits an analytical CL signal
nearly independent of the Ca(11) concentration from 250 to 400 pg/mL The sharp decrease in
the CL signal above 400-p,g/mL Ca(II) coincides with the formation of a white precipitate37. A

similar plateau effect over about the same concentration range was observed for Mg(II). However,

the addition of 1- to 10-ng/mL Co(II) to solutions containing a Mg(ll) concentration corresponding

to the plateau revealed a quenching effect on the Co(II)-enhanced CL signal. A similar treatment

to solutions with Ca(11) concentrations on the plateau resulted in an enhanced Co(ll) CL signal

even at the 1-ng/mL Co(II) level. The reagent blank and Co(ll) standards were subsequently ad-
justed to contain 300-Rg/mL Ca(II) and the Co(11) calibration curve obtained is shown as curve b,

in figure IV.16. Curve b is linear over the same region as curve a, without added Ca(ll), but the

calibration sensitivity is significantly enhanced from 0.072 to 0.33 nA- mL /ng. However, the en-

hanced calibration curve sensitivity is matched by an increase in the absolute standard deviation

of the CL signal from the background CL reaction. As a result, the detection limit for Co(11)

remained unchanged. Still, the interference level for Ca(11) was increased to 26 lig/mL, a level

which is higher than that found in most water samples. The interference levels for Mg(ll), A1(111),

Mn(II), Fe(III), Oa, CH2O, EDTA, and HA were also evaluated in the presence of a 300-gg/mL

Ca(II) spike and each was found to be within a factor of two of the values obtained without spiking

with 300-tig/mL COI). However, the interference level for Zn(II) was lowered to 1-pg/mL Zn(11),

and a significant fraction of the HA formed a precipitate in the presence of the large Ca(II) concen-
tration.

Results. The results of the Co(II) assay for two water samples spiked with 300-4g/mL
Ca(11) exhibited a Co(II) concentration near or below the detection limit as shown in table IV.8.

A multiple addition method for determining Co(II) was completed also. The calibration sensitivity

derived from the multiple addition curves shown in figure 1V.18 are comparable to the calibration

sensitivity derived from a standard solutions curve shown in figure IV.16. The determination of
Fe(II) concentration in water samples was accomplished by allowing the first three reagents to mix

for 5 min prior to injecting a buffer solution. The results indicate a Fe(II) concentration below the

371-he white precipitate is probably Ca(OH)2.
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Initial Ca(II)I I) Concentration, Hig/ml_

Figure IV.17 Calibration Curve for Ca(II) by the Pg-CL System

Cell conditions: 10-mmol/L Pg; 140-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9)
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Spiked Co(II)I I) Concentrat ion, ng/mL

Figure IV.18 Multiple Addition Method of Determining Co(II)

Cell conditions: 10-mmol/L Pg; 140-mmol/L H202; 100-mmol/L NaHCO3 (pH9.9)
Key: Co(II) calibration curve [- 0 -]; bovine liver sample [- A -];
river water sample [- + -]; tap water sample [- o -].
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detection limit of 34-ng/mL

The bovine liver sample was chosen for analysis because the matrix was well defined and

the reported Co(II) concentration was high enough to use a simple dilution method to

eliminate interference from Ca(II), Mg(II), Fe(II), and Mn(II). Prior to the determination of Co(II) in

a bovine liver sample, a three-step pretreatment was performed to minimize possible matrix ef-

fects. The steps included an ashing of the sample, an acid digestion of the sample, and finally,

a simple dilution of the sample. Specifically, three 0.50-g bovine liver samples were first ashed at

5500 C for 72 hours and then brought into solution by acid digestion with 5% (v/v) HNO3. The

acid digested sample was then transferred to a 100-mL volumetric flask and the pH adjusted to

2 by the addition of 5.0-mol/L KOH. After dilution to volume, the sample solution was suspected

of containing 0.90-ng/mL Co(II).

The measured Co(II) concentration utilizing the multiple addition method in table IV.8 was

1.3-ng/mL Co(II) which is near the detection limit of the Pg DS-CL method. The measured 1.3-

ng/mL Co(II) value correlates to an original sample concentration of 240-ng/g Co(II), or a Co(II)

concentration 44% higher than the expected value of 180-ng/g Co(II). The concentration of Co(II)

determined from an external standard calibration curve for the same sample was 0.80-ng/mL or

150-ng/g Co(II) in the original sample. After determining the Co(II) concentration, the Fe(II)

concentration was estimated by the method previously outlined above to be 410-14/g Fe(II) in

the original sample. The certified Fe(II) concentration is 270 µg /g.

An attempt to confirm the results for the determination of Co(II) in the two water samples

and bovine liver sample was accomplished by neutron activation analysis utilizing a Ge(Li)

semiconductor detector after approximately 13 hr of irradiation with a flux of 3 x 1012 neutrons per

square centimeter per second from a TRIGA II reactor (158). Prior to irradiation, the water

samples were first concentrated by a factor of twenty utilizing an evaporative technique. The

results disclosed Co(II) concentrations of 0.19-ng/mL and 0.25-ng/mL Co(II) for tap water and the

Willamette River, respectively, which is in good agreement with the Pg DS-CL technique. The

bovine liver sample was treated by the same procedure outlined above for the Pg DS-CL analysis

method, except that the sample was diluted to 50 mL gaving a final Co(II) concentration of 1.8

ng/mL instead of 0.90 ng/mL This corresponds to a Co(II) concentration of 280 ng/g in the

original sample, which is in good agreement with the Pg DS-CL results. A subsequent analysis

of the bovine liver sample by a lophine CL system (157) produced results in agreement with the

Pg DS-CL determination too.

Conclusions. A technique based on Pg DS-CL has been described for determining Co(II)

38A provisional value of 0.18-pg/g Co(II) was listed by the National Bureau of Standards (175).
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Table IV.8 Summary of Natural Sample Studya

Matrix Co(II)
Concentration

(ng/mL)

Calibration
Sensitivity
(nA-mL/ng)

Correlation
Coefficient

r

Methodologyb

Willamette
river

0.9

0.3

0.9

0.32

0.34

0.33

0.998

0.998

(a)

(a)

(b)

0.5 0.35 0.999 (a)

tap 0.2 0.59 0.990 (a)
water

0.4 0.21 0.982 (a)

1.1 0.33 (b)

synthetic variable 0.22 0.999 (c)

bovine 1.3 0.21 0.984 (a)
liver

a Cell conditions: 10-mmol/L Pg; 136-mmol/L H202; 100-mmol/L NaHCO3
(pH 9.9).

b Methodology :
(a) multiple addition with Ca(II) spiked samples
(b) extrapolation from a calibration curve
(c) Co(II) calibration curve
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in the 1- to 10-ng/mL range in water samples that are not heavily polluted and in a limited number
of biological samples. For most water samples, the primary interferent species include Mg(II),
Ca(II), and possibly natural organic complexing agents such a humic acid. In biological samples,
Fe(II) and Mn(II) in addition to Mg(II) and Ca(II), would be probable interferent species. With the
exception of Mn(II), the direct applicability of the technique could be evaluated by measuring the
concentration of the above elements with standard techniques such as flame atomic absorption
since the interferent levels are above 1 pg/mL The interferent level for Ca(II) and Mg(II) can be
successfully masked by spiking all standards, samples, and background solutions with high levels
of Ca(II) without adversely affecting the detection limit for Co(II). Potential interference problems
from Fe(II) can be evaluated by delaying the injection of the buffer for 5 min.

Few analytical techniques are directly applicable for determining Co(II) below a 10-ng/mL
concentration as previously noted (137). Five different CL systems have been reported to provide
detection limits below the 1-ng/mL range for Co(II) (23). The Pg DS-CL system may be used to
determine directly trace amounts of Co(II) in natural water samples without pretreating the sample.
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The Determination of Co (l1) by Catechol DS-CL

In this section, the determination of Co(II) in synthetic samples by catechol-based DS-CL

is described and the results in some cases are compared to those of the Pg DS-CL system. The

effects of the oxidant system and the reagent concentrations on the peak shapes and calibration

curve are presented. Also, a study was completed to attain insights into the reaction mechanism

by extracting information from the recorded data or by performing additional fractional-factorial

experiments. In appendices D and E, typical CL response curves are shown, and a number of the

various colored intermediates and end-products are tabulated. The primary purpose of this study

was to provide additional experimental details of polyphenol-based CL for use in the CF-CL studies

discussed later.

Experimental

A. Instrumentation and Reagents

The instrumentation configuration shown in figure 111.1 was used for this investigation

without modifications. The reagent concentrations are expressed as in-the-cell concentrations and

the analyte solutions are specified as the initial concentrations before dilution in the reaction cell.

A stock 0.050-mol/L catechol solution was prepared by adding 1.1 g of reagent-grade

1,2-benzenediol, manufactured by Mallinckrodt, to a 200-mL volumetric flask and diluting with a

0.010-mol/L HNO3 solution. This quantity lasted the duration of the investigation without any sig-

nificant changes in the background or analytical CL signals. All formaldehyde solutions were

prepared directly from technical-grade formalin, from Baker, having a chemical composition of

37% (w/v) formaldehyde, 12% (w/v) ethanol, and reagent-grade water. The H202 solutions were

prepared as mention in the Pg study. A stock 5.0-mol/L NaOH solution was prepared by adding

8.0 g of reagent-grade NaOH pellets, from Baker, to a 200-mL volumetric flask containing approxi-

mately 150 mL of reagent-grade water. All subsequent dilutions of the stock NaOH solution were

adjusted to a high ionic strength with 0.50-mol/L KCI.

B. Procedure

The general procedure followed throughout this investigation was similar to the procedure

used for the Pg DS-CL study and exceptions are noted in the text. The general mixing order for
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the study, in the order of their addition, was 1.0 mL of Co(II) as the analyte or 1 mL of a reagent

blank, 0.5 mL of catechol, 0.5 mL of H202, and 0.5 mL of an alkaline solution last. When

applicable, the CH2O stock solution was prepared by diluting the H202 stock solution. Therefore,

the total volume of the reaction mixture was held constant at 2.5 mL for the four and five reagent

systems. With the exception of the alkaline and CH2O solutions, all stock solutions were adjusted

to a pH of 2 as previously detailed in the Pg-CL study. For this study, the term oxidant system

refers to either a I-1202 solution or a H202 + CH2O solution, and any exceptions are noted in the

text.

Results and Discussion

A. Characterization Study

Enhancement of analytical signal. Various techniques of enhancing the weak CL signal

of catechol were briefly exploited since both the measured intensity and time dependency of a

Co(II)-enhanced CL signal are subject to the redox environment in the reaction cell. The cell

concentrations of the reagents if present were 10-mmol/L catechol, 0.18-mol/L H202, 0.20-mol/L

CH2O, and 0.20-mol/L NaOH. The mixing order was the same as the Pg study including the

injection of the NaOH solution last. The techniques were evaluated by a fractional-factorial

experiment based on three dissimilar oxidant conditions and three levels of 02 saturation in the

cell. The three oxidant conditions were established by utilizing either a reagent-grade water blank,

a H202 solution, or a CH2O + H202 solution. The 02-deficient reaction condition, as defined by

a 3-min N2 gas purge prior to injecting the last reagent, was achieved using the apparatus

described in chapter Ill. To assure the cell contents remained 02-deficient, a N2-blanket was

placed on top the cell mixture by partially extracting the capillary tube during data collection. The

air-saturated reaction-cell condition is defined as the state of the reaction mixture shortly after

injecting the last reagent into the cell and without subjecting the cell contents to an 02 or N2

purge. The 02-enriched reaction condition, as defined by a 3-min 02 purge prior to the last-

reagent injection and during the reaction, was achieved with the same apparatus listed above.

As results, the reagent-blank CL signal decreased and the peak time for the first maximum

increased as a function of the redox environment in the order shown.

Purge conditions: 02

Oxidant system: none

none none 02 N2 none

>> >

CH2O + H202 H202 H202 H202 none
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When a Co(II) activator was added to an air-saturated cell containing H202, the total and

analytical signals increased non-linearly from 10-ng/mL to 1.7-pg/mL Co(II). In contrast with a

H202 or H202 + CH2O oxidant system in conjunction with an 02-purge, the total and analytical

signal increased linearly for Co(II) solutions containing 1.7 pg/mL and less. In effect, the

S-shaped calibration curve was straightened. With an 02-purged reaction cell that did not contain

a H202 oxidant, the total and analytical signals were equivalent over a Co(II) concentration ranging

from 10 ng/mL to 1.7 pg/mL This last result was also observed in the Pg-CL system.

Interestingly, the total and analytical signals declined when the Co(II) concentration was increased

from 1.7 to 3.3-pg/mL for all three systems.

The analytical signal with the CH2O + H202 system was the largest of the systems studied

as indicated below. The time for a maximum in the response curve for this system is perhaps four

times shorter than the time for maximum response of a curve associated with the H202 oxidant,

but at high levels of Co(II), the contents of the cell are ejected into the cell compartment almost

immediately after the injection of the NaOH solution due to excessive effervescence. The oxidant

systems studied are listed below in the order of decreasing analytical signal.

Purge conditions: none 02 none N2 02 none

> > . >> > .
Oxidant system: CH2O + H202 H202 H202 H202 none none

The last signal-enhancement technique investigated involved raising the temperature of

the reaction cell by 4° to 5° C. This limit was selected because higher temperatures for extended

time periods were judged as inappropriate. The resulting analytical CL signal was enhanced but

not enough to warrant the additional analysis complexity.

Response curves and kinetics. Generally, the CL response curve for both oxidant systems

consists of two maxima but three maxima were sometimes identified. The first peak was observed

within 1 s of initiating the reaction after injecting the last reagent. The second peak was typically

observed between 10 and 45 s, while the third peak, if present, was seen after 45 s. Some

examples are illustrated in figures D.7 and D.8 of appendix D. The peak CL intensity and peak time

data led to a number of speculations regarding the analytical usefulness and kinetics of the Co(II)-

enhanced CL reaction or reactions associated with the second and third peaks.

The total CL-signal data shown in figure IV.19 depict that the most analytically useful

calibration curve is curve d. Curve d is a composite of the other three curves labeled a-c that

were each generated from the respective peak height data of the three peaks. The proposed best

fit of the data distinguished by curve d is S-shaped. The reason for the shape is demonstrated
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Figure IV.19 Calibration Curves for Co(II) for the Catechol-CL System

Cell conditions: 0.20-mol/L catechol; 1.8-mol/L H202; 0.20-mol/L NaOH.
curve a; peak one [- 0 -]. curve b; peak two [- + -]. curve c; peak
three [- o -]. curve d = composite curve of data from peaks one, two,
and three. Log [rms baseline noise, nA] = 2.0.
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below and later in the study on various oxidant systems. The data also show one maximum for

a reaction mixture containing an initial Co(II) concentration of under 10 ng/mL, two maxima for

the 10- and 1000-ng/mL Co(II) solutions, and three maxima over the 30- to 300-ng/mL Co(II)

concentration range.

Kinetics data are derived from considering the dependence of peak time on the Co(II)

concentration as shown in figure IV.20. The peak time versus the initial-Co(II) concentration data

depicted in curve a were obtained with a lower H202 concentration for which the Co(II)-enhanced

CL response curve has two sharp maxima over the Co(1l) concentration range of 30 to
1000 ng/mL For the second peak, the peak time exponentially decreases with increasing Co(II)

concentration as indicated by the linear fit in the semi-log plot which has a correlation coefficient

of 1.0. The fit suggests that the peak time for the second maximum may be predicted by

assuming first-order or pseudo-first order reaction kinetics for the reaction that produces the

excited product that results in the CL signal. It is further speculated that the rate constant for this

reaction is 0.018 s-1 and that a CL signal maximum is predicted, by extrapolation of curve a to a

peak time of 0, to correspond to a Co(II) concentration of 1 pg/mL. The latter speculation is

based on the assumption that the CL signal intensity is directly related to the rate constant.

A predicted consequence of these speculations is a calibration curve that consists of two

or three distinct regions depending on whether the curve could be fit to a simple polynomial

expression or has a S-shape. For the first case, the anticipated calibration curve is linear at low

analyte concentrations, but the calibration sensitivity degrades to zero at high analyte

concentrations. The degradation of the sensitivity is attributed to the upper limits of the first-order

kinetics expression or the result of competing reactions. For the second case, the calibration

sensitivity is about zero on both ends of a linear region in the center. Thus, the S-shaped curve

consists of the curve characteristics of the first curve which are preceeded by a zone that has a

low calibration sensitivity. This low sensitivity zone is proposed to be attributed to kinetics that

do not fit a first -order model such as the case where two or more competing CL reactions are

significant. For the Co(II)-enhanced catechol CL reaction, it is speculated that there are two to

three reaction pathways leading to CL Since the dominate pathway may change with the Co(II)

concentration, a S-shaped calibration curve is expected. However, a linear calibration curve is

observed over the Co(II) concentration range of 30 to 300 ng/mL where the kinetics are first order

in Co(II).

With the assumption that the catechol CL reaction kinetics are first order or at least

pseudo-first order with respect to the Co(II)-concentration range studied, the data from curve d

of figure IV.19 were further analyzed to determine whether the peak time for the most intense peak

at each Co(II) concentration followed first-order kinetics. Because the mixing of the reactants is
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Figure IV.20 Time Dependence of the Co(II)-Enhanced CL Signal

Cell conditions: curve a; 10-mmol/L catechol, 0.18-mol/L H202, 0.20-mol/L
NaOH, using data from peak two [- A -]. curve b; same as figure IV.19, using
data from peak two [- + -] and peak three [- o -].
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sufficiently complete within 1 s, it is assumed that the peak times are independent of the mixing

time if the peak time is greater than 5 s. Next, figure IV.20 shows the kinetic data as curve b,

which does not incorporate the peak time data for 10- or 1000-ng/mL Co(II). A correlation coeffi-

cient of 0.98 and a rate constant of 0.018 s i are calculated from the limited data set and slope

of the line, respectively. This rate constant is identical to the rate constant calculated above using

significantly different experimental conditions. However, the predicted peak time for a 10-ng/mL

Co(II)-enhanced CL signal is 50 s. This is within 17% of the experimentally measured time of

72 s. The predicted peak time for the 1-14g/mL Co(II)-enhanced CL signal is 4 s and the mea-

sured time is 6 s. Also, the CL signal is predicted to reach a maximum at a Co(II) concentration

of 1.4 /.4g / m L assuming the rate constant and CL-signal intensity are directly related.

Colored intermediates. The color of the intermediate under the reaction conditions shown

in figures IV.19 and IV.20 is cherry-red instead of the blue color frequently observed in the Pg-CL

study. However, a cherry-red colored intermediate species was observed during the simplex

optimization study of Pg CL under high pH conditions. Also, the intensity of the cherry-red color

in the catechol CL reactions increased with the analytical CL signal similar to that observed with

the blue intermediate during the single-factor analysis of Pg. Additional information about the

various colored intermediate species, for both CL systems, is found in appendix E.

B. Single-Factor Dependency Study

pH dependency. For this experiment, the pH was varied by injecting 0.5 mL of mixtures

of 0.5- or 2.5-mol/L NaOH + 0.5-mol/L KCI. The KCI was added to decrease the activity of the

alkaline solution by increasing the ionic strength. The pH of the resulting reaction mixture was

measured with a pH electrode within 15 s. The pH values are approximate as no correction was

made for the matrix mismatch between the CL reaction mixture and the electrolyte in the pH

electrode, and the measured pH of the reaction mixture tended to drift. A pH of 13 yielded the

greatest total CL signal as figure IV.21 illustrates. Although the commonly used alkaline borate

and phosphate buffer solutions are useful to pH 12.5, they were not used because both anions

quench the CL signal of polyphenols possibly by forming a complex with catechol (176). The

pH dependency of the catechol CL system deviated substantially from that of the Pg-CL system

for which the selected pH was 10. This difference was not anticipated since the pKa values are

close (177). A NaOH cell concentration of 0.20 mol/L in 0.1-mol/L KCI solution provided the

largest CL signal and was selected for further studies.

Dependency on the oxidant. Figure IV.22 depicts a series of Co(II) calibration curves for

three H202 systems and one H202 + CH2O oxidant system. For oxidant systems without CH2O,
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Figure IV.22 CL-Signal Dependency on Oxidant System

Cell conditions: 113-mmol/L catechol; 0.20-mol/L NaOH. curve a; 0.18-mol/L
H202 [- -]. curve b; 0.59-mol/L H202 [- + -]. curve c; 1.8-mol/L H202
[- o -]. curve d; 0.59-mol/L H202 + 0.65-mol/L CH2O + 1.0-mmol/L catechol
[- A -]. Log [2x (rms baseline noise)] = 1.4.
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the analytical signal and calibration sensitivity for Co(II) were enhanced by higher levels of H202.

For further studies, both 0.18-mol/L and 1.8-rnol/L H202 were selected. The lower concentration

permits a direct comparison of the analytical CL signal, calibration sensitivity, and detection limit

of a catechol CL system to those of the Pg-CL system, while the higher concentration yields a

better detection limit for Co(II). Also, curves b and c show a maximum in the CL signal at about

1-i.gg/mL Co(II), which is consistent with the predicted value as discussed above. The data for

curve a, however, show no plateau beginning at 1-pg/mL Co(II). The data obtained with H202 +

CH2O as the oxidant system are included to illustrate the analytical potential of the system. A

comparision of the data for curves b and d suggests that the addition of CH2O provides a larger

linear region and better detection limit than conditions without CH2O and ten times the

concentration of catechol. A lower catechol concentration was selected for use when CH2O was

present to minimize the effervescence that can cause problems for the higher catechol

concentrations. As shown, the calibration sensitivity of the new system did not decrease at lower

Co(II) concentrations, and although it is difficult to tell from the figure, the curve for the H202 +

CH2O system extends beyond the detection limit of the three H202 systems. Additional

experiments with this oxidant system are presented in later sections.

Catechol dependency. The effect of the concentration of catechol on the Co(II)-enhanced

analytical CL signal is shown in figure IV.23. The analytical signal and calibration sensitivity for

2.0-, 4.0-, and 12-mmol/L catechol solutions are quite similar. It is interesting that the calibration

sensitivity for all three systems is about zero for Co(II) concentration in excess of 1 Ag/mL. As

previously mentioned, this loss of sensitivity may be related to the kinetics. With 40-mmol/L

catechol, the reagent-blank CL signal is well above the dark noise level. However, in this case,

the calibration sensitivity goes through a maxima at 30-ng/mL Co(II). These findings are

consistent with the Pg study. The concentration of catechol selected for further studies was

10-mmol/L, which allowed for a direct comparision to the Pg CL system.

C. Calibration Curves for Determining Co(II)

The calibration sensitivity for Co(II) as determined from the data shown in curve a of

figure IV.22 is 5.0 x 104 nA-mL/ng and the detection limit is 40 ng/mL. For the Pg-CL system

under similar reaction conditions except pH, the corresponding values are 0.072 nA-mL/ng and

0.5 ng/mL The catechol calibration curve is quite non-linear near the detection limit, possibly due

to simultaneous reactions that have different Co(II) sensitivities or CL efficiencies.

For the data depicted by curve c using a 1.8-mol/L-H202 concentration, the detection limit

for Coal) is improved by a factor of 67 to 0.6 ng/mL This limit is close to the 0.3 ng/mL limit of
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Figure IV.23 Dependency of CL Signal on the Catechol Concentration

Cell conditions: 1.8-mol/L H202; 0.20-mol/L NaOH.
Cell catechol concentration: 2.0-mmol/L [- -] without a reagent-blank signal;
4.0-mmol/L [- + -] without a reagent-blank signal; 12-mmol/L [- o -] without a
reagent-blank signal; Log [2x (rms baseline noise)] = 1.4. 40-mmol/L [- A -],
log [rms noise in reagent-blank signal] = 2.1.
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detection obtained with the Pg-based CL system using conditions similar to that depicted in

figure IV.11. Perhaps this narrowing of the analytical differences is attributed to the apparent

extension of the linear region in the log-log calibration curve near the limit of detection. However,

the activity of the H202 stock solution used in this experiment is high enough to cause severe

burns to the skin; therefore, these experimental conditions are not advised for follow up studies.

Conclusions

The catechol CL systems presented in this section are not recommended for determining

Co(II) in water or biological samples because the Co(II) calibration sensitivity for the milder

reaction conditions is not satisfactory and the long peak times due to the slow reaction kinetics

at the lower Co(11) concentrations and non-linear calibration curve are inconvenient. There are

some similarities between the Pg and catechol CL systems as anticipated and as evident by the

appearance of a cherry-red colored intermediate and two peaks at a high reaction pH. The

cherry-red color might be attributed to a quinone structure that is similar to those shown in

figures 11.3 and 11.4 for the Pg-CL system. The required high reaction pH for observing the

intermediate may be correlated to the second pKa values of 12.1 and 12.6 for catechol and Pg,

respectively.

Overall, the preferred reaction conditions for determining Co(II) by the Pg- and catechol-

based CL are quite different. With catechol, greater CL intensities are achieved at a higher pH and

H202 concentration. Perhaps these differences are explained by the differences in the reaction

kinetics, but the observation of a red-colored and blue-colored intermediate for the Pg systems

suggests the differences are in the respective thermodynamics of the two CL systems. Also, the

apparent first-order reaction kinetics with respect to Co(II) concentrations was not noticed in the

Pg-CL study where the intermediate was blue and the calibration curves were nearly linear up to

the 10- to 30-pg/mL range.
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The Determination of Polyohenols by DS-CL

The analytical emphasis of this section was to develop a method for determining
polyphenols in synthetic aqueous samples by a direct-CL method. These experiments, termed
spot experiments, are limited in scope because they were designed to advance progressively the
experimental conditions for determining nmoi/L quantities of polyphenols. First, several
experiments using catechol as a model were designed to exploit the modified Trautz-Schorigin
(TS) reaction discussed in previous sections. Next, Pg was utilized as a model to assess three
different oxidant systems including one that incorporated a Co(II) activator. The term oxidant is
used broadly to define the reagent system that is added to the reaction cell with the polyphenol
analyte. The last DS-CL experiment was designed to determine the CL sensitivity of several
catecholamines by utilizing the various experimental conditions developed during the earlier
investigations.

The analytical interest in catechol and its derivatives stems from the well documented
biological activity of these compounds (178). Until recently, alternative methods of determining
catechol derivatives in nmol/L quantities involved lengthy and complex sampleseparation and pre-
concentration procedures (179). However, several researchers have now developed very
sensitive indirect FL and CL techniques dependent on the formation of an adduct with catechol
(4,180,181).

In contrast, this investigation was concerned with developing a sensitive direct-CL tech-
nique. To achieve this goal, the analytical aspects of the TS reaction, which involves concentrated
H202 + CH2O solutions as an oxidant in the presence of Pg, were investigated further. The CL
properties of this system were first reported by Bowen (123) as mentioned in chapter II. While the
analytical aspects of a modified-TS reaction were subsequently exploited for the determination of
trace CH2O concentrations in various water supplies with a gallic acid CL system (119), no
literature reference was found. that referred to the CL-signal enhancement properties for
determining polyphenols. Also, additional kinetics and mechanistic data for the CL of polyphenols
were obtained and the data are discussed.

Experimental

The instrumentation, stock solution preparation, and general procedure for the catechol
study were identical to those described in the previous section for determining Co(lI). The cell pH
was determined by an in-the-cell NaOH concentration of 0.20 mol/L unless otherwise noted.
However, the activity of the NaOH solution was decreased by increasing the ionic strength of the
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mixture with Ka. The stock CH2O + H202 solutions were prepared by diluting technical-grade

formalin, consisting of 12-mol/L CH2O, with a dilute solution of H202 previously prepared from

a stock 8.8-mol/L H202 solution. The mixing order, reagent volumes and total volume of the cell

contents were also identical to those described in the previous section unless otherwise noted.

The CH2O + H202 solution was directly substituted for the H202 solution.

For the Pg study, the procedure and stock solutions were identical to those for the

catechol studies except that a NaHCO3-buffer solution was used In place of a 0.2-mol/L NaOH

solution. The preparation of the buffer solution is detailed in the Pg-CL study. Next, the

determination of the catecholamines was accomplished by using experimental conditions that were

identical to those described for the determination of Pg by DS-CL The catecholamine derivatives

were obtained from Sigma. To minimize potential problems due to a gradual degradation of the

dilute aqueous samples, a fresh dilution of each polyphenol was prepared daily. The general

analysis procedures developed and detailed in previous two sections were applied and the cell

pH was adjusted to 10 by injecting 0.5 mL of the 0.50-mol/L NaHCO3 buffer solution last.

Typically, fresh stock solutions of the various reactants were prepared if a measurable

change was observed in the analytical or background CL signals. Also, the concentrations of the

various reagents are expressed as in-the-cell concentrations but the polyphenol analyte is

expressed as the stock-solution concentration also termed the initial concentration.

Results and Discussion

A. The Determination of Catechol

Characterization study. Prior to assessing the analytical feasibility of determining catechol

by a direct-CL method using various oxidant systems, a series of fractional-factorial experiments

were completed. These experiments included a brief evaluation of the relative response from two

PMTs, the effect of Ca(II) on the analytical signal, and the effectiveness of a Na2S2O8 preservative

for the polyphenols. Next, the background-CL signal derived from an alkaline solution consisting

of high Co(II) and oxidant concentrations was evaluated. An unrelated experiment with a urine

sample was also completed. The oxidant system for the experiments was 0.88-mol/L H202 +

0.98-mol/L CH2O with the exception of the urine study, in which the in-the-cell H202 and CH2O

concentrations were 0.59 mol/L and 0.65 mol/L, respectively. Unless otherwise noted, the Co(II)

concentration in the cell was 5.0 pg/mL

The catechol derived CL response curves, typically, have two peaks as shown in

figure IV.24. The first peak is observed within 1 s after initiating the reaction and the second peak
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Figure IV.24 Typical CL-Response Curves for Catechol-Based CL

Part A: Response curves that illustrate the difference between the RCA-1P28A and
RCA-4840 PMTs. curves a-f: Scale: 5.0 nA/in; 2.0 min/in.
bias voltage = 720 V. PMT = RCA-1P28A for curves a-c.
PMT = RCA-4840 for curves d-f. Cell conditions: 0.88-mol/L H202;
0.98-mol/L CH2O; 5-pg/mL Co(II); 0.20-mol/L NaOH + 0.2-mol/L KCI.
Catechol concentration: (a),(d) reagent blank; (b),(e) 50-pmol/L;
(c),(f) 0.15-mmd/L

Part B: Response curves that illustrate the time dependence of the second peak
on the Co(II) concentration.
curves a-c = reagent blank: Scale: 0.5 nA/in; 2.0 min/in.
bias voltage = 720 V. Cell conditions: 0.59-mol/L H202;
oxidant ratio = 0.63; 0.20-mol/L NaOH + 0.2-mol/L KCI.
Co(II) concentration, pog/mL: (a) 1.7; (b) 5.0; (c) 8.3.
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is observed between 30 and 180 s after the initiation. For the second peak, the time to reach a

maximum response is inversely proportional to the Co(II) concentration and to a lesser extent, the

CH2O to H202 molar ratio. Also, the first peak is best suited for analytical determinations because

the CL intensity and response time of the second peak are not affected by the catechol

concentration. Additional details of these observations are provided later.

The CL-response characteristics observed with the selected RCA-1 P28A and a RCA-4840

PMT with an extended red response are depicted by part A, curves a through f, of figure IV.24.

As shown, the relative heights of the two peaks differ between the two PMTs. This difference is

attributed to differences in the CL spectrum associated with each peak and in the spectral

responsivities of the PMTs.

The addition of 300-pg/mL Ca(II) to the reaction mixture caused a significant decrease

in the catechol CL-signal intensity. As illustrated in figure IV.17, the equivalent addition enhanced

the Pg-CL signal and Ca(II) concentrations above 450 i.tg/mL supressed the Pg-CL signal. The

difference between the two CL systems is probably the result of a Ca(OH)2 precipitation that

occurs at a lower concentration due to the higher cell pH utilized in the catechol study.

The antioxidant, Na2S2O8 was added to the 0.010-mol/L HNO3 diluent to minimize any

auto oxidation of dilute catechol solutions. However, this caused a near quantitative loss of CL

signal intensity for 5.0- to 500-mmol/L catechol. A similar effect was observed when a P043"

buffer solution was used in the Pg-CL system.

With a reaction mixture consisting of the alkaline oxidant solution and 2- to 8-pg/mL Co(II)

only, a CL signal is observed. The limit of detection for Co(II) without a polyphenol present is

probably in the pg/mL range.

When a 1.0-mL sample of urine without pretreatment was substituted for the catechol as

the analyte, the resulting analytical CL signal was 1.2 nA with a S/N of approximately 20. This

signal is the molar equivalent of 0.11-mmol/L catechol. Previously, Gisler, Diaz and Duran (60)

utilizing an electrochemiluminescence technique proposed that the CL intensity of the alkaline

urine samples correlated with a general pathological condition.

Dependency study. The goal of this dependency study was to identify those relationships

which must be met in order to obtain a maximum analytical signal. The study entailed varying the

CH20-to-H202 molar ratio, termed the oxidant ratio, and the Co(II) concentration to select

conditions that provided the largest enhancement in the analytical signal and, typically, the

greatest calibration sensitivity. During the study, the H202 and NaOH concentrations were fixed

at 0.59 mol/L and 0.20 mol/L, respectively, as these concentrations were previously determined

to be good for determining Co(II) by catechol CL The results, reported in table IV.9, indicate that

the largest analytical signal and best calibration sensitivity coincided with a H202-to-CH20 ratio
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Table IV.9 Dependency of the Calibration Sensitivity for Catechol on CL Reaction Condition?

[Catecholib

(Amol/L)

[CH2Or

(mol/L)

Ratiod [Co(11)]°

(ihg/mL)

(iCL)t

(nA)

m

(nA-L/gmol)

50 0.00 1.7 to 8.3 0.00

0 0.10
0.12 0.20 1.7 0.0042

50 0.31

0 0.34
0.12 0.20 5.0 0.0060

50 0.64

0 1.7
0.12 0.20 8.3

50 1.6

0 0.091
0.37 0.63 1.7 0.0032

50 0.25

0 0.13
0.37 0.63 5.0 0.0078

50 0.52

0 1.3
0.37 0.63 8.3 0.011

50 1.9

0 0.08
0.65 1.1 1.7 0.0080

50 0.49

0 0.20
0.65 1.1 5.0 0.014

50 0.92

0 0.92
0.65 1.1 8.3 0.0014

50 0.99

a Cell conditions: 0.59-mol/L 1-1202; 0.20-mol/L NaOH + 0.2-mol/L KCI.
rms background noise = 0.02 nA. The relative standard deviation in the reagent
blank exceeding 0.2 nA is about 9%.

b Initial catechol concentration.
c Final in-cell concentration.
d Molar ratio of CH2O to H202.
e Total CL signal.
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Table IV.9 Dependence of the Calibration Sensitivity for Catechol on

CL Reaction Conditions (continued)a

[Catechollb

(i.imol/L)

ECH2OIC

(mol/L)

Ratiod POW'

(Ag/mL)

OcOte

(nA)

m

(nA-L/mmol)

0.052
0.74 1.2 1.7 0.010

50 0.55

0 0.15
0.74 1.2 5.0 0.017

50 1.0

0 1.9
0.74 1.2 8.3 0.0020

50 2.0

0 0.39
1.2 2.0 1.7 0.0036

50 0.57

0 0.75
1.2 2.0 5.0 0.0050

50 1.0

0 1.3
1.2 2.0 8.3

50 1.2

0 0.52
1.8 3.0 1.7 0.0018

50 0.61

0 0.62
1.8 3.0 5.0 0.012

50 1.2

0 1.1

1.8 3.0 8.3 0.006
50 1.4

a Cell conditions: 0.59-mol/L H202; 0.20-mol/L NaOH + 0.2-mol/L
rms background noise = 0.02 nA. The relative standard deviation in the reagent
blank exceeding 0.2 nA is about 9%.

b Initial catechol concentration.
c Final in-cell concentration.
d Molar ratio of CH2O to H202.
e Total CL signal.
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of 1.2 and a Co(II) concentration of 5.0 pg /mL The detection limit for catechol is 4 pmol/L
Reducing the Co(II) concentration to 1.7 mg/mL degrades the calibration sensitivity by about a

factor of 2. For the full range of the oxidant ratio studied, an increase in Co(II) concentration

enhances the total CL signal and the background CL signal. As shown, 8.3-Ag/mL Co(II) has little

or no measurable effect on the analytical CL signal and the calibration sensitivity is essentially

reduced to zero with the exception of the case where the oxidant ratio is 0.63. The negligible

analytical CL signal when 8.3 mg/mL of Co(II) is added is probably the result of a competition

between Co(II) and catechol for the oxidant present.

An examination of some typical CL-response curves, such as those depicted in part B of

figure IV.24, reveals a complex relationship between the CL-signal intensity and the Co(II)

concentration. A similar degree of complexity was observed relative to the oxidant ratio whenthe

Co(II) concentration was 5 mg/mL or less. Therefore, an optimal set of conditions is not

recommended.

Kinetics data for the second maximum are illustrated in figures IV.25 and IV.26. As shown

in figure IV.25, the time to reach a maximum by the second peak varies inversely with the

logarithm of the Co(II) concentration when the oxidant ratio is 2- or 3-to-1 which is indicative of

first-order or pseudo-first order reaction kinetics. In contrast, a non-linear relationship is observed

with lower oxidant ratios. Earlier, it was speculated that the S-shaped calibration curves for

determining Co(II) are the result of the use of reaction conditions that do not provide pseudo-first

order reaction kinetics with respect to the Co(II) analyte. But, the data in table IV.9 do not support

this hypothesis for the higher Co(II) concentrations used in this study. As shown in figure IV.26,

the reaction kinetics show a significant dependence on the oxidant ratio for 1.7-pg/mL Co(II) but

not with 5.0- and 8.3-pg/mL Co(II). Perhaps this can be explained by an interdependency

between the Co(II) and H202 as suggested earlier in the Pg-CL study.

The assumption that the analytical signal could be improved by using higher oxidant

concentrations was confirmed by using the same 0.88-mol/L CH2O + 0.98-mol/L H202 oxidant

system that was previously used in the characterization studies and a 5-pg/mL Co(II)
concentration. Since the stock H202 solution was 8.8-mol/L, these oxidant conditions are the

highest concentrations obtainable for an oxidant ratio of 1.1. Also, these reaction conditions do

cause excessive effervescence and care should be taken if the catechol concentration exceeds

about 1 mmol/L. An oxidant ratio of 1.1 instead of 1.2 was selected for convenience. For these

conditions, the analytical signal, calibration sensitivity and detection limit are 1.2 nA,

0.024 nA- L /pmol and 3 pmol/L, respectively, when a 50-pmol/L catechol sample is used. The

insignificant difference in the detection limit at the high oxidant concentration relative to the lower

values reported above are attributed to the fact at the analytical signal increase Is offset by an
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Figure IV.25 Dependence of the Peak Time on Co(II) Concentration

Cell conditions: 0.59-mol/L H202; 0.20-mol/L NaOH + 0.2-mol/L KCI.
Oxidant ratio: curve a, 0.20; curve b, 0.63; curve c, 1.2; curve d, 2.0; curve e, 3.0.
Identical results for reagent blank and 50-Amol/L catechol.
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Figure IV.26 Dependence of the Peak Time on the Oxidant Ratio

Cell conditions: 0.59-mol/L H202; same oxidant ratios as reported in table IV.9;
0.20-mol/L NaOH + 0.2-mol/L KCI. Co(II) concentration, pg/mL: curve a, 1.7;
curve b, 5.0; curve c, 8.3. Identical results for reagent blank and 50-Amol/L
catechol.
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increase in the reagent-blank noise as a result of the large blank signal. A similar relationship

between the rms noise and size of the reagent-blank signal was observed for the previous studies

involving the determination of Co(II) with Pg or catechol.

Calibration curves. The experimental conditions for obtaining a calibration curve were

selected by following the rules developed above. The resulting log-log calibration curve shown

in figure IV.27 is linear to 150-pmol/L catechol, with a calibration sensitivity of 46 pA- L /pmol near

the detection limit of 2 pmol/L The reagent-blank CL signal was equivalent to 0.21 nA and the

rms noise in the blank signal was 36 pA. Thus, the H202 + CH2O oxidant system with Co(II) as

an additional activator is an effective system for determining catechol to pmol/L quantities but not

at the nmol/L quantities desired.

B. The Determination of Pg

As in the case of the catechol study, the goal for these experiments was to discover a

direct-CL methology for determining nmol/L quantities of Pg using the DS-CL photometer. To

increase the probability of achieving these low levels of detection, both the H202 oxidant and the

CH2O + H2O oxidant systems with and without a Co(II) solution as an activator were evaluated

further. The concentration of the H202 oxidant was set for convenience to the levels listed in

figures IV.15 and IV.16. When applicable, the molar ratio of CH2O to H202 was set at 1.1. It was

observed that the mixing order of the first four solutions was not critical.

The calibration curves in figure IV.28 demonstrate the analytical advantages of the new

oxidant system without Co(II). Curve a was obtained utilizing H202 only as the oxidant and it is

linear in the vicinity of the detection limit, but at higher concentrations, the calibration sensitivity

decreases significantly. Calibration curve b, based on the H202 + CH2O oxidant system, is nearly

linear in the vicinity of the detection limit on a log-log scale and the calibration sensitivity does not

degrade appreciably at higher Pg concentrations.

These results are further summarized in table IV.10. For each case, the parameters were

calculated using the measured signals derived from Pg concentrations that were adjusted to be

10 to 15 times the respective background rms-noise levels. The order of magnitude improvement

in the calibration sensitivity and detection limit for Pg using the modified-TS reaction without Co(II)

is attributed to an enhancement of the analytical CL signal without any observed effect on the

background signal. When 5.0-pg/mL Co(II) is used with the TS-reaction oxidant system, the

analytical signal is 10% larger than the signal without any metal activator, a reagent-blank CL

signal is observed and the detection limit degrades by a factor of 3 due to the noise in the

reagent-blank signal. For the Co(II)-enhanced reaction, the photoanodic current of the reagent-
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Figure IV.27 Catechol Calibration Curve

Cell conditions: 0.88-mol/L H202; 0.98-mol/L CH2O; 0.20-mol/L NaOH;
5.0-pg/mL Co(II). Log [reagent-blank CL signal, nA) = 2.1.
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Figure IV.28 Pg Calibration Curves

Cell conditions: 0.10-mol/L NaHCO3 (pH 10).
Curve a; 0.18-mol/L H202. Curve b; 0.20-mol/L CH2O, 0.18 -mol /L H202.
Log [(2x rms baseline noise), pA] = 1.6.
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blank was observed to range from 0.2 to 350 nA. This variation is believed to be related to the

aging of the two stock solutions that makeup the oxidant system. Still, the analytical signal was

not affected by the large reagent-blank signal observed earlier in the first Pg-CL study. Also, an

enhancement factor of 300 or more was observed often enough to suggest that a more efficient

CL reaction condition is feasibly.

Table IV.10 Summary of the Pg Determination Study by DS-CL

Oxidanta [pgib
171

(pmol/L) ((pA-L)/pmol) (pmol/L)

H202 only 50 4.2 8

H202 + CH2O 5.0 57 0.6

H202 + CH2O
with Co(II) 15 63 2d

a Cell conditions: 0.10-mol/L NaHCO3 (pH 10.0); 0.18-mol/L H202;
0.20-mol/L CH2O; 5.0-4/mL Co(II) when used.

b Pg concentration used to determine the calibration sensitivity (m).
c Background rms noise = 0.02 nA.
d Reagent-blank CL signal = 0.40 nA; A standard deviation of 0.051 nA was used

to calculate the detection limit.

C. The Determination of Catecholamines

The calibration curves for three catecholamines are shown in figure IV.29. The

experimental conditions are similar to those outlined in figure IV.27 except that the cell pH was

adjusted with the same buffer solution used to determine Pg. Each curve is non-linear which

probably indicates that the reaction conditions were not optimal for any of the three

catecholamines. Still, the detection limts for adrenaline, dopamine and noradrenaline are 0.2, 0.8

and 5 ktmol/L, respectively, which are the first reported by direct-CL but, much lower detection

limits have been reported for indirect-CL (98,99).
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Figure IV.29 Calibration Curves for the Catecholamines

Cell conditions: 0.88-mol/L H202; 0.98-mol/L CH2O; 5.0-pg/mL Co(II);
0.10-mol/L NaHCO3 (pH 9.9). Curve a: adrenalin. Curve b: dopamine.
Curve c: noradrenalin. Log [(2x rms baseline noise), pA] = 1.6.
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Conclusions

These studies demonstrate that H202 + CH20 is an effective CL oxidant for determining

various polyphenois to Amoi/L quantities but not the nmol/L quantities desired. The apparent
high reactivity of an organoperoxide that is formed in-situ suggests that further studies using other
organoperoxides to enhance the CL emission efficiency. Finally, the data support the general use
of the H202 + CH20 oxidant system, but the limited scope of this study does not rule out
alternative explanations for the observed signal enhancement by the organoperoxide relative to
H202 only. For example, the technical-grade formalin used in this study consists of 12% ethanol,
37% CH20 and water. The cumulative or isolated effect on the CL by ethanol or other organic
and inorganic impurities were not investigated.
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The Determination of Polyphenols by CF-CL

In this section, the new CF-CL photometer, previously described in chapter III, is further

characterized for CL measurements of polyphenols. First, the two sampling techniques, termed

gradient elution and segmented flow, are introduced. Next, brief studies are presented of the Pg-

CL system that were designed to characterize one more oxidant system by both the DS-CL and

CF-CL sampling techniques, to characterize noise sources, and to assess the kinetics of the Pg-CL

reaction based on the new oxidant system. Third, the results are given for a dependency study

utilizing a single-factor analysis technique designed for gradient-elution experiments. Finally, an

assessment of the calibration sensitivities and detection limits for some polyphenols and humic

material is summarized for the CF-CL and DS-CL sampling techniques.

Experimental

A. CF-CL Experiments

A block diagram of the CF instrumentation is shown in figure 111.3. The pumping notations

and mixing order details for segmented-flow sampling and gradient-elution techniques are however

presented in figure IV.30. The short-hand notation used to label the reagent ports and the

solutions that form the gradient is referenced throughout the next two sections. The mixing order

is acquired directly from the figure by assuming fluid flow from top to bottom. Thus, the first

reagent is introduced at the reagent primary port labeled p and subsequently mixed with the

reagent introduced at the secondary port labeled s. The mixing continues with the third solution

mixed at the tertiary port, t, and then the fourth solution at the analyte port, a. The labeling

scheme is identical for the ports, tubes and solutions that are delivered via the tubes. Also,

illustration A depicts the conventional configuration of the flow cell when three reagents and an

analyte are added to the reaction cell. For some cases, the analyte solution is pumped to the cell

via one of the reagent tubes and respective port. In the event that more than three reagents are

added or when two reagents are mixed shortly before entering the flow cell, a mixing tee is placed

in-line as shown in illustration B. The labeling convention for the various ports is denoted to reflect

the sharing of the primary or secondary ports by two reagent solutions rather than one. The last

illustration, C, depicts a gradient-elution experiment. The gradient is formed by initiating the flow

of the limiting solution (LS) into a mixing vessel containing a starting solution (SS) while

simultaneously pumping the resulting mixture, termed the exiting solution (ES), to one of the
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Figure IV.30 Port and Tube Labeling for the CF-CL Photometer

Port and Tube Labeling: (A) segmented-flow sampling technique; (B) mixing tees;
(C) gradient-elution technique. Symbol key: p = primary port; s = secondary
port; t = tertiary port; a = analyte port. For mixing tees, (') and (") denote first
and second solutions. For gradients, LS = limiting solution, SS = starting
solution, and ES = exiting solution.
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reagent ports.

Typical CL-response curves observed with the segmented-flow sampling and gradient-

elution techniques are illustrated in B and A of figure IV.31, respectively. As discussed in

chapter II, the analyte plug for segmented-flow sampling is separated from the reagent-blank

stream by inserting a small air plug at each end. The leading-air plug is introduced during the

transfer of the pump tubing from the reagent-blank vessel to the vessel containing the analyte and

the trading-air plug is introduced by returning the tube to the reagent-blank vessel after sampling

for 20 to 180 s. This technique produced sharp transitions, as depicted by illustration B of

figure IV.31, thus allowing a higher sample throughput rate because little time was needed for

reaching a static state. Precautions are taken to displace the reagent-blank solution completely

and rinse the pump tubing prior to each subsequent analysis to assure that the reagent-blank did

not become contaminated to any significant extent. For segmented-flow sampling, the signal

intensity is reported as the median between the highest and lowest peak intensities while the

baseline rms noise is used to compute the detection limit. Sometimes this convention was altered

to calculate a pooled mean, a standard deviation of the pooled mean and the relative standard

deviation from the data of recorded CL-response curves or computer printouts. For the pooled

means, the relative standard deviation is typically about 7%. The median value of the peak-to-peak

fluctuations are consistent to within about 7% to 12% from sample to sample depending on the

reaction conditions. As an alternative, the mean of the printout signal values over a typical

sampling time of about 10 to 20 s was determined which gave similar results.

The gradient-elution technique was utilized to vary the concentration of reactant in a

controlled manner while monitoring the CL signal to assess a CL-signal dependency on the

concentration of a given reagent or to generate calibration curves. The gradient formed, as

depicted by the relationship of the reactant concentration as a function of time, may have a linear,

concave, or convex shape depending on the relative flow rates of the ES and LS (182). In this

case, the reactant concentration entering the pump tubing for the ES after a known pumping time

is given by equation 13,

C = Co [ 1 N/vo) J exP(F1 / (F2 F1)), (13)

where Co represents the initial reactant concentration in the vessel containing LS, V is the volume

of solution in the mixing vessel after the elapsed pumping time, t, and Vo is the volume initially in

the mixing vessel. Lastly, F1 and F2 are the flow rates of LS and ES,respectively. The reduced
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Figure IV.31 Typical Pg-CL Response Curves from the CF-CL Photometer

(A) A gradient-elution response curve. (B) Segmented-flow sampling.
Initial conditions: 10-pg/mL Mn04-, (p); 1.2-mol/L CH2O, (s'); 0.88-mol/L H202,
(s"); 0.20-mol/L NaOH + 0.25-mol/L KCI, (t); gradient, (a) = reagent-grade water,
[SS] and 500-Arnol/L Pg, [LS] or segmented-flow, (a) = 1-, 3-, and 10- pmol /L
Pg solutions. Flow rates: p = s' = s" = t = a = LS = 2.0 mL/min.
Scale: 0.9 nA/in., 1.8 min/in.
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expression shown in equation 14 is appropriate if F1 = F2 = F which also results in a convex

shaped gradient.

C = Co [ 1 exp( -tF / V0) (14)

The general procedure followed for a gradient-elution experiment was to first load and

initiate the assembly and BASIC language programs listed In appendix C. Afterwards, the

initialization parameters consisting of the flow rates, initial concentrations and initial volumes of SS

and LS were entered from the keyboard. For the reported cases, the SS concentration was

entered as zero and the LS volume entry was not used in the calculations. Next, 10- to 20-mL

allocations of the SS solution were delivered to the mixing vessel and the ES tube was allowed

to empty while taking added precautions that no solution remained between the cell wires and

other end of the ES tube. The empty LS supply tube was then temporarily immersed into a test

tube containing 10 to 15 mL of the LS solution to fill the tube. Again, precautions were taken to

prevent the contamination of the SS solution with droplets of the LS solution or the excessive

depletion of the LS supply brought about by over pumping the LS solution into a waste container.

After rechecking the settings of the CL photometer, the pumping control and cell monitoring by

the microcomputer were initiated by depressing the appropriate key on the keyboard. Finally, a

preset number of data points was collected, and an output of the gradient expressed as the CL-

signal intensity versus the initial reagent concentration was displayed or printed out as shown in

appendix C. From the printouts, the mean of four or five adjacent CL signals are reported. The

median value from response curves was used in this case as an alternative.

The details of reagent preparations for the DS-CL experiments are described in the

proceeding sections. Additionally, KMnO4 solutions were prepared from freshly prepared stock

solutions of 1000 -Ng /mL KMnO4 and 0.01-mol/L HNO3. Unless denoted otherwise, all reagent

and analyte concentrations are expressed as the Initial concentration which correlates to the stock

solution concentration prior to dilution by mixing. This convention differs from the previous

convention adopted for DS-CL measurements because the algorithm for expressing the data

output was placed into the software prior to characterizing the cell volume, pathlength of the cell,

mixing efficiency, flow rates and reaction kinetics for the new CF-CL photometer.

The mean time to replace a pump tube due to the eventual contamination by reactants

was shortened significantly when a gradient-elution technique is selected. The mean time was

increased by developing the cleanup procedure outlined in appendix B.
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B. DS-CL Experiments

The general procedures developed in the previously discussed DS sections were used

throughout this study. However, some deviations are noted to account for the addition of five

rather than four reagents to the reaction cell and for substituting the side-on PMT with the end-on

PMT. Thus, the total volume was 3.0 mL, not the typical 2.5 mL used in previous studies. The

mixing order consisting of 0.5 mL of H202, 0.5 mL of CH2O, 0.5 mL of MnOi, 1 mL of analyte and

0.5 mL of NaHCO3 was typical, and the reactant concentrations are expressed as the initial

concentration except when mentioned otherwise. Also, the RCA-1P28A side-on PMT and housing

assembly of the DS photometer were replaced with the RCA-C31059 end-on PMT, housing and

shutter assembly used for the CF photometer. With experimental conditions similar to those

detailed in curve a of figure IV.1, the CL signals from a 0.050-mol/L Pg solution were 3.0 and

0.39 nA for the RCA-C31059 and RCA-1P28A PMT, respectively. With the end-on PMT, the total

signal is substantially larger which is partially attributed to a higher collection efficiency. The rms

dark-current noise was 0.057 and 0.017 nA for the RCA-C31059 PMT and RCA-1P28A PMT,

respectively. The relatively high dark current level for the end-on tube is uncharacteristic and is

attributed to light leaks arround the hardware interface that were temporally sealed with black

electrical tape.

Results and Discussion

A. Characterization Study

The characterization study was completed to better adapt the DS-CL methodology for

determining polyphenols to the CF sampling technique and to evaluate further the instrumental

techniques and accessories for the CF-CL photometer. The first goal was to select experimental

conditions that would yield fast CL kinetics, a symmetrical response curve, and no detectable

background CL signal. These three criteria were selected because the photometer was envisioned

to serve as a detector for HPLC. Additional details of the importance of rapid reaction kinetics for

a CL based HPLC detector were reported by De Jong and coworkers (155). Most of these

objectives are achieved with the oxidant system based on the modified-TS reaction introduced in

the previous sections. However, one additional study with a Mn04" enhanced oxidant system was

completed. Another goal was to assess further the instrumental and methodological limitations

of the new CF-CL photometer. These short experiments included a comparison of the two PMTs,

a brief analysis of the predominate source of noise in the CL signal, a temperature effect study that
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utilized the in-line heater disclosed in chapter III, and an experiment that used the small

maneuverable aperture described in chapter III to observe indirectly the reaction kinetics.

The Mn04" enhanced oxidant system. The initiation of another search for a better oxidant

system was driven by the desire to speed up the reaction kinetics and to improve the analytical

sensitivity into the nmol/L range for polyphenols. A Mn04" solution was selected as a possible

activator because the addition of Mn(II) or Mn04 to a solution mixture composed of Pg, H202,

and HCO3 produced the sharp, symmetrical response curves depicted in illustration B of

figure IV.1. It is proposed that the symmetrical peaks are indicative of a high CL efficiency that

involves only one reaction pathway. A preliminary experiment with 10-µg/ml Mn04,

0.88-mol/L H202, 1.2-mol/L CH2O, and a 0.50-mol/L NaHCO3 buffer solution at pH 10 confirmed

that Mn04 works effectively with the TS reactants.

For DS-CL, a dependency was observed between the total CL-signal intensity of the

Mn04-enhanced reaction and the mixing order and delay time between the addition of the first

reactant and the injection of the NaHCO3 buffer solution for initiating the reaction. When the

Mn04" solution is added first, the maximum CL signal for 5-prnol/L Pg is 0.5 nA provided that the

subsequent additions of CH2O, H202 and Pg occur within approximately 10 s. If the delay time

is increased to 30 s, the CL signal decreases to the background rms noise level. When the mixing

order is altered so that the MnO4 and Pg solutions are added first and second independent of

which solution is added first, the maximum CL signal is about 0.2 nA again using the same delay

time of approximately 10 s. However, adding the Pg solution first or third while adding the Mn04"

solution last minimized the adverse effects of the time dependency. Still, the CL signal, which

reaches its maximum within 200 ms, was reproducible to only 10-15%. The peak time is slightly

shorter than that observed with the TS reaction system without Mn04" and about 40 times faster

than the measured peak time of the H202-only reaction system. However, the delay time

dependency was not observed for the H202-only oxidant system. Both oxidant systems using the

modified-TS reaction yield highly symmetrical CL response curves and no detectable background

CL. Perhaps the signal irreproducibility is the result of both the long delay time, a characteristic

of this particular DS-CL photometer, relative to the reaction kinetics and the partial oxidation of

Pg by Mn04 prior to the addition of the buffer solution. The latter explanation is supported by

the rapid loss of the purple color of Mn04" when Pg is present. For further study, a mixing order

of Pg first and Mn04" last was selected, and the reaction was initiated within 10 s.

The analytical signals improve when the H202 + CH2O or H202 + CH2O + Mn04 oxidant

system is substituted for the H202 oxidant system. For the TS reaction system without Mn04,

the calibration sensitivity and detection limit for Pg are 0.54 nA-L/kimol and 0.2 prnol/L,

respectively. With Mn04 included, the calibration sensitivity and detection limit are 4.2 pA-L/nmol
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and 10 nmol/L, respectively. In the vicinity of the detection limit for the Mn04 -based reaction, the

calibration curve is non-linear as indicated by an increase in the calibration sensitivity from 2.7 to

4.3 nA-L/pmol when the Pg concentration is reduced from 1 to 0.03 prnol/L The Pg limit of

detection for the Mn04 -enhanced reaction is good although a still lower detection limit was

desired. Some problems with reproducing results that supported higher levels of Improvement

are speculated to be attributed to rapid reaction kinetics and long mixing times of the reactants.

In summary, the CL-signal intensity for the TS reaction system with 1-prnol/L Pg and

10-pg/mL MnO4 added, is equivalent to the 10-prnol/L Pg signal without Mn04" added. This

corresponds to a 10-fold increase in the analytical signal. Therefore, the Mn04 + CH2O + H202

oxidant system was selected for later CF-CL studies. However, this oxidant system is only

recommended for DS-CL studies that use instrumentation that is capable of rapid and reproducible

mixing of multiple reagents.

Relative response of the RCA-1P28A and RCA-C31059 PMT. A CF experiment with

segmented-flow sampling was designed to obtain a rough estimate of the performance of two

PMTs using a Pg analyte. As shown in table IV.11, the detection limit with the RCA-C31059 PMT

was approximately a factor of 25 better than that obtained with the RCA-1P28A PMT when both

were set to a bias voltage of 860 V. As mentioned, the end-on was used in all CF and DS

Table IV.11 Comparison of the RCA-1P28A and RCA-C31059 PMTsa

PMT rms Noise (icOt DL

(nA) (nA) (mmol/L)

1P28A 0.12 1.1b 5

C31059 0.13 0.80c 0.2

a Initial conditions: 10-pg/mL Mn04 (p); 2.4-mol/L CH2O + 0.88-mol/L H202 (s);
0.50-mol/mL NaHCO3 [pH 10.0] (a). Flow rates: p = s = a = 2.0 mL/min,
t = 3.5 mL/min. Bias voltage = 860 V.

b 50-mmol/L Pg as analyte; port (t).
c 0.50 mmol/L Pg as analyte; port (t).
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measurements in this section.

Noise sources. The CL-signal noise from the CF-CL photometer has both random and

systematic components. Normally the systematic component is dominate and the peak-to-peak

noise is proportional to the CL-signal intensity as shown in figure IV.32. The principle source of

this noise is assumed to be attributed to pumping fluctuations and drain surging as mentioned in

chapter III; therefore, the noise is termed the pumping flicker noise. The period of the flicker noise

is about 2 s, which is similar to the absorption results depicted in figure 111.9. This flicker noise is

reduced by 46% and 91% when the electronic filter set at a cutoff frequency of 0.1 and 0.02 Hz,

respectively, was placed in-line with the data-acquisition electronics as depicted in figure 111.3.

However, the 10 to 50 s integration times are inconvenient and time consuming. Thus, unfiltered

signals having a rise time of 10 ms were recorded as detailed in the experimental section and

depicted in figures IV.31 and 111.9. In this configuration, the signal is limited by the response time

of the recorder which is 0.2 s for a full-scale deflection. Any significant differences between the

median and mean values are readily identified prior to computation by examining the CL-response

curve characteristics which sometimes showed a higher degree of randomness on the high signal

side of the median value than on the low signal side. This problem was typically caused by a

contaminated cell, spattering of the reactants in the cell chamber or a pooling of the reactants at

the base of the cell wires. The use of high-performance pulse-free pumps and an improved

drainage system could minimize the pumping flicker noise.

Temperature study. The effects of passing one or more of the reactants through the

heating coils, described in chapter III, while monitoring the CL-response curve and using a

segmented-flow sampling technique are summarized in table IV.12. The analytical signal is

enhanced by a factor of about 2 if the Pg or NaHCO3 solutions are preheated to 35° C, but no

enhancement is observed when only the oxidant system is preheated. Since the mixing order was

Pg (p), oxidant (s), and finally the alkaline solution (t), the observed effect is probably independent

of the relative mixing times because the Pg and alkaline reactants had the longest and shortest

mixing times, respectively.

The lack of a signal enhancement when the oxidant was heated was not expected

because the final temperature rise at the cell should be identical in each case. Perhaps the results

are explained by a chemical degradation or equilibrium shift in the reactants prior to reaching the

cell. However, this hypothesis is suspect since the flow time between the heating coils and the

cell was only 10 to 15 s. Therefore, it is more likely that the results are associated with activating

a species that is already present in the reagent prior to reaching the heating coils. Additional

studies are required to identify the mechanism which may lead to new insights for improving the

CL efficiency of some systems.
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Figure IV.32 Peak-to-Peak Noise in the CL Signal as a Function of the Total CL Signal

Initial conditions: 5.0-Arrol/L Pg, (p); 0.61-mmol/L CH2O, (s); 0.50-mol/L NaHCO3(pH 10.3), (t); 10-mg/mL Mn04 + 0.44-mmol/L H202, (a).Flow rates: p = 3.1 mL/min., s = t = a = 2.0 mL/min.
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Table IV.12 Effect of Heating Various Reagents on the Pg CF-CL Signalsa

Reagent
Identification

CL Signal (total), nAb
22° C 35° C

ratios

CH2O + H202 0.19 (0.02) 0.18 (0.03) 0.9

NaHCO3 0.19 (0.02) 0.40 (0.04) 2

Pg 0.20 (0.02) 0.42 (0.05) 2

a Initial conditions: 1.2-mol/L CH2O + 0.88-mol/L H202 (p); 0.5-mmol/L Pg (s);
0.5-mol/L NaHCO3 (pH 9.9) (t). Flow rates: p = s = t = 2.0 mL/min.
baseline rms noise = 0.04 nA.

b results reported as the pooled mean of the total signal, nA (standard deviation,
n = 10).

c ratio of 35° C signal to 22° C signal.

Aperture position. The shutter assembly described in the CF-CL photometer section of

chapter III and having a circular aperture with a 0.8-mm diameter was used to evaluate the CL-

reaction progression as a function of the fall time39. High Pg concentrations were used to

obtain a large enough signal for monitoring only a small fraction of the falling-film surface. The

measurements were accomplished by initiating flow to the cell with the aperture in the first position

which corresponds to 1 mm below the analyte tube. After 20 to 30 s, the aperture was advanced

to the next position, then the signal was again monitored for 20 to 30 s. This process was

repeated with 5-mm jumps, as marked on the shutter assembly, until the aperture rested against

the bottom of the observation chamber of the flow cell.

The data shown in figure IV.33 are the median signal values of the peak-to-peak

fluctuations. The peak-to-peak noise level was 1.7 nA for a 1.5 nA signal; however, the majority

of this noise was systematic as mentioned previously and did not hinder the detection of the CL

signal. To demonstrate, the same CL signal has a pooled mean intensity of 1.5 nA with a standard

deviation of 0.2 nA if the pooled mean is calculated from ten CL-signal means over the 20 to 30 s

observation time. These data give a relative standard deviation of 13% which is reasonable.

The response curves with Co(II) added as an activator are shown in figure IV.33 for two

39 The fall time is the time it takes for a fluid element to reach the viewing aperture. It is
calculated by substituting the aperture position for the cell length, I, into the expression developed
for the residence time in the cell as detailed in table 111.2.
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Figure IV.33 Total CL Signal as a Function of Aperture Position

Initial conditions: 5-mmol/L Pg, (p); 30-pg/mL Co(II), (s); 4.1 -moi /L H202 +2.7-mol/L CH2O, (t); 0.50-mol/L NaHCO3 (pH 9.9), (a).
Egy: 22° C, [- -]; 35° C, [- o -j. Flow rates: p=s=t=a= 2.0 mL/min.
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temperatures. In both cases, the maximum CL signal was observed when the center of the

aperture was located about 11 to 16 mm below the center of the analyte tube. This distance cor-

responds to a fall time of 30 to 40 ms as determined from the information in the footnotes of

table 111.2. Although the times for reaching the maximum were similar at both temperatures, the

areas under the two curves differ substantially. The insensitivity of peak time to temperature is

attributed to the small temperature rise of the falling film and the uncertainty in the measurements,

but the reason for the large difference between the two areas is unknown. The actual CL-response

curve shape may be affected by the PMT responsivity differences as a function of the spot position

on the photocathode (183). These results support the belief that the reaction kinetics for the

experimental conditions selected are fast and the CL reaction is near completion within the viewed

portion of the falling film.

The reaction kinetics were also evaluated from DS-CL response curves for similar reaction

conditions. The apparent rise time and the CL signal intensity derived from the modified-TS

reaction are both dependent on the presence of a metal activator. The ascent rate of the recorded

CL response curve, as defined by the tangent to the CL-response curve between 10 and 90% of

the peak height, is about 1.7-nA/s without the addition of a Co(11) or Mn04" activator. Therefore,

the approximate rise time is 58 ms. When a Co(11) or Mn04" activator is added, the

approximate rates of ascent are 5.0 and 5.2 nA/s respectively. Thus, the approximate rise times

for an analytical CL signal near the limit of detection are 56 and 19 ms, respectively. These results

support the hypothesis that the Pg-CL reaction utilizing the TS-reaction conditions is to fast for

accurate measurements with the DS-CL photometer.

B. Single-Factor Dependency Study

The effects of various reactants and the mixing order on the Pg CF-CL signal were

evaluated by the gradient-elution technique using an experimental configuration similar to that

depicted in illustration C of figure IV.30 and confirmed by a limited number of segmented-flow

measurements as depicted in illustrations A and B. The predominate selection criterion was the

enhancement of the analytical CL signal.

Dependency on the oxidant system. This study was accomplished in two parts. First, the

CH20 and H202 conditions were selected, and then in an independent investigation, the Mn04

enhancement effect was exploited. The initial CH2O and H202 concentrations were selected to

4° For this study, the approximate rise time is equal to the product of the inverse of the ascent
rate and hypothetical analytical CL signal that is 2 times the rms noise level, where the rms noise
level is taken as the dark-current noise or the noise in the reagent-blank signal.
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provide the maximum absolute magnitude of an analytical signal that was about 10 times that at

the detection limit for Pg. Dissimilar to the DS-CL studies, high concentrations of the oxidant

system were not dismissed for safe handling reasons because the reactants were typically isolated

thus minimizing the risk of direct contact. No significant difference in the analytical signal was

observed if stabilized H202 was substituted for an unstabilized solution.

With Mn04" added as a co-oxidant, two experiments were conducted in which, first the

CH2O concentration and then the H202 concentration was continuously varied while the other

reactant concentration was held constant. Curves a and b of figure IV.34, show maxima at

approximately 0.88-mol/L H202 and 1.2-mol/L CH2O, respectively, yielding a molar ratio of 1.4.

These concentrations were selected for further study.

NaOH deoendencv. Figure IV.35 shows the effect of a concentration gradient between

0- and 0.47-mol/L NaOH on the CL signal. The resulting plateau extends from approximately

0.20-mol/L NaOH to the limit of the elution curve. A NaOH concentration of 0.20 mol/L was

selected for subsequent studies.

Dependency on Mn04. The results depicted in figure IV.36 show the dependency of the

analytical CL signal on the Mn04 concentration as characterized by the gradient-elution technique.

The gradient-elution curve shows that the analytical signal is independent of the Mn04" con-

centration above 10 isg/mL. A concentration of 10-pg/mL Mn04 was selected for the remainder

of this study because erratic CL-response signals were observed after prolonged usage of

30-Ag/mL Mn04. To eliminate these signal fluctuations, the cell wires were replaced after first

cleaning the flow cell as outlined in appendix B.

Mixing order dependency. The DS-CL study of Pg showed a dependency of both the

analytical CL signal and relative noise level on the mixing order of reagents. Initially, this mixing

dependency was expected to be significantly less for the CF-CL measurements due to a shorter

time delay between the addition of the first and last reactants. For DS-CL measurements, the time

delay is between 10 and 15 s; whereas, the total mixing time for the new CF-CL photometer is

estimated to be less than 30 ms. However, the kinetics of the Pg-CL reaction in the CF

photometer are also within the millisecond range when the oxidant system consisting of Mn04

+ H202 + CH2O is used, as shown in figure IV.32. Therefore, the mixing length and time could

adversely affect the noise and total CL signal levels.

The various mixing arrangements were evaluated in-part with the shutter discussed in

chapter III. When Pg is added last at the analyte port, the porting of an alkaline solution to the

primary or secondary position resulted in the formation of Mn02 or a premature decomposition

of the CH2O + H202 solution which coincided with the development of an erratic CL signal

response possibly caused by film ruptures resulting from reaction effervescence or the formation
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Figure IV.34 Total CL Signal Dependency on the Initial CH2O and H202 Concentrations

Initial conditions: 10-pg/mL Mn04-, (p); 0.20-mol/L NaOH + 0.25-mol/L NaC1, (t);
15-pmol/L Pg, (a). Curves: (a), 1.8-mol/L CH2O, (s'); gradient, (s") = reagent-
grade water, [SS] and 3.0-mol/L H202, [LS], [- o (b), same except
0.88-mol/L H202, (s') and LS = 2.5-mol/L CH2O, [- + -].
Flow rates: p = s' = s" = t = a = LS = 2.0 ml/min.
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Initial NaOH Concentration, mol/L

Figure IV.35 Pg CF-CL Signal Dependency on the NaOH Concentration

Initial conditions: 10-pg/mL Mn04-, (p); 1.2-mol/L CH2O + 0.88-mol/L H202, (s);
10-Amol/L Pg, (t); gradient, (a) = reagent-grade water, [SS] and 1.5-mol/L NaOH,
[LS]. Flow rates: p=s=t=a= LS = 2.0 mL/min.
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Figure IV.36 Concentration Gradient of a KMn04 Solution

Initial conditions: Gradient, (p) = reagent-grade water, [SS] and 50-pg/mL Mn04
[LS]; 1.2-mol/L CH20 + 0.88 -mol /L H202, (s); 10-Amol/L Pg, (t);0.20 -mol /L NaOH + 0.25-mol/L KCI, (a).
Flow rates: p=s=t=a= LS = 2.0 rnLjmin.
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of a precipitant. To prevent these undesired cell conditions, the Pg was added last and the alka-

line solution third. It was observed, that the Mn04 solution turns clear immediately after

contacting the Pg solution at the film but this did not seem to affect the analytical signal as

previously reported for DS-CL experiments.

Since the CH2O and H202 solutions probably form an in-situ organo-peroxide, these two

reagents were added from adjacent ports without any observable mixing order preference. For

convenience, the Mn04" solution was added at the primary port to minimize the contact time

between the alkaline solution and the concentrated Mn04 solution. When Pg, as an analyte or

CL reagent, was ported to the primary or secondary port positions while maintaining the other

three reagents in the same relative order, a deterioration in the analytical signal and sensitivity was

observed. This effect was not observed when the Pg solution was ported through the tertiary or

analyte ports. As the analyte, the analyte port is preferred because it is within the collection cone

subtended by the PMT. The selected order of adding the reactants to the flowing stream is, from

first to last, Mn04, CH2O + H202, NaOH and Pg solutions. The CH2O and H202 solutions were

combined before the pump via a tee and delivered to the secondary port. The upstream

combining improved the results possibly due to some premixing of the two reagents prior to the

in-situ formation of an organoperoxide in the alkaline conditions of the falling film. Also, better

experimental precision in the total CL signal was observed by reversing the mixing order for the

Pg and NaOH solutions when the Pg concentration was within a factor of 10 of the detection limit.

C. Determination of Polyphenols

Determination of Pg. The calibration curve for determining Pg in a synthetic sample is

exhibited in figure IV.37 with a segmented-flow sampling technique. The limit of detection is

0.4-i.cmol/L Pg based on an rms noise of 0.03 nA in the baseline signal and a calibration sensitivity

near the limit of detection of 0.17 nA-L/mmol. The dynamic range of the linear region is 0.60- to

10-isnol/L Pg. The baseline rms noise ranged from 0.03 to 0.04 nA. The total analysis time was

about 22 min when the stock-solution preparation time is excluded; whereas, a well planned

gradient-elution experiment may require about 5 min. Also, the segmented-flow sampling

technique requires continuous intervention by the analyst. The decreased analysis time is

attributed to less time spent on sample preparations.

Determination of other oolyphenols. As previously stated, the desired goal of the research

presented in this section was to determine trace levels of polyphenols in simple or polymeric forms

by direct CL and without incorporating any derivatization steps. The six model polyphenols for

CF-CL studies included; pyrogallol, quiaicol, phloroglucinol and three catecholamines. The data
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Figure IV.37 Continuous-Flow Calibration Curve for Pg

Initial conditions: 10-Ag/mL Mn04, (p); 1.2-mol/L CH2O + 0.88-mol/L H202, (s);
0.20-mol/L NaOH + 0.25-mol/L KCI, (t).
Flow rates: p=s=t=a= LS = 2.0 mL/min.
Log [2 x rms noise in baseline] = 1.3.
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are summarized in table IV.13 and the calibration curves for both dopa and dopamine are shown

in figure IV.38. The results from a DS-CL study using three additional polyphenols are presented

later in this section.

Table IV.13 Comparision of DS-CL and CF-CL for Determining Polyphenols

Polyphenol m
(nA-L/prnol)

DL
(i.4mol/L)

DSa CFb CFb

adrenaline 0.088 0.5 > 5000
dopa 0.00001 4,400
dopamine 0.84 0.00003 0.05 1,500
catechol 0.15 0.3
pyrogallol 2.6 0.11 0.02 0.4
guiaicol > 7,900 > 50,000
hydroquinone > 50
resorcinol 0.0034 13
phloroglucinol 0.0028 20 > 50,000

a DS-CL in-cell conditions: 1st/ 0.18-mol/L H202; 2nd/ 0.24-mol/L CH2O;
3rd/ 2.0-pg/mL Mn04 ; 4th/ 1-part polyphenol to 5-parts reactants;
5th/ 0.10-mol/L NaHCO3 (pH 10).
PMT = RCA-C13059; Background rms noise = 0.022 nA.

b CF-CL in-cell conditions: 2.5-pg/mL Mn04, (p); 0.30-mol/L CH2O +
0.22-mol/L H202, (s); 0.05-mol/L NaOH + 0.06-mol/L KCI, (t); 1-part polyphenol
to 4-parts reactants, (a). Flow rates: p = s = t = a = 2.0 mL/min.
PMT = RCA-C13059; Background rms noise = 0.022 nA.

The unexpectedly poor detection limits for the two catecholamines were examined further.

For dopamine, the DS-CL response curve has two maxima with the first signal being observed

within 1 s and the other reaching a maximum between 6 and 103 s after injection of the buffer

solution. The curves appear similar in shape to those shown in figure IV.6 illustration C. The initial

color after mixing is a very pale orange that changes to deep red after the second maximum.

Similar results were observed for the other catecholamines. Thus, the rapid and symmetrical

peaks observed with a Pg analyte were not observed for the catecholamines. In a separate CF-CL
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Figure IV.38 Calibration Curves for Dopa and Dopamine by Segmented-Flow Sampling

Initial conditions: 10-pg/mL Mn04, (p); 1.2-mol/L CH20 + 0.88-mol/L H202, (s);
0.20-mol/L NaOH + 0.25-mol/L Ka, (t). Curves: (a), dopamine; (b), dopa.
Flow rates: p=s=t=a= 2.0 mL/min.
Log [2 x rms noise in baseline] = 1.3.
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experiment involving a 25- mmol /L dopamine analyte, a CL signal of 0.43 nA was initially observed
but a small amount of material that became lodged, presumably via the flow cell, onto the window
of the PMT produced a 2.1 nA signal more than a minute later. Thus, it is apparent that the
kinetics of the CL reaction of dopamine, and probably the other catecholamines, are so slow that
the reaction mixture exits the flow cell and CF-CL photometer before the a maximum CL signal
is observed.

The CF-CL results for Pg are about a factor of 20 worse than those for the DS-CL study.
For these experiments, the predominate factors that affected the detection limit and analytical
sensitivity include the cell volume, collection efficency and mixing efficiency. Since the cell
volumes for the two techniques are greater than a factor of 300 apart, the difference in sensitivity
for determining Pg is considerably smaller than expected. This attributed to a better collection
efficiency or possibly overall mixing efficency for fast CL reaction systems with the flow cell.

Both humic acid and urine samples were prepared and substituted for the Pg analyte.
Figure IV.39 depicts the calibration curve for humic acid. The detection limit was estimated at
8 mg/mL based on a mis baseline noise of 0.036 nA and a calibration sensitivity of
0.0090 nA-mL/kig. In a separate experiment, an untreated urine sample had a detection limit of
6-i4eq Pg41. Gisler, Diaz and Duran (60) have reported that the source of urine CL may have
a complex molecular structure like protein. The large CL response by the humic material
demonstrates the potential for studing the CL of such complex molecular structures. However,
a study by Rose utilizing an ultrafiltration technique isolated both the CL species and precursors
in urine which have molecular weights below 500 (184).

Catechol, hydroquinone and resorcinol were also investigated by DS-CL to provide insight
on the CL properties of polyphenols. The table shows that the compounds in the adrenaline-to-
pyrogallol group have detection limits that are 30 to 100 times better than any polyphenol selected
from the hydroquinone-to-phoroglucinol

group. With the exception of pyrogallol, no obvious trend
is evident when the differences in the measured peak time, which were extracted from the CL
response curves, are considered. The Pg exception is probably due to selecting experimental
conditions that are optimal for determining Pg. Since the first and second acid dissociation
constants for all the polyphenol compounds are similar, the dissociation constant does not explain
the trend. However, the trend may be due to the type of hydrogen bonds formed in solution.
Note that the compounds in the adrenaline-to-pyrogallol group form intramolecular hydrogen-

41Microequivalents (i4eq) of Pg refers to converting the urine analytical CL signal to theextrapolated equivalent Pg concentration using the calibration sensitivity of Pg as shown in theexpression below.

meg. of Pg = (urine analytical CL signal) / (Pg calibration sensitivity)
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Figure IV.39 Calibration Curve for Humic Acid by Segmented-Flow Sampling

Initial conditions: 10-,ug/mL Mn04-, (p); 1.2-mol/L CH2O + 0.88-mol/L H202, (s);
0.20-mol/L NaOH + 0.25-mol/L KCI, (t); various humic acid dilutions, (a).
Log [2 x rms noise in baseline] = 1.3.
Flow rates: p=s=t=a= 2.0 mL/min.
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bonded structures while the hydroquinone-to-phoroglucinol compounds form intermolecular

hydrogen-bonded networks. The alternative hypotheses of an alternative ortho effect or the

formation of an intermediate complex involving the two ortho positioned hydroxyl groups cannot

be ruled out either. This latter explanation is supported by the enhancement effects observed with

some transition metals and in particular Co(II) which could form the chelation type complex

proposed by Grabier, Tomassi and Podbielski (136), and illustrated in figure 11.5. In addition,

quiaicol has a detection limit that is over 4 orders of magnitude worse than that of other

intramolecular bonded systems. Quiaicol was reported (185) to form intramolecular hydrogen

bonded structures in non-hydrogen bonding solvents and the presence of the methyl group in

place of hydrogen on one of the hydroxyl groups would inhibit the formation of a transition metal

complex. The validity of this hypothesis could probably be evaluated by determining if Co(II)

enhances the CL of meta- or para-substituted polyphenols.

The hypothesis that isolated molecules or oriented hydoxyl groups is required for efficient

CL reactions is now considered. First, isolated individual molecules and well oriented hydroxyl

groups could both enhance a hydrogen-extraction step and the formation of an intermediate

complex. Second, the activation energy for the Co(11)-enhanced Pg-CL system is reported in the

first section of chapter IV to be about 14 kcal/mol. Since the disruption of the hydrogen bonded

network of polyphenols could require more than 14 kcal/mol, intermolecular hydrogen-bonded

systems could inhibit the CL reaction. Thus, it would be interesting to know if the CL quantum

efficiency of the network forming polyphenols could be enhanced by isolating the molecules

through dissolution in non-hydrogen bond forming solvents. The results of this proposed study

could lead to a means to detect most polyphenols by direct-CL measurements.

Conclusions

The falling-film flow cell of the CF-CL photometer was successfully configured to obtain

dependency and calibration curves for Pg by both gradient-elution and sample-insertion

techniques. For this study, the new CF-CL photometer was employed to determine 0.4-pmol/L

Pg and 8-pg/mL humic material by a direct CL technique. Thus, the usefulness of the rapid and

efficient mixing properties of the new flow cell for CL measurements was demonstrated

successfully. Also demonstrated was the selectivity of the new flow cell for differentiating between

fast and slow reaction kinetics. Lastly, the reduction of the total analysis time for optimizing new

CL systems by the gradient-elution technique warrants its use in future research activities. In

summary, the primary advantages of the new CF-CL photometer include the rapid mixing of four

reactants, high sample throughput rates, the relative ease of automation and the ability to
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implement a direct HPLC coupling.

The new Mn04" + H202 + CH2O oxidant system enhances the analytical CL signal and

CL reaction kinetics for Pg without affecting the intensity of the background CL signal. The

apparent gain in the CL emission efficiency may provide an incentive for developing a means to

determine other polyphenols possibly through the use of a pH gradient or multiple pH solutions

serially added to the falling film. In this latter configuration, the pH of the falling film would rapidly

alternate between perhaps three pH values for additional polyphenol selectivity. Finally, the

reported 20-nmol/L Pg limit of detection by DS-CL may be useful for biological studies.

The ability to form intramolecular hydrogen-bonded structures or otherwise isolate

individual molecules is proposed to be an important criterion for selecting polyphenols for

evaluation by direct-CL techniques. The role of isolating individual polyphenol molecules prior to

CL detection could be investigated further by studying dilute polyphenol solutions using non-

hydrogen bonding solvents. An additional investigation to determine if transition-metal

intermediate complexes are formed should also be completed. The insights gained from these

two studies could lead to a direct-CL measurement technique for detecting biologically important

polyphenols. The results of this study could also provide insights for controlling the selectivity of

the CL measurements.
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The Luminol/Cr(III) CF-CL System

The luminol CL system was used to evaluate further the new flow cell and CF-CL

photometer as a tool for general CL measurements. A brief dependency study led to the

determination of Cr(III) in synthetic samples by segmented flow and flow-injection analysis (FIA)

techniques. Finally, luminol was determined by segmented-flow sampling using experimental

conditions that were similar to those developed for determining polyphenols.

Experimental

Solutions of H202, luminol in dilute NaHCO3, NaOH and Cr(III) were pumped to the

primary, secondary, tertary and analyte ports of the cell at 2 mL/min. The electronic filter was set

at 0.1 Hz and it was used throughout this study to reduce the low-frequency signal fluctuations.

The stock 50-mmol/L luminol solution was prepared in 0.50-mol/L NaHCO3 solution after adjusting

the buffer pH to 10 with NaOH pellets. This solvation step of placing luminol into an alkaline stock

solution was reported by Hoyt and Ingle (24) as a necessary procedural step. The stock Cr(III)

solution was prepared by dissolving the chloride salt in 0.01-mol/L HNO3 and all subsequent

Cr(III) solutions were prepared by diluting the stock solution with 0.01-mol/L HNO3. Prior to

determining Cr(III), a dependency study for selecting the NaOH concentration was completed by

a gradient-elution technique.

For the determination of Cr(III), two procedures were used. In one, the Cr(III) analyte

solution, or a reagent-grade water blank was selected and continuously pumped to the analyte

port of the flow cell using the same segmented-flow technique described previously. Also, a FIA

technique was implemented by placing a 20-, 40-, 60- or 100-4_ sample loop onto a selection

value that allowed the direct insertion of the Cr(III) analyte into a carrier stream consisting of

0.01-mol/L HNO3. The port assignments and flow rates of both systems were otherwise identical.

A H202 + CH2O oxidant system was also evaluated. When CH2O was added, a mixing tee was

used to combine the H202 and CH2O solutions as illustrated in figure IV.3013.

The determination of luminol by CL was accomplished utilizing experimental conditions,

including the segmented-flow technique, that were similar to those outlined in the previous section

for determining polyphenols. Thus, 10-pg/mL Mn04, 1.2-mol/L CH2O + 0.88-mol/L H202, and

0.20-mol/L NaOH + 0.25-mol/L KCI were delivered to the primary, secondary and tertiary ports

of the flow cell at 2.0 mL/min. All luminol analyte solutions, made by diluting the stock luminol

solution with reagent-grade water, were delivered to the analyte port at 2 mL/min. In contrast, the



177

polyphenol analytes were prepared in 0.010-mol/L HNO3.

Results and Discussion

A. The Determination of Cr(III)

The initial oxidant system and reagent concentrations were similar to those reported for

determining polyphenols. The NaOH concentration for the Cr(III) study was selected by

establishing a gradient to the tertiary port consisting of reagent-grade wateras the starting solution

and a 0.20-mol/L NaOH + 0.25-mol/L KCI solution as the limiting solution. The other solutions

pumped were 0.30-mmol/L luminol for the primary port, which is similar in concentration to that

reported by Hoyt and Ingle (24), 0.88-mol/L H202 and 1.2-mol/L CH2O for the secondary port and

56-ng/mL Cr(III) for the analyte port. For further studies, a 0.04-mol/L NaOH solution was

selected based on the largest analytical signal.

Next, the H202 concentration was established at 0.03 mol/L which is similar to that
reported by Holt and Ingle (24). A 0.04-mol/L CH2O concentration was also selected to improve

the reaction kinetics of the slow luminol CL reaction. These conditions did enhance the analytical

signal, but it was not possible to sustain a constant baseline and, after a relatively short time, the

cell wires required cleaning or replacement, possibly due to the accumulation of an insoluble end-

product. These baseline drift problems are believed to be due to the detection of CL emission

from solution pooled at the bottom of the cell chamber because the luminol blank CL reaction has

slow reaction kinetics. Still, detection limits of 0.6- and 0.09-ng/mL Cr(III) were obtained using

H202 only and H202 + CH2O, respectively, and a 1-ng/mL Cr(III) sample. The latter value is

within a factor of 2 of the detection limit of 0.05 ng/mL reported by Hoyt and Ingle (24) utilizing

a DS-CL photometer and a total solution volume of 2.5 mL in the cell. The mis noise in the

reagent-blank CL signal was 0.06 nA when no baseline drift was observed. The experimental

conditions used are probably impractical unless the drain design is improved and the reaction rate

of the luminol CL reaction is increased further.

Flow-injection analysis measurements, with the CF-CL photometer, are demonstrated by

the typical CL-response curves depicted in figure IV.40. The conditions listed in the caption were

selected to minimize the baseline stability problem observed in the experiment described above.

Thus, the reagent blank CL signal was reduced from 1.5 to 0.2 nA and the cell wires did not need

replacing before the completion of the experiment. Perhaps the reagent mixture with increased

levels of CH2O, which consists of 12% by volume ethanol, is a better solvent for the otherwise

insoluble end-products. The detection limit is 20-ng/mL Cr(III) and the calibration sensitivity is
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Figure IV.40 Typical Peaks for Flow-Injection Analysis with the CF-CL Photometer

Experimental conditions: 0.44-mol/L H202, (p'); 1.2-mol/L CH2O, (p");
1.6-mmol/L luminol, (s); 40-mmol/L NaOH + 50-mmol/L KCI, (t);
Cr(III) solution, (a). Flow rates: p' = p" = s = t = a = 2.0 mL/min.
(A): 280-ng/mL Cr(III); Four 20-0- samples; scale: 1.3 nA/in, 0.65 min/in.
(B): 280-ng/mL Cr(III); 100-i4. sample; scale: 1.3 nA/in, 0.25 min/in.
(C): 280- and 840-ng/mL (Cr(III); 20-4l.. samples; scale: 2.6 nA/in, 0.65 min/in.
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0.007 nA-mL/ng. The degradation of the detection limit is presumed to be due to a loss In CL

quantum efficiency. With 280-ng/mL Cr(III), the analytical CL signal was 40% to 50% of that

obtained with a segmented-flow experiment due probably to dispersion of the sample plug in the

carrier stream. Even though, the plumbing system and tubing interconnect scheme were not

ideally suited for the flow-injection analysis experiments, the FIA peaks were nearly symmetrical

and the peak broadening was reasonable.

B. The Determination of Luminol

Figure IV.41 depicts the calibration curve for lumina' using the conditions similar to those

outlined in the previous section regarding the determination of polyphenols. The curve is linear

for the range shown and the detection limit and calibration sensitivity are 5 nmol/L and

0.022 nA-L/nmol, respectively, which is over two orders of magnitude better than that obtained

for any of the polyphenols studied. These results confirm that the CF-CL photometer is useful for

determining analytes that affect reactions of high CL efficiency even though the reaction kinetics

are not fast.

Conclusions

The CF-CL photometer was successfully used to determine trace amounts of Cr(III) and

lumina' in synthetic samples by a segmented-flow technique and a flow-injection analysis

technique. With cell conditions that proved difficult to reproduce, the detection limit of 0.09-ng/mL

Cr(III) is similar to that obtained with DS-CL instrumentation when the modifled-TS reaction

consisting of CH2O + H202 as oxidant and an end-on PMT were used. The baseline drift problem

illustrates a potential problem in handling CL reaction systems that are long lived due to a pooling

of the eivant from the falling film at the bottom of the flow cell. With conditions that minimize the

baseline drift problem, the detection limit for Cr(III) is 20 ng/mL for the FIA technique. These

results further support the use of the novel falling-film flow cell for general CF-CL measurements.
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Figure IV.41 Luminol Calibration Curve by Segmented-Row Sampling

Initial conditions: 10-Ag/mL Mn04, (p); 1.2-mol/L CH2O, (s');
0.88-mol/L H202, (s"); 0.20-mol/L NaOH + 0.25-mol/L KCI, (t);
luminol analyte, (a). Log [2 x rms noise in baseline] = 2.0.
Flow rates: p=s=t=a= 2.0 mL/min.
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V. CONCLUSIONS

This thesis encompasses two fundamental studies which have contributed significantly to

the advancement of chemiluminescence (CL) measurements in analytical chemistry. In the first

study, the pyrogallol (Pg) and catechol CL systems were characterized with discrete-sampling (DS)

instrumentation and analytical applications for determining Co(II) and polyphenols were developed.

The second study involved the design, development, and partial automation of a continuous-flow

(CF) photometer that is based on a novel falling-film flow cell. The potential of the CF-CL

photometer was demonstrated by determining several polyphenols, luminol and Cr(III).

The conclusions are divided into two sections. In the first section, the CF-CL photometer

and flow cell are reviewed. The analytical methods that were developed for DS-CL and CF-CL

measurements are summarized in the second section. In each section, the scientific speculations

are presented to incite peer review which will accomplish the educational intent of writing this

thesis.
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The Continuous-Flow Chemiluminescence Photometer

A novel windowless flow cell for CL measurements was developed. The cell consists of

a falling liquid film supported by two parallel vertical wires that are held under tension. The falling

film is sustained by a solution exiting from a tube placed directly above or adjacent to the cell

wires. Up to three additional solutions as reagents or analyte are merged within approximately

80 ms and mixed into the film via additional tubes abutted near the film at a right angle to the fall

line.

The flow cell was incorporated into a new CF-CL photometer that utilizes an end-on

photomultiplier tube (PMT) as a high light-collection efficiency detector. The photometer features

a cell-monitoring system for interactive microcomputer-based cuing of the flow-cell status, four

external low-pressure interfaces and one high-pressure tubing interface, and an event marker for

automated gradient-elution experiments. Associated support equipment include a microcomputer-

controlled pumping system and an external in-line heating system for individually controlling the

temperature of up to five reagent tubes. The flow cell was used in both segmented-flow and flow-

injection analysis configurations for CL measurements, and it was also interfaced to a UV/VIS

spectrophotometer for absorption measurements.

The new falling-film flow cell and associated photometer proved to be well suited for CF-

CL measurements. This detection system is unique compared to other CF-CL systems because

it allows the rapid mixing of reactants directly in front of the PMT. This allows efficient light

collection for CL reactions that are faster than 100 ms which is not possible if the mixing chamber

is outside the observation zone. Also, the total volume of the viewed solution is only several

microliters which is considerably smaller than that in most mixing chambers and flow cells for DS

or CF systems. The small cell volumes are well suited for HPLC applications, but CL detection

limits may be worse than those for some DS-CL techniques that incorporate large sample

volumes. For CL systems that have lower quantum efficiencies, longer lived CL reactions are more

difficult to observe due to an insufficient number of CL photons being emitted during the residence

time in the cell. Thus, a luminol CL system was used to demonstrate that a slower but efficient

CL system is compatible with the short residence times.

The characterization studies of the flow-cell led to the development of an empirical model

for the mixing phenomena. From the model, an expression for determining the proper tube-to-film

spacing that yields good mixing properties was developed. Also, the minimum dead volume and

dead time of a cell that is configured to mix two reagents were calculated using additional

expressions. For the experimental conditions employed in this study, the predicted dead volumes
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ranged between 0.5 to 3 i.4L and the dead times ranged between 6 to 140 ms. For a given

intersecting reagent tube, the most effective means to decrease the dead volume and dead time

are to reduce the tubing diameter and to increase the flow rate, respectively. Also, the mixing

length could be reduced possibly with a mixing aid that consists of another reagent tube

positioned directly opposing the analyte tube.

Another accomplishment was a successful transfer of the falling film to a capillary tube for

possible transport of the solution to an analytical station that is placed in series with the flow cell.

This concept may be useful for fraction collection or post-column derivatization in HPLC. An

assessment of the flow profile, after transfer, is critical to assure that a plug flow is obtainable.

To summarize, the falling-film flow cell has a greater than 90% mixing efficiency for two

reagents within a 33-mm mixing length and 62-ms mixing time when the total flow rate is

12 mL/min. For a 25.4-mm cell, the pathlength, volume and residence time for an 8.8 mL/min

flow rate are 0.15 mm, 8.6 /.41_ and 58 ms, respectively. The cell also features a windowless design

and a total of four reagent ports, equally spaced about 2.5 mm apart, which allow the introduction

and mixing of four reagents within 80 ms or less.

Several improvements to the present CF-CL photometer and the falling-film flow cell are

suggested and include: an improved cell drain design, an automated tube-to-film spacing

adjustment and an accurate means to determine flow rates in real-time. The varying film thickness

and volume due to inconsistencies in the pumping to and drainage from the cell are the most

challenging problem of the present flow-cell design. This problem should be minimized to improve

the signal-to-noise performance and reproducibility of analytical measurements from

instrumentation that incorporates the flow cell. Since the pump noise is independent of the flow

cell design, any improvements to the total noise are dependent on a better cell drainage design

that reduces the drainage noise. Perhaps a film-to-tube transfer or wicking of the film away from

the cell wires could minimize the predominate drainage noise that is attributed to surging.

The mixing efficiency and mixing reproducibility are dependent on a correct adjustment

of the tube-to-film spacing. When multiple reagents are used, the adjustment of these spacings

limits the set-up time of a new system. Efficient, reproducible mixing and a minimization of the

set-up time could be accomplished with a controller based on servo feedback to advance and

retreat the various delivery tubes using a motor driven micrometer. Movement could be halted

by the controller after receiving the approprate signal from a sensor that detects the rapid short-

lived film pulsations that are induced by a properly adjusted tube-to-film spacing. Alternatively,

an intensive or extensive model that provides a more exact expression for determining the optimal

gap could be developed and used by the controller of the flow cell and associated

instrumentation.
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The accuracy and precision of both the flow rate and the time to initiate data collection

limits the ability to use gradient-elution experiments. Improvements that would allow an accurate

variation of a reactant concentration could greatly decrease the time required to complete

dependency studies and generate calibration curves. An improved event-marker design that could

be used to signal the controller to initiate data collection and did not require the purging of the

pumping tube would be useful. Also, an accurate means of dynamically determining the flow rate

would improve the precision and decrease the set-up time of experiments.

A falling-film flow cell that has the above mentioned improvements, thus providing reduced

film pulsations, reproducible mixing characteristics and accurately known flow rates, could be used

for static- or dynamic-based measurements of rapid chemical reactions in a CL, fluorescence (FL),

or absorption-based HPLC detector. The falling-film flow cell could also be used in a stopped-flow

(SF) configuration provided the film volume remained constant by utilizing low vapor-pressure

solvents or maintaining a solvent rich vapor around the film. In a SF configuration, slower

reactions and long-lived intermediates could readily be studied.

A new cell based on a 1 to 10 or better a 1 to 20 size reduction in the cell volume is

feasible and would assure the flow cell is compatible with microbore HPLC. Solvent effects, pH

effects and pump noise would need to be further characterized. One interesting variation of the

configuration would be to use two reagent ports for two solutions that are of different pH or

reactivity. Thus, the selectivity of the detector might be increased by dynamically comparing the

signal derived from the HPLC eluant at two pHs or with multiple reactants.

The falling-film flow cell could be adapted for high sample throughput FL or absorption

measurements. For both techniques, the radiation from a light source could be piped to the

falling-liquid film via a fiber optic and then piped within the film by internal reflections. The number

of reflections would be limited by the refractive index differences at the various interfaces and the

incident angle to the film. For FL measurements, a detector would be positioned at a right angle

to the film. For absorption measurements, another fiber-optic could collect the radiation at the

other end of the falling film and pipe it to the detector. To assure minimal light losses, the cell

should not be configured as a mixing device unless it incorporates a means to assure that the

falling film, which serves as a light-pipe, is pulsation free. Also, the cell should be operated with

a small Reynolds number to prevent surface waves, thus assuring cell thickness and volume

consistency within the region of observation.

Kinetics-based measurements could be achieved by first, positioning a linearly arranged

optical bundle or lens array along the full length of the film. Next, the output signal from a

detector could be monitored as a function of the fall time. Better resolution could be achieved by

assuring that the linear velocity of the film is accurately known and precise. A flow cell for
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dynamic-based measurements of fast reactions has not been reported previously.

Another configuration that deserves consideration is an electrochemiluminescence

detector for HPLC, in which, an square-wave signal is applied across the two electrodes that also

serve as cell supports too. A variation of this design could use a signal pulse with a low duty

cycle and high voltage. These high voltage pulses might result in a higher CL quantum efficiency

than with the first design because of lower shielding of the reactants by solvent molecules. Hill,

Humphreys and Malcome-Lawes have recently reported an electrochemiluminescence monitor for

HPLC (186), in which the frequency and magnitude of the excitation pulse were varied

dynamically.

The novel falling-film flow cell based CL photometer features mixing characteristics and

volumes not reported previously and could be adapted for an HPLC detection system. The unique

and rapid mixing properties and versatile design of the flow cell allow the analysis of fast reactions

by absorption, CL and perhaps FL techniques. The expressions developed for cell volume,

residence time, dead volume and dead time could be used to design future cells that have

dynamic similarity. Finally, the new flow cell is well suited for both continuous- and stopped-flow

instrumentation.
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Analytical Methods

During the course of this investigation, a number of chemiluminescence (CL) methods

were developed for the determination of Co(II) and polyphenols. Also, a number of analytical tools

were evaluated that substantially enhance the calibration curve sensitivity for determining

polyphenols by a direct-CL method and reduce the total time for establishing the experimental

conditions. Lastly, a gradient-elution technique was developed for evaluating the effect of reagent

concentrations on CL signals.

The detection limits of 0.5 and 40 ng/mL for Co(II) were obtained for the Pg and catechol

CL systems, respectively, utilizing discrete-sampling instrumentation and synthetic samples. These

detection limits were obtained using a cell pH of 10 and 12 for the Pg and catechol systems,

respectively. The detection limits were reduced further to 0.3- and 0.6-ng/mL Co(II) for the Pg and

catechol CL systems, respectively, when the oxidant concentration was increased from 0.2 mol/L

to 1.8 mol/L. Overall, the Pg-CL system is recommended over the catechol system for

determining Co(II) because it has a larger dynamic range and a better detection limit with the safer

lower H202 concentration.

The Pg-CL system was extensively characterized and it was found to be applicable to

determining Co(II) in natural water samples. For slightly- to moderately-polluted natural water

systems, interference from Ca(II) and Mg(II), and possibly Fe(II), Mn(II) and naturally occuring

sequestering agents, is likely to occur. However, the determination of Co(II) in most natural water

samples is feasible if the samples are first spiked with 300-mg/mL Ca(II) to desensitize or mask

the Ca(II) and Mg(II) interference. The log-log calibration curves are linear for Pg-CL based

measurements from the detection limit to 10-pg/mL Co(II).

Direct-CL methods for determining polyphenols with a discrete-sampling (DS) technique

and a new oxidant system consisting of H202 + CH2O + Mn04" were developed with detection

limits of 0.02-/.4mol/L Pg and 0.3-ismol/L catechol in synthetic water samples. The Pg detection

limit is over two orders of magnitude better than any previously reported values by CL. The

detection limits for the two catecholamines studied, adrenaline and dopamine, were 0.5- and

0.05-gmol/L, respectively, utilizing the new oxidant system. The determination of catechol and

catecholamine by a direct-CL method have not been previously reported, although, femtomolar

quantities of catecholamines have been determined by an indirect-CL method that requires

chemical labeling of the catecholamine with fluorescamine (98,99). For most polyphenols,

detection limits in the sub-nanomolar range would be necessary for many biological studies.

All the polyphenols listed above form intramolecular hydrogen bonds and the detection
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limits are a factor of 30 or greater better than those polyphenols in which intermolecular hydrogen

bonding is expected. Perhaps intramolecular hydrogen bonding enhances a hydrogen extraction

step or the formation of intermediate complexes.

An initial goal in the continuous-flow (CF) CL studies of determining nanomolar quantities

of polyphenols was not realized due to the low CL quantum efficiencies, small viewed volumes in

the CF-CL flow cell, and for some polyphenols, the slow reaction rates. However, the detection

limits of 0.4-prnol/L Pg, 5-nmol/L luminol, and 8-pg/mL humic acid, which is approximately

6-peq/L Pg, in synthetic samples were achieved using the new oxidant system discribed above.

None of these species have previously been determined by CF-CL Also, the detection limits of

2- and 20-ng/mL of Cr(III) are obtained by segmented-flow and flow-injection analysis techniques,

respectively, using luminol CL with H202 + CH2O as the oxidant. Some preliminary data using

lower H202 and CH2O concentrations suggest a detection limit of 0.09-ng/mL Cr(lll) is achievable;

however, the reaction kinetics of the luminol reagent -blank reaction and the accumulation of an

insoluble product limit the usefulness of these conditions. The selected catecholamines and other

catechol derivatives were not detected below 2 mmol/L due probably to slow reaction rates for

these systems.

Investigations to discover a better oxidant than H202 for the polyphenol CL reactions

proved beneficial. First, an oxidant based on the modified Trautz-Schorigin (TS) reaction between

H202 and CH2O increases the reaction rate and improves the calibration curve sensitivity and

detection limit for Pg with DS-CL by about an order of magnitude. The detection limits are 8

pmol/L and 0.6 pmol/L for the H202 and H202 + CH2O oxidant systems, respectively. The

addition of Mn04" to the TS reaction based oxidant enhances the calibration curve sensitivity by

another order of magnitude and further decreases the reaction time without affecting the rms noise

in the background signal. The resulting detection limit for Pg by DS-CL is 0.02 pmol/L. A similar

improvement of the detection limits for other polyphenols was observed, but no significant effect

was observed when determining Co(II) with Pg CL or catechol CL system. The signal

enhancement of 400 fold with the 11202 + CH2O + Mn04" oxidant system is attributed to an

improved CL quantum efficiency. Reaction rate enhancements were evident from the observed

reduction of the peak times in the CL-response curve from about 0.8 s to about 30 ms. Enhanced

rates are desired for CF-CL measurements but may cause a problem for some DS-CL

instrumentation. This became apparent in the DS-CL study because the total signal enhancement

was frequently as high as 1000 fold but the reproducibility was poor. In contrast, the CF-CL signal

was reproducible due to the rapid mixing of the reactants. The success of this investigation

should encourage the investigation of other oxidant mixtures such as Cr2072- + 11202 + CH2O.

Also, short lived, more reactive organo-peroxides or other oxidants could be formed in-situ by
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plasma- or electrolytically-induced chemical reactions.

One DS-based and one CF-based method for reducing the time it takes to complete

reagent dependency studies were evaluated. For DS-based measurements, the advantages and

disadvantages of single-factor and multiple-factor optimization strategies were contrasted. With
a modified-simplex technique, the multiple-factor optimizationstrategy has a significant advantage

over a single-factor optimization strategy as measured by a reduction in the total number of
experiments required if the following two conditions are met. The initial response expression

accurately defines the entire region of interest that is used to characterize a set of parameters,
including any regions of non-linearity, and the precision of the measurements does not vary
significantly over the entire response surface. For characterizing kinetic-based analytical methods,

these two conditions are frequently invalid.

For CF-based measurements, a gradient-elution technique of continuously varying a
reactant concentration in CF experiments was successfully used to decrease the time for one
dependency study by at least a factor of 4. In addition, the elution technique could be used to
generate calibration curves in a fraction of the time required with typical DS-CL or segmented-flow

CF-CL instrumentation.

Spectrophotometric monitoring may provide an alternative means for assessing or
confirming the selected experimental conditions for some CL measurements. The CL-reaction

pathways for polyphenols produce one or more intensely colored intermediates. Therefore, it is

proposed that the molar absorptivity of these colored intermediates could be used in a response
expression.

In summary, analytical methods are disclosed for determining trace Co(II) concentrations,

for enhancing the detection limits of polyphenol based direct-CL by nearly three orders of
magnitude, for investigating fast CL reaction systems and for significantly reducing the total
investigation time for new CL systems by utilizing a CF-CL technique. The new H202 + CH2O +

Mn04 oxidant system improves the CL-quantum efficiencyand increases the reaction rate for the
oxidation of polyphenols.
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Appendix A: Instrumentation Notes

This appendix contains additional information on the DS-CL and CF-CL instrumentation

presented in chapter III. Details for the automated syringe and the cooling collar that was

developed for the IDA Interface are presented in the first section on DS-CL instrumentation. The

CF-CL instrumentation notes are more extensive and include: the absorption instrumentation, cell-

monitor circuitry, pump-controller interface, electrical and plumbing interfaces for the photometer,

and a development stratagem.

DS-CL Instrumentation

A. Syringe Modifications

The manually operated syringe drive used to inject the last reagent and described earlier

by Montano (141) was modified by incorporating an electrically controlled actuator value. The

control circuitry for the value included a 555 timer which was configured to allow external trigger-

ing by remote or manual means and to provide an output pulse which could be used to trigger

a storage oscilloscope.

B. IDA Cooling Collar

A water cooled collar was designed and built to reduce the dark current and temperature

fluctuations in the thermoelectrically-cooled diode-array intensifier described in chapter III. The

aluminum cooling collar was designed to operate by circulating water or other coolant around the

diode-array assembly. With both cooling systems operating, the measured dark signal was

reduced 15% relative to using either cooling system alone.

CF-CL Instrumentation

A. Absorption Instrumentation

The cell volume, mixing phenomena and mixing efficiency of the flow cell were evaluated

by constructing a UV/VIS spectrophotometer with the flow cell as the sample cell, a tungsten light

source, a monochromator, and the PMT housing from the CF-CL photometer. This interface,

depicted in plate a of figure A.1, was accomplished by first removing the PMT and sample cell

modules from a Heath EU-701 spectrophotometer and then mounting a bracket above and another

below the exit slit of the monochromator. Next, a 250-L m cell aperture was mounted within the

housing for the exit slit of the monochromator. When the dimensions shown in figure 111.10 were
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(a)

(b)

Figure A.1 Photographs of the Absorption Instrumentation and Cell Monitor Circuit
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met, the focal point of the lamp source was on the falling film. Next, the flow cell was pressure

fitted between the two brackets after centering the cell aperture between the cell wires or near

one of the cell wires through the positioning of the flow cell as denoted by positions A and B,

respectively, in illustration a of figure111.10. The PMT housing for the CF-CL photometer described

later was then attached to the flow cell via the brackets [50] in figure 111.6. Stray light was

minimized by wraping the cell assembly with black electrical tape.

B. Cell Monitor Circuitry

A block diagram of the cell monitoring circuit shown in plate b of figure A.1 and discribed

in chapter III is depicted in figure A.2. In diagram a, the liquid detection chip provides an AC

signal to the drop detector probe. When a drop passes through the detector probe, the LED

lights. The output signal of the liquid detection chip is debounced by a Schmidt trigger and the

resultant signal is passed to the input of a decade counter. The counter is incremented by one

for each drop passing the probe unless a reset signal from the timer is received by the counter

before a count of 10 is reached. The next drop initiates the process again. The time delay

between resets is determined by the RC-time constant of the 555 timer chip. A falling-edge

transition at the microcomputer interface is used to signal the microcomputer-based controller.

Also, the event-marker circuitry is identical except the time constant and counter may be set at

different values and the microcomputer interface is used to initiate data collection.

Diagram b of figure A.2 depicts the block diagram of the overflow detector. A liquid

detection chip detects an overflow condition when the overflow probe becomes submerged in a

conductive liquid. A 0- to 15-s time delay is then initiated by the time delay circuit. After the time

delay, a signal pulse triggers the timer. The timer then triggers the LED and also delivers an

interrupt pulse to the microcomputer. The Schmidt trigger in this case is used for signal

processing. The auto and manual reset circuitry are used to reset the time delay circuit and the

555 timer.
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Figure A.2 Block Diagrams of the Cell Monitor Circuitry

(a) Drop detector circuitry. (b) Over flow and event marker circuitry.
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C. Pump Controller Interface

A pump controller based on independent X- and Y-digital-to-analog converters (DAC), two

peristaltic pump interfaces and a KIM-1 microcomputer was built for the CF-CL instrumentation

described in chapter III. The two 8-bit DAC circuits originally reported by Marino (1) were modified

to allow independent control of the two 8-bit hybrid chips and to provide a simpler user interface.

The pump interfaces were accomplished by modifying two peristaltic pumps for remote operation

via the output from the two DACs, which were controlled by the microcomputer.

Modifications to DAC. The range of both DAC is selected by setting the dip switch as

shown below in figure A.3. The pen out configuration of the internal and external edge connectors

are also shown in figure A.4.

DiD switch configuration

DAC range, V switch setting (1 = on)

1 2 3 4 5 6 7 8

0 to +10 1 0 1

0 to -10 0 1 1

- 5 to + 5 0 0 1

-10 to + 10 0 0 0

0 to +10 1 0 1

X 0 to -10 0 1 1

-5 to - 5 0 0 1

-10 to +10 0 0 0

Figure A.3 Dip Switch Configuration for DAC
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Internal 44 pin edge connector

interconnect an interconnect

1 A
2 B
3 C
4 D

Y -DAC output
+ 15 V

X - DAC output
- 15 V

5 E X - strobe
6 F Y - strobe
7 H Y - DAC, bit 7
8 J bit 6
9 K bit 5
10 L bit 4
11 M bit 3
12 N bit 2

ground 13 P bit 1
14 R bit 0
15 S X - DAC, bit 7
16 T bit 6
17 U bit 5
18 V bit 4
19 W bit 3
20 X bit 2
21 Y bit 1
22 Z bit 0

interfacing connector

interconnect pirL interconnect

Y - DAC out 1

ground 2 20 X - strobe
X - DAC out 3 21

Y - strobe 4 22
Y - DAC, bit 7 5 23

6 6 24
5 7 25
4 8 26
3 9 27
2 10 28
1 11 29
0 12 30

X - DAC, bit 7 13 31

6 14 32
5 15 33
4 16 34
3 17 35
2 18 36
1 19 37 X - DAC, bit 0

Figure A.4 Pen Configuration for DAC Module
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Peristaltic pump modifications. The two peristaltic pumps provide a pumping action by

a roller cage driven by a DC motor controlled by a continuously variable potentiometer(144).

Also, the load and temperature induced variations are minimized by a feedback circuitry. But, the

pumps were not equipped with a remote interface which was desired for CF-CL based measure-

ments. Therefore an interface was conceived and built based on the partial schematic illustrated

below in figure A.5 where R5 and R6 are part of the voltage divider circuitry.

Figure A.5 Partial Schematic of Pump Circuit

Note: Switch S2' Is shown in the remote mode.
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D. CF-CL Photometer Interfaces

The plumbing and electrical plug-in interfaces are depicted in plates a and b of figure A.6.
At the flow cell, the various reagent tubes are pressed into the ports on the flow cell, and the
electrical connections for the probes are made through a four pen connector that is mounted on
the cell block and shown at the top of plate a. The CL photometer housing is connected to the
outside by a number of electrical and plumbing interconnects as shown in plate b of figure A.6.
The square-shaped tubing interface located at the center of plate b is the HPLC interface port.
The 316-ss tubing exiting the interface can be connected to an HPLC effluent stream with a low
dead volume fitting. The interface consists of two septums that form a light tight seal arround the
tubing and against the housing of the photometer when the interface is assembled. The
completed assembly includes the two cover plates and the four screws as shown.

E. Proposed Development Stratagem

During the course of developing and characterizing the flow cell itself, it became evident
that many other applications of the cell and characterization studies should be evaluated in the
future. The more interesting applications and characterization studies include the following topics:

(1), develop an intensive model of the physics that take place at the
intersecting streams and during film transfer to a tube;

(ii), develop a one-to-ten or one-to-twenty scale model of the falling
film cell;

(iii), develop a model for determining the spacing factor as a function
of the reagent-tube wetting properties, the surface tension of the
fluids, the mixing efficiency of the flow cell and the diameter of
the reagent tube;

(iv), develop post-film interfaces for a plug-flow transfer and sub-
sequent pumping to down-stream stations;

(v), develop a micro-volume mixing chamber for post-column
derivatization;

(vi), develop a LC and GC interface for the flow cell;
(vii), develop a FL and electrochemical detection system;
(viii), develop absorption measurement capabilities;
(ix), develop alternative passive and active film supports;
(x), develop an alternative and fail-safe monitoring system for sus-

tained automated operation, and finally;
(xi), develop alternative optimization strategies utilizing precise pump

control, a gradient-elution technique, and a modified simplex
method of optimization.

Some of these topics are discussed in more detail below.

Intensive model. The rate of future development would be enhanced if an intensive model
of the physics that take place could be developed. The modelling should include: the mixing,
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(a)

(b)

Figure A.6 Photographs of Plumbing and Electrical Interfaces
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spreading of the analyte as it flows downstream, and transfer characteristics of the falling-film flow
cell. The cell characteristics presented in chapter III should provide the critical information for
developing such a model.

One-to-ten scale model. A cell volume of less than 1 I L is desirable for extension into
HPLC utilizing microbore columns (86,87,95). As configured the model-w flow cell provides
volumes in the 2-9 t L range. The decreased cell volume should also be accompanied by a 99.9%
mixing efficiency.

Spacing factor and nozzle design. The most undesirable feature of the flow cell is

associated with the manual adjustment procedures of the tube-to-film spacing. Presently, the
tube-to-film spacings is accomplished by first removing the flow cell from the CF-CL photometer
and then initiating flow and setting the spacing for maximum pulsations without forming droplets.
If the value of the spacing factor can be ascertained, the tube-to-film spacing can be estimated
utilizing equation 111.3 and the tube-to-film spacing adjustment for various operating conditions
could then be accomplished by a manually operated or automated micrometer.

The analyte port was designed to interface directly with a HPLC via a 1/16-in diameter
stainless-steel tube. However, the tube-to-film interface was difficult to maintain due to the
undesirable wetting characteristics of stainless steel. To eliminate the problem, a short piece of
Teflon tubing was added to the tubing end. The associated dead volume of this design may be
improved by a Teflon-impregnated tip.

Micro-volume mixing chamber. It was observed, during the course of characterizing the
flow cell, that a falling-liquid film may be transferred to a capillary tube placed directly against the
film without a film rupture and without entrapping air bubbles or voids in the tube. The resulting
fluid plug may then be transported by a pump or gravity flow method. This spontaneous and
quantitative transfer is probably associated with a reduction of the surface free energy. Therefore,

an in-line micro-volume mixing chamber for post-column derivatization could be developed
provided the solution can be transformed from a falling film to plug flow within a tube.

The chamber could be designed to allow the user to control the cells environment, such
as, the state variables of pressure and temperature and also the reactivity. If the environment is
reactive, then the chamber could be used to study two-phase reactions. The rate of solution with-
drawal from the cell wires into the capillary tube is determined by an in-line delivery system. The
maximum rate of delivery to other locations is limited by the linear velocity of the falling film.

Configurations. The flow cell as configured, can be directly interfaced to a HPLC or GC
system. Diagrams a and b of figure A.7 graphically represents the proposed interfaces. The GC
interface may require a gas seal to enhance interactions of the gas effuent with the falling liquid
film. The actual dimensions and shape should be designed for improving the surface-to-volume
ratio. Also, the LC-to-falling film interface tube should consist of a a non-wetting material or good
mixing characteristics will be difficult to achieve. The problem is associated with controlling the
directional properties of a suspended droplet on the outside surface of a wetted tube.

In addition to the CL based detection system: fluorescence (FL), electrochemical (EC),
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(a)

(b)

Figure A.7 A Proposed GC and HPLC Interface

(a), GC interface. (b), HPLC interface.
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IR, and UV/VIS absorption CF detector systems could be developed. Diagrams a through d of
figure A.8 depict possible configurations for the various detector systems. The use of a fiber
optic coupled directly to a falling-film light pipe is of particular interest and in the case of IR and
UV/VIS absorption studies, the cell may be designed for very long path-length applications.
Alternatively, the optic system could be aligned perpendicular to the flow in a short path-length

configuration for strongly absorbing IR or UV/VIS solvents. Also, a combination of both
configurations may be useful for monitoring various solvent-solute properties.

The development of multi-detector instrumentation utilizing two of the detector systems
presented in figure A.8 should also be considered. Alternatively the use of an acetate membrane

film support with electrodes that establish a voltage potential from top to bottom or side to side
could provide an electrophoretic cell.

Film supports. Film supports for the flow cell can be classified into two categories. The

supports which do not interact chemically with the falling film are termed passive film supports.

The supports which do interact chemically or act as a heterogeneous catalyst with the falling film
are termed active film supports. Passive film supports include the Nichrome wire currently

utilized, fiber optic, porous polymers and inert membranes. Examples of some active film sup-

ports which may enhance the capabilities of the flow cell include a platinized gauze screen,
immobilized enzyme support systems, active membranes and treated porous polymers.



falling film

PMT / fiber optic

black anodized cell
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(b)

(d)

Figure A.8 Other Configurations for a Falling-Film Flow Cell

(a), FL-based system; (b), electrochemical system; (c), IR- or UV/VIS-
absorption-based system; (d), electrophoretic system
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Appendix B: Troubleshooting

the Model-w Flow Cell

This trouble-shooters guide is furnished to provide the first-time user of the model-w flowcell helpful hints for assuring reliable operation.

Cell Storage

Short term:

Long term:

Rinse the cell thoroughly with a 3% (v/v) H202 solution followed by
a rinse with a 0.01-mol/L HNO3 solution if the cell is not going to be
used for more than one hour.
Prior to long term storage or after one to two weeks of heavy usage,
place cell in a 3% (v/v) H202 solution overnight. The solution should
cover all working areas of the flow cell.

Baseline Noise Problems

The following types of baseline noise have been observed:

Type A Type B Type c

Type A Normal baseline noise when all is working well.
Type B Random noise spikes are observed on an otherwise normal baseline.

Source : Unknown. However, the spikes may be derived from residual CLoccurring in the region of the lower spacer plate. Also, residual Mn02 may
accumulate in obscure regions of the flow cell over a period of time when a
Mn04 enhanced CL signal is studied. The built up Mn02 residue may thenreact with a H202 reaction mixture and produce a CL signal.
Elimination: Maintain a dry lower spacer plate by increasing the applied
vacuum slightly or periodically soak the cell in 3% (v/v) H202 for 5 min toremove salt accumulations. After soaking, rinse cell three times with
0.01-mol/L HNO3 followed by three rinses with reagent-grade water.Type C Baseline drifts, larger than normal noise patterns, and periodic discontinuitiesin the baseline have all been observed.
Source: Unknown. Possibly due to contaminated reagent tubes or thedissolution of deposited salts in the tubes or flow cell.
Elimination: Soak all tubing and the flow cell overnight in 3% (v/v) H202 orreplace the tubing and cell wires. Also, avoid reusing a tube or reagent port
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with an incompatible reagent without first completing a cleaning cycle. An
example is the use of a Mn04.reagent tube for alkaline solutions in a
subsequent experiment. Also, the tube containing alkaline solutions must be
cleaned after each use to prevent salt accumulation.

CL Signal Noise

As indicated in the text and shown in appendix D, each CF-CL signal has a noise level
in direct proportion to the magnitude of the CF-CL signal. This noise is predominately due the
pulsing of the film which is necessary for good mixing, and it depends on the tube-to-film spacing
and flow rates. Another source is associated with the pulsations generated by the peristaltic

pumps and drain mechanism. Finally, ripples in the falling film derived from cyclic cell volume

changes cause periodic fluctuations in the CL signal. The rippling can be diagnosed audibly by

characteristic sound fluctuations generated near the drain in the lower spacer plate.

The pulsations can be reduced substantially by an electronic filter. A better solution could

be obtained through a software-based filtering techniques or perhaps by a real-time digital filtering

technique that dynamically dampens the pulsations. Also, pulsations derived from pumping can
be eliminated by utilizing a gravity feed system or a pump designed for pulsation free flow.
Rippling can be minimized by carefully adjusting the applied vacuum on the drain. If rippling is
still a problem, the air-inlet hole of the CF-CL photometer can be momentarily blocked.

Hardware Problems

Hardware problems are defined as problems with the electronics. They include the drop
detection, the event marker, and the flood detection circuitry. All of these circuits are based on

electrical conduction through the reagent medium. Therefore, the use of non-electrolytes may

require designing and implementing an alternative detection system such as an IR sensor system.

The use of weak electrolytes is not a problem for the drop- or flood-detection circuitry but
it may cause problems for the event marker. The addition of a soluble salt or the replacement of

the external resistor for the LM 1830 fluid detecting chip will minimize the problem.

A rapid and unexpected rise in the baseline of the CL response curve is typical of a
flooding condition. A quick check of the vacuum system should be made to assure that it is on
and working properly. If the drift continues, the PMT bias voltage should be adjusted to zero
and a complete dismantling and cleaning of the PMT housing and PMT is required due to a rea-
gent leakage into the PMT housing. Damage to the PMT may occur if diagnostics of this
condition is not accomplished in a timely manner. A properly functioning flood detector circuitry
under microprocessor control prevents this condition from occurring by initiating an early shut
down of all feed pumps. However, the gravity feed systems may still cause additional flooding of
the cell chamber unless an electronic control valve is added.
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Appendix C: Software Listings for CF-CL Measurements

Contents

KIM-1 Configuration

Data acquisition : Machine Code

Data acquisition : Basic Code

Typical Printout

Flow Rate Monitor
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Figure C.1 KIM-1 Microcomputer Configuration

a This interface is also described in the thesis by Marino ( ).

b The label and decimal memory address for the KIM-1 microcomputer and the
assembly language program.

c The data bits for the X- and Y-DAC.

d Strobe signal for the X-DAC.

e Strobe signal for the Y-DAC.

f Status of A/D and IRQ interrupt on the KIM-1 microcomputer.

g Channel selection bits for the A/D; where, 000 = channel 1 and 111 = channel 8.

h IRQ interrupt of the KIM-1 microcomputer was used to initiate pump shut down if a
flooding condition was detected.

i Data bit inputs for each ADC conversion.



Assignment on KIM-1 Interfaces

Bit : 0 1 2 3 4 5 6 7

Memory address:b

OUTA (1700)
[DAC data bits]d 0/0' 1/1' 2/2' 3/3' 4/4' 5/5' 6/6' 7/7'

OUTB (1702) ground ground ground X-strobed Y-strobee 5 V ground ?

VIAA (1601)f start mode enable channel selectiong IRQh end

VIAB (1600)i 4 5 6 7 8/0 9/1 10/2 11/3

Figure C.1 KIM-1 Microcomputer Configuration



Data acojisition : Assembly Code

Assembly language copyright message

Tape identification and labels

214

I1ROL TAD FROP1=501.4.1i -10=95N

2003 41;

1:311F'511-244T 76 I441_ 13
EDIT FK.1-11=801 T0=915430

NEW FILE? NO
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1140 Nit 8733 9500 0001

<R>3116111 10817 FR011=9000 .111-7.90
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4i06 14*00
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N I 0 Of_S3 TIPF=1177
Oini 0N0 1114E1=s:706
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i441 3 wi 4.1Ki
E1314 Efoi ',111:1=$1601

0015 aw '7.:I4 s.-$1,:i10

0016 ki:40 viCR:$1Eik
4417 00 v I H.-41602
0018 NCR Pi:Trzt 1 60C

0019 Mt OttIFF11.1.30
iiteal Ef4*3 OUT8=4171,::
e1 aitit13 7.1471$17'..:il
keit 8n3 Cl4TB417K:
0023 NCR F1CR=S 16E

314 ONO 1E1 ' 60E
112325 *00 SIGL=S00E
0026 INN Si
001'7 0000 CaNT.14:":57
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Initialization

* set clock

* set I/O
* set registers

* set pump rate to zero

Initiate Pumps

* set X and Y pumps

Acquire Data

* Initialize A/D

* initialize memory
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0039 0000 *.$200

0E40 ea Rq FF 1DR tIFF

4o41 0202 8D 03 17 STP NTR

0042 0205 R9 10 W olo
0043 0207 Et 02 17 ST; IITP

0044 026P P9 FF poi Irpi-

0045 FJEOC 8D 01 17 STR CNTA
41i 46 026F 8D EC 17 ST; arc;

0047 I1_ 08 LDA 08
6'i e4s 0214 3D 02 17 STR 176
0049 F17 60 FTS

CC50 EIP18 Fe 7F LDA t$7F

0051 0219 8D EIF 16 n0.1 :rit
afyy 021D A9 3F i DA t$:.:1-

Oe.i3 02IF Et 14 16 STR VD:I

004 0222 149 00

0055 0224 4( 01 16
cT; ifilp

0056 0E27 8D a: 16 STA ;CR

-oa57 0E2A 8D 02 16 FR :ICE

0058 42.2D 8D 06 16 STA FkIR

0059 0230 8D ES k F,F,, R9TFH

Nkil ::: 8D E7 03 5TP RRT r I

0061 0236 R9 R0 LDA ORO
0062 0238 8D FE 17 Ti-F, IRg

0063 0226 P9 03 LDR t13

0064 EeSt 8D FF 17 7; TRI,TH

i1491 A9 Efi IDP OBP
tbb V4,-: 8D FR 17 :::T; wlii

14=1677 iv4 P9 03 ir:A ti?

0068 i84( ap FP 7 T; fimiH

0069 04A R9 08 PIPX DA
M 04D 8v 6; ic STA

0.,4F RD F9 03 ii:fiP RH_
0072 025? 49 Fr EAR t$FF
0073 0254 8D 00 17 FTA CAJA
0074

ao77

Efc,,

0E58

60

P9 10

.T5

Fi V4F"i i E:,P Si

0076 Ei25A 8D 02 17 FIR OUll
0077 021' RD FR 03 IDA RATET'

0078: EP60 4 FF FAR s--

0079 126: 8D 00 17 StA OCIA
0088 Ex:5 60 Vrc

oasi 0266 R9 81 i DR tf-81

00E2 0268 Et OE 16 STP IER

00E8: 0268 RD E7 03 W4IT3 LDA FI;TFL

8084 026F FO F6 EFQ WPIT3

0025 0270 R9 7F IDA t$7F

012E6 0272 8D OE 16 cTR IF;

0087 0E75 6i RTS

.S 0276 R9 00 CT P LDA t$00

01Y23 0278 85

Eit] 027R R9 5F IDA t$5F

ao91 027C 85 EE STA SIGH



* wait for start

* obtain another data point

* obtain a conversion

* place in temporary memory

* determine time between

ADC conversion

* set number of data points

for background and signal

* collect data from temporary,

rearrange and place in memory
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0097 F'E PO DC OP Sic: SSi INCNT
oe93 0E81 FC FF IDY OFF
0094 ca HI 01 16 RTRRT1 IDR VIAR
0095 Mb FP qi7.4

oi196 ivy/ D0 FP RNE 7TP71
0,397 va9 R9 Et5 ir.4; ii.e.7

0098 028R 8D 01 16
0099 028F CE 01 16 GO4
0100 0291 LE @I 16

otL ,iimi

INC: VIAR

0101 04 Ft 01 16 iii1IT if)R VIRR

010;' 0237 30 FE EMI IiiITE
010S 4Aq

20 EC 02 JCR PCQ
0104 0?': RD E4 03 LDR TFMFN
i700c 029F 91 ED T. ( ;71 %, .,,
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0107 0PA? RD ES 03 i E:Ifl T

OPR 91 ED

P.1Pi

010'9 0E97 08 5EY
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I:34 OEFF 8D E6 03 CTP if
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eifii KE5 8D E5 03
0137 EX$
0138 02E9 41 4F IC JMF"' STRPT

013'9 KEC 4) EfJ 16 PC.F2! LDP Y1
0140 02EF Et F4 14 STA IFMPH
0141 aPFP A9 07 LDP. $$7

4I4_ OD 14 16 .:iH VI*
0143 OPF7 RD ao 16 Lf:A YIAR

0144 &FR 'if' E3 a3

0145 OPFD R9 05 3 ;;r:
0146 ECFF 8D 01 16 STA viRR
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H141 0304 18 GC' e: *$4
0149 0385 4E F4 03

0150 mi 6E E3 03 ROR TE11_
0151 030B CR

0152 030C DO F6

0153 OE 60
Oi. GO2

0154 038F 4C 4F IC JMF STRPT



Data acquisition : Basic code
Initialization

* setup assembly code

* comments on program
NOTE:

In text, LB = LS and SB = SS also

ES was added for clearity to text.

* define instrument

settings

* define experimental

conditions for

gradients
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LL:



Determine Tubing Size for
Each Pump

A. Manual input of flow rates

218

Ls



B. Software calculation of flow rates

* based on a pre-determined constant

List Final Parameters

Select Number of Data

Points to Define Curve

219

2R2 2

FTC:

CAI@ ..#4.

C.(



Start Program

A. Begin

B. Setup data column

C. Acquire Data, Calculate

and Store in Memory

220

1,114

-
1310 PRINT CCCC 1.6; :,u,



D. More data ?

Shut Pumps Off

221
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Typical Printout

477 ; R::::AiicTTil:04 rimy =
,...viii: i R ... (FLr2 7g-iT7 i j,-.:i

Tjk VI-il C4: 1 E rt 2

r-,: sE



Assembly code:

[ already exits on tape ]

Basic code:

[ modifications to basic program ]

* add the following code lines
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Flow-Rate Monitor

0155

0156
0157

0160

Ei 1 61

02

03?
01;0 Ft 01 16
137-1:3 Fci 4

Ei4

5 17

t 07 17
ijA)
KO F7 073

FtJR

AIT1

*=-13i10

i:A
RT

7;:,

F7F 74377

P,P:s

11.11

0a2 E'
0lia4 0384 EE E8 03 4

0155 .{:t Li L "
0166 Ki9 4s 1:1CF

167 iJH 09 FF $1-7-

0158 OX
03BF *18

0170

0171

03:: a) 0i.

A R? 10 I-
0117

;iI0
0172

117..
40

0175 tr0
iT..117E,

line number

821 PRINT "AUTO FLOW RATE CALC?"
822 INPUT B$(0)
823 IF B$(0)="N" GOTO 825
824 GOTO 1640 ; GOTO 920

* alter code line 825 825 PRINT "FLOW RATE CALC BY SOFTWARE?"

Note:

These additions and alterations are necessary to make the flow-rate monitor subroutine functional.
The rest of the basic code is contained on tape as shown in the listing on the next page.



Flow-Rate Monitor (continued)

Tj !..4.4

1653 PRigr '40NITOR FY 041Y
1660 INPUT 6$(0)

4-70 IF BV: Ei ):iiNi' I....T' 1690

1680 F,4 FiOTO 1)
Ic.471 PRINT 'FIN Fi Di OF X OR Y

-4PHT WP)
106 m=1

0 PRINT ' KFKFNT

FTANCR EIFIVFN FVF:;FF., ?'
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Appendix D: Time Dependence of Various CL-Response Curves

Contents

The kinetics and predominate CL pathway of the various CL reactions studied were
influnced by the experimental conditions. The graphic representations of the recorded CL-
response curves are illustrated in eight figures:a

D.1 Effect of the Cell pH on the Pg DS-CL Response Curve;

D.2 Effect of H202, 02, and H202 + 02 on the Pg DS-CL Response Curve;
D.3 Effect of H202 on the Pg DS-CL Response Curve;

D.4 Effect of Co(II) on the Pg DS-CL Response Curve;

D.5 Pg-CL Response Curves Associated with the Simplex Optimization of a
Red Colored Intermediate (Part A and Part B);

D.6 The Fe(II)-Enhanced Pg DS-CL Reaction;

D.7 Typical CL-Response Curves for the Catechol DS-CL Reaction Using
Various Concentrations of NaOH;

D.8 Typical CL-Response Curves for the Co(II)-Enhanced Catechol DS-CL
Reaction.

Note :

a In each drawing, the vertical axis reflects the measured CL signal intensityand the horizontal axis reflects the post-injection time.
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(a) (b) (c)

i
(d) (e) (f)

(9) (h)
(I)

Figure D.1 Effect of the Cell pH on the Pg DS-CL Response Curve

Key:

PMT = C37025C (low sensitivity). scales: 17 pA/in; 1.54 min/in. labels: pH =
pre-mixing pH, (pH after 1-min. reaction time). (a), pH = 4.1, (4.2); (b), pH = 7.0,(8.4); (c), pH = 7.5-9.5, (9.3-10.3); (d), pH = 9.5, (10.0); (e), pH = 10.3, (10.7);
(f), pH = 10.6, (10.7); (g), pH = 11.5, (11.8); (h), pH = 12.2, (11.8); (i), pH = 12.5,
(12.3). Cell conditions: 20-mmol/L Pg, 310-mmol/L H202, 10-14X Co(II), various
KOH solutions that were pH adjusted as labled.
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,..2%"....".................

(a)

___,----

INNeNOb

(d)

(c)

(b)

v."...
(e)

Figure D.2 Effect of H202, 02, and H202 + 02 on the Pg DS-CL Response Curve

Key:
PMT = 1P28. Scale: 1.05 nA/in; 1.45 min/in.
H202 only / (a), reagent blank; (b), 10-ng/mL Co(II). 02 purge only / (c), reagent
blank [ same for 10- and 100-ng/mL Co(II) 1. both / (d), reagent blank; (e),
10-ng/mL Co(II). Cell conditions: 10-mmol/L Pg; 0.10-mol/L NaHCO3 (pH 9.9);
0.69-mol/L H202; 3 min purge.
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Code blank 10-ng/mL Co(II) 100-ng/mL Co(II) 1-mg/mL Co(II)

(a) iv/

(b) ujJ

d) vi°J

(e) yor.4444milv`A."A4'.....A

Figure D.3 Effect of H202 on the Pg-DS-CL Response Curve;

Key:

PMT = 1P28. Scale: 0.74 in/min; 0.74 nA/in ( blank, 10 and 100 ng/ml ); 74 nA/in for
1 /.4g/mL H202 concentration: (a), 7.8 mmol/L; (b), 38 mmol/L; (c), 78 mmol/L; (d),
120 mmol/L; (e), 160 mmol/L. Cell conditions: 0.20- mmoi /L Pg; 0.10-mol/L NaHCO3
(pH 9.9).
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Figure D.4 Effect of Co(II) on the Pg DS-CL Response Curve

Key:

PMT = 1P28. Scale: 17 nA/in; 0.26 s/in. Recorded with Tektronix oscilloscope.
Initial Co(II) concentration: (a)/ (i), reagent blank, (ii), 10 ng/mL; (b), 1.0 /.4g/mL;
(c), 10 mg/mL; (d), 30 i.kg/mL; (e), 100 Ag/mL Cell conditions: 10-mmol/L Pg;
140-mmol/L H202; 100-mmol/L NaHCO3 (pH 9.9).
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(a)

(b)

(C)

reagent blank 10-ng/mL Co(II)

oigltilkwiti

Figure D.5 Pg-CL Response Curves Associated with the Simplex Optimization of a

Red Colored Intermediate - Part A

Key:

PMT = RCA-1P28. Scale: 0.26 nA/in; 0.65 min/in.
Cell conditions: pH = 11.6 (w/ KOH); for (a-h), Pg concentration, H202 concentration.
(a), 1.2 mmol/L, 0.50 mol/L; (b), 2.2 mmol/L, 0.31 mol/L; (c), 3.7 mmol/L, 0.5 mol/L;
(d), 3.7 mmol/L, 0.75 mol/L; (e), 4.1 mmol/L, 0.43 mol/L; (f), 10 mmol/L, 0.98 mol/L;
(g), 100 mmol /L, 0.98 mol/L; (h), 100 mmol/L, 9.8 mol/L
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(d)

(e)

(f)

(g)

(h)

Figure D.5 Pg-CL Response Curves Associated with the Simplex Optimization of a

Red Colored Intermediate - Part B

Key:

PMT = RCA-1P28. Scale: 0.26 nA/in; 0.65 min/in.
Cell conditions: pH = 11.6 (w/ KOH); for (a-h), Pg concentration, H202
concentration. (a), 1.2 mmol/L, 0.50 mol/L; (b), 2.2 mmol/L, 0.31 mol/L; (c),
3.7 mmol/L, 0.5 mol /L; (d), 3.7 mmol/L, 0.75 mol/L; (e), 4.1 mmol/L, 0.43 mol/L;
(f), 10 mmol/L, 0.98 mol/L; (g), 100 mmol/L, 0.98 mol /L; (h), 100 mmol/L,
9.8 mol/L.
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(a): blank

.04.11...

I

.1......

200-

Ps...-

500-ng/mL Fe(II)

(b): 100- 200- 500-ng/mL Fe(II)

Figure D.6 The Fe(II)-Enhanced Pg DS-CL Reaction

Key:

PMT = RCA-1P28. Scale: 0.26 nA/in; 0.65 min/in.
(a): 5-s delay. (b): 5 -min delay. Cell conditions: 0.010-mol/L Pg; 0.14-mol/L
H202; 0.10-mol/L NaHCO3 (pH 9.9).



Figure D.7 Typical CL-Response Curves for the Catechol DS-CL Reaction Using Various Concentrations of NaOH

Cell conditions: 2.0-pg/mL Co(II); 0.40-mol/L H202; 0.40-mol/L CH2O; NaOH, mol/L = 0.50 (a), 1.0 (b),
1.5 (c), 2.0 (d), 5.0 (e). Analvte: (a-e), 1st peak = reagent blank; 2nd peak = 5.0-mmol/L catechol.
Scale: 0.88 nA/in; 1.9 min/in.
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Figure D.8 Typical CL-Response Curves for the Co(II)-Enhanced Catechol DS-CL Reaction

Key:

PMT = 1P28. Scale: (a-c), 0.20 nA/in; (d-g), 0.50 nA/in. (a-g), 2.0 min/in.
Initial Co(II) concentration: (a) and (e), 10 ng /mL; (b) and (f), 30 ng /mL; (c) and
(g), 100 ng/mL; (d) and (h), 300 ng/mL Cell conditions: (a)-(d), 10-mmol/L
catechol, 0.18-mol/L H202, 0.20-mol/L NaOH; (e)-(h), 0.20-mol/L catechol,
1.8-mol/L H202, 0.20-mol/L NaOH.



Appendix E: Listing of Various Colored Intermediates and End-Products

Introduction

235

During the course of the study on polyphenols, a variety of colored intermediates and end-

products were observed. Although some of these products have been reported in the

literature, others have not and a table of these observations may be useful for follow up

mechanistic studies.

Basic Reactions :

typical response curve and regions

.."....."..."....... A
\ I

"0..0\...n.

-

/

Regions: I -I II Ill IV V

baseline CL peaks, (tPk) post peak, (tpp) plateau, (tpt) final (tf)

50-mmol/L Pg
10-ng/mL golden to
Co(II) -> blue > blue-green > green - - - -> pale yellow
3% H202 0.5 s < 1 s 2 s > 30 min

NaHCO3
(pH 9.9)

50-mmol/L catechol
10-ng/mL --- ---> intense -> reddish-brown > pale
Co(II) cherry-red yellow
3% H202 0.5 s 2 s > 30 min

NaHCO3
(pH 12.3)
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Co(II) + Pg Reaction :

Regions:
I II III IV V

1-mmol/L Pg
0.19-mol/L H202
w/o Co(II)

OH-
(pH 10)

1-mmol/L Pg
0.039-moi/L H202
100-ng/mL Co(II)

1-mmol/L Pg
0.039-mol/L H202
1-Ag/mL Co(II)

> blue
(lasts 10-15 s)

-> blue
(lasts 30 s)

OH-
(pH 10)

OH-
(pH 10)

> green > v. pale yellow

-> blue
(lasts 1.5 min)

Color versus Peak Characteristics :

> green ----- - - - - -> pale yellow

> green > pale yellow

peak peak peak
cosi time height. nA

5-mmol/L Pg
3% H202 ---- --------- -- > green slow 0.36
w/o Co(II)

HCO3-
(pH 10)



5-mmol/L Pg
3% H202
10-ng/mL
Co(II)

HCO3
(pH 10)

5-mmol/L Pg
3% H202
30-ng/mL
Co(II)

HCO3
(pH 10)

5-mM Pg
3% H202
100-ng/mL
Co(II)

HCO3
(pH 10)

5-mmol/L Pg
3% H2O2
1-Ag/mL
Co(II)

HCO3
(pH 10)

green

green

> blue

> blue

Color versus Co(II) Concentration .

10-mmol/L Pg
2.1% H2O

OH-
(pH 10)

237

slow 0.36

slow 0.39

1st fast 2.08
2nd slow

fast 143

peak observation

color time. s Coal), nglm

blank 2 1
yellow 2 30yellow 2 100
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peak

color

observation

time. s Co(II). ng/mL

25-mmol/L Pg --- > blue-green 2 1

2.1% H202 green-blue 2 3
same 2 10
brownish-yellow 2 30

OH-
(pH 10)

50-mrnol/L Pg greenish-brown 2 1

2.1% H202 same 2 10
same 2 30
brown 2 100

OH-
(pH 10)

Manganese + Pg Reaction :

1000-kig/mL Mn(II) - > white ppt > yellow solution > intense brownish solution --> evolves gas
as MnSO4 in H20 or suspension (02 after 10 s)

HCO3
(pH 10)

10-mmol/L Pg 2.1% H202

1 000-Ag/mL Mn(II) ---> white intense brown ---> intense brown solution
(dissolves suspension) (suspension + gas)

HCO3 2.1% H202 10-mmol/L Pg
(pH 10)
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reaction time :

< 1 s 1 s 200 s 300 s 500 s

CL signal out : 1st peak 2nd peak 3rd peak
10-pg/mL Mn(II)
10-mmoi/L Pg purple ---> greenish-brown ---> intense > brown suspension -
2.1% H202 golden-brown

HCO3

500s 510s

after 3rd peak

> gas bubbles ------> pale golden
brown

10-1.4g/mL Mn(VII)
as KMnO4

(w/o mixing)

Pg
(pH 2)

H2O
(pH 2)

> clear ---- -r - - -> yellow

HCO3
(pH 10)

> top 1 mm: brown
bulk: yellow
(after 30 s)

10-Ag/mL Mn(VII) clear > clear > golden-brown
(w/o mixing) (beer color)

Pg H202 HCO3
(pH 2) (pH 4.5) (pH 10)

100-pg/mL Mn(VII) --- > clear ------ ---> clear ------ ---> golden-brown > pale yellow
(w/ mixing)

Pg H202 HCO3-
(pH 2) (pH 4.5) (pH 10)

100-Ag/mL purple
(w/ mixing)

H2O H202 HCO3
(pH 2) (pH 4.5) (pH 10)

w/ gas bubbles

> clear > clear (w/ gas)
(after 5 min)

100-pg/mL dear > clear golden-brown ------> pale yellow
(w/ mixing) (after 5 min

no gas)
Pg H2O HCO3-
(pH 2) (pH 2) (pH 10)



Fe(II) + Pg Reactions :

500-ng/mL Fe(II) > clear - > yellow > top 1 mm: intense red -->
(w/o mixing)
bulk: yellow
(after 1 min)

50-mmol Pg HCO3-
(pH 2) (pH 10)

> yellow
(red layer dissipates)

3% H202

500-ng/mL Fe(II) ----> cherry-red ---- --> dark brown or
50-mmol/L Pg (maroon) v. intense red
3% H202 (after 30 s) (CL signal)

HCO3
(pH 10)

Other Colored Reactions :

> pale reddish-br
(root beer)
(after 2 s)

5s
V205 ; 6/02)aq

in 0.12-mol/L HCI
50-mmol/L Pg (pH 2)

> purple > brown
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