
STUDIES IN AUTOMATED MICROANALYSIS 

by 

HANGHUI LIU, B.S., M.S. 

A DISSERTATION 

IN 

CHEMISTRY 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

May, 1996 



ACKNOWLEDGMENTS ^'( /w. ^/^ 

.The author wishes to thank Horn Professor Dr. Pumendu K. Dasgupta for his 

continuous guidance, encouragement and support throughout the years. The author also 

wishes to thank the rest of the committee. Dr. Dennis C. Shelly and Dr. Edward L. 

Quitevis for their help and advice. 

The help and assistance of many people made this work possible. The electronic 

expert of the Department of Chemistry's Electronic Shop, J. L. Lopez wiUingly provided 

his expertise whenever asked. D. C. Hinds of the Machine Shop offered help when it is 

needed. The help and advice of Dr. D. J. Bomhop in optics, etc., must be cited. The 

comradeship of all the group members has made the author's graduate study a great 

experience. Dow Chemical Co. and Shell Oil Co. are thanked for their financial support. 

The author also wishes to thank S. Dubey, Shell Development Co., G. Steve, Dow 

Chemical Co. and C. Patton, U. S. Geological Survey, for their interest and help at various 

stages of this work. Finally, special thanks to the author's wife, Min, for her support and 

patience throughout. 

11 



CONTENTS 

ACKNOWLEDGMENTS ii 

ABSTRACT v 

LIST OF TABLES vi 

LIST OF FIGURES vii 

LIST OF ABBREVIATIONS x 

CHAPTER 

I INTRODUCTION 1 

The Analytical Process 1 

Automation and Miniaturization in Analytical Chemistry 3 

The Research Presented in the Dissertation 7 

Literature Cited 12 

II DUAL-WAVELENGTH ABSORPTION PHOTOMETRY WITH 
LIGHT EMITTING DIODES: COMPENSATION OF 
REFRACTIVE INDEX AND TURBIDITY EFFECTS IN FLOW 
INJECTION ANALYSIS 15 

Introduction 15 

Principles 19 

Experimental Section 22 

Resuhs and Discussion 25 

Literature Cited 29 

III FLOW INJECTION EXTRACTION WITHOUT PHASE 
SEPARATION BASED ON DUAL-WAVELENGTH 
PHOTOMETRY 30 

i l l 



Introduction 30 

Experimental Section 34 

Results and Discussion 38 

Literature Cited 50 

IV A LIQUID DROP: A WINDOWLESS OPTICAL CELL AND 
A REACTOR WITHOUT WALLS FOR FLOW INJECTION 
ANALYSIS 51 

Introduction 51 

Experimental Section 53 

Results and Discussion 56 

Literature Cited 74 

V AUTOMATED LIQUID-LIQUID EXTRACTION AND 
DETECTION USING A MICRO ORGANIC LIQUID DROP 76 

Introduction 76 

Experimental Section 77 

Results and Discussion 83 

Literature Cited 91 

VI A RENEWABLE LIQUID DROP AS A SAMPLER AND 
A WINDOWLESS OPTICAL CELL: AN AUTOMATED 
SENSOR FOR GASEOUS CHLORINE 92 

Introduction 92 

Experimental Section 93 

Results and Discussion 98 

Literature Cited 116 

VII CONCLUSIONS AND POTENTIAL IMPROVEMENTS 117 

IV 



ABSTRACT 

Many benefits can be derived fi-om automation and miniaturization of analytical 

systems: compact size, high efficiency, high speed, low reagent consumption and low cost. 

Flow injection analysis technique represents a breakthrough in automated 

microanalysis. Some persistent problems in this technique have been investigated. A 

dual-wavelength/dual-cell optical detection system has been used to compensate 

simultaneously for the effects of refi-active index change and sample turbidity effect. A 

dual-wavelength optical detector has been used for flow injection extraction analysis 

without phase separation. 

Liquid drops formed at the tip of a small tube have some unique features useful for 

automated microanalysis, namely, reproducibility, renewability and the lack of windows in 

an optical cell. A liquid drop has been used as a sampler for the sample gas flowing 

around it; the color change of the drop due to the uptake of the analyte is optically 

monitored in-situ. Deposition of precipitate on the windows of a conventional flow cell, 

usually a vexing problem in automated process analysis, is avoided by using a liquid drop 

as windowless optical cell. Solvent extraction is performed by suspending a micro organic 

drop inside a "flowing" aqueous drop. 



LIST OF TABLES 

2.1. Raw Peak Area and Peak Area after Compensation for Refractive 

index and Turbidity Effects 28 

3.1. Analytical Recovery from Direct and Standard Addition Measurements 49 

4.1. Absorbance Signal and RSD under Various Conditions 71 

5.1. Steps in a Complete Determination Cycle. 82 

6.1. Best Fit Calibration Equations at Various RH. 113 

VI 



LIST OF FIGURES 

2.1. Artifact absorbance response caused by the injection of 10 mM NaOH 
into a water carrier, LED-based detection at 605 nm. 17 

2.2. Manifold design. 20 

2.3. Dual wavelength LED-based photometric detection system, shown 
schematically. 23 

2.4. Four different detector outputs recorded for a single injection of a 
sample containing 48 |iM BTB in the presence of 60% ethanol and 
1.5% milk. 26 

3.1. Schematic flow diagram for the determination of methylene blue 
active substance. 36 

3.2. (a) Vertical and (b) horizontal cross sectional views of the flow cell. 37 

3.3. LED-based dual wavelength photodetector. 3 9 

3.4. Raw data output (both 660 nm and 850 nm detectors) for 2.5 ppm 
C-12 LAS sample. 40 

3.5. Small subsections of Figure 3.4, (a) near base line conditions and 

(b) near the sample peak apex. 42 

3.6. Reconstructed fiegrams for various concentrations of C-12 LAS. 44 

3.7. Effects offlow rate ratio (Qa/Qo) on peak area and peak height. 47 

4.1. (a) Schematic diagram of the drop-cell detection arrangement 
and (b) the bottom view of the drop head. 54 

4.2. (a) Single channel and (b) dual channel manifolds 57 

4.3. Apparent absorbance signal and the photocurrent registered by the 
detector photodiode during a FIA cycle (comprising of 8 sequential 
drops) for a 400 mg/L sulfate standard. The inset shows the FIA peak 
reconstructed from the absorbance minima 59 

4.4. Gradient calibration data for BTB in 0-1000 jiM range. 62 

Vll 



4.5. Absorbance signal and detector photocurrent for different values 
of (a) h{d= -2.0 mm) and (b) ci(h = 2.0 mm). 64 

4.6. Effect of the carrier flow rate on the absorbance signal. 100 mg/L 
sulfate standard is injected. 66 

4.7. Calibration data (a) for sulfate in 0 - 200 mg/L range (the absorbance 
signal is obtained fi-om drop no. 4) and (b) for sulfate 
in 0 - 2000 mg/L range. 68 

4.8. Nephelometric response behavior for sulfate in the 0- 2000 mg/L 
concentration range. 69 

5.1. Schematic diagram of the instrument. 78 

5.2. Diagram of the drop head. 80 

5.3. Extraction traces of 4.0 ppm SDS for sampling periods of 30, 60, 
90, 120 s. 84 

5.4. Absorbance signal versus sampling flow rate for constant sample 

volume and constant sampUng period. 87 

5.5. Effect of organic drop size on the analytical signal. 88 

6.1. Gas flow schematic. 94 

6.2. Schematic diagram of the detection unit. 96 

6.3. Absorbance signal as a fiinction of the drop head height h. 100 

6.4. Photocurrent with pure air at absorbance minimum and net 
analytical signal for 670 ppbv Cb for different values of 
(a) h (d=1.6 mm) and (b) d(h= 1.95 mm). 102 

6.5. (a) Drop size as a fianction of drop head outer diameter 
and (b) same parameters as Figure 6.4 plotted as a function of 
drop diameter. 104 

6.6. Effect of reagent delivery rate on experimental parameters. 107 

6.7. Effect ofsampling flow rate. Chlorine concentration is 440 ppbv. 108 

Vlll 



6.8. The drop period t calculated according to eqn. 6 for a 3.25 mm 
diameter drop for various values of K2. 111 

6.9. Experimentally observed response at different humidities and CI2 
concentrations versus values predicted from the transposed form of 
Eqn. 6.8. 115 

IX 



LIST OF ABBREVIATIONS 

AAS: Atomic Absorption Spectrophotometry 

BTB: Bromthymol Blue 

FIA: Flow Injection Analysis 

FIE: Flow Injection Extraction 

LAS: Linear Alkybenzene Sulfate 

LC: Liquid Chromatography 

LED: Light Emitting Diode 

LOD: Limit of Detection 

MB: Methylene Blue 

MB AS: Methylene Blue Active Substance 

NIR: Near Infrared 

RH: Relative Humidity 

RI: Refi-active Index 

RSD: Relative Standard Deviation 

SDA: Sodium Dodecyl Sulfate 

TMB: Tetramethylbenzidine 



CHAPTER 1 

INTRODUCTION 

Analytical chemistry is an ancient science. ̂ "̂  The basic chemical measurements 

of analytical chemistry date back to early recorded history. The use of standard 

weights is traced to the Babylonians in 2600 BC, who considered them so important 

that users were supervised by their priests. In the fourth century, the purity of gold 

was determined from the extent of the yellow marks it made on a touchstone. 

Antoine Lavoisier disproved the phlogiston theory by performing quantitative 

experiments to demonstrate the law of conservation of mass in 18th century. Today, 

analytical chemistry is indispensable in our world, from scientific research, industrial 

processes, and environmental monitoring to clinical diagnostics and forensic analysis. 

Especially for research in chemistry, how else can we derive quantitative chemical 

information? How else can we monitor a process and control it? As Lord Kelvin 

said, "unless our knowledge can be measured and expressed in numbers, it does not 

amount to much." There is hardly any need to enumerate more reasons why analytical 

chemistry plays an important role in the advancement of science and technology as 

well as in our daily life. 

The Analytical Process 

Analytical chemistry can be thought of as comprising of two branches, 

qualitative and quantitative analysis. Qualitative analysis deals with the detection and 

identification of the constituents of a sample, and quantitative analysis deals with the 

determination of their amounts. The research presented in this dissertation pertains to 

quantitative analysis, which is the greater part by far of chemical analysis. The total 

quantitative analysis process consists of a logical sequence: 

1 



(1) Defining the problem, and choosing a n-.e:hod--

In defining the anaKtical proble-. an anaNiical chemist needs to ask a series of 

questions, such as. how sensitive and accurate must tne method he? Hov. soon rust 

the results be available, and what is the cost'' Then, the "best" .T.eth:d. the one n-.cst 

suited to the circumsiances of the analysis, is chosen. 

(2) Samphng— 

How to take the sample for analysis depends on the information desired and 

the properties of the bullv materials of interest A flour com.nan y ntay need to know 

the average protein content of a flour shipmem. Th-.s, the sample taken for analysis 

must be representative of the v. hole On the other hand, a scientist may v.ish to know 

how a panticular substance varies along the depth in the eanh. Therefore, slices of the 

core would be tal<en as sam.ples For gas sam.pling. we often need to collect tne 

anahie into a solution In the case of biological fluids, the conditions under v.hich the 

sample is collected can be important, for example, -.'.hether a patient has been fasting 

(3) Sam.ple preparation--

In this step, the anah-tical chemist may need to dissolve the sample, do some 

Dreliminar. treatment to render it in a fonm suitable for measurement, and or separate 

the anal%'te from interfering constituents etc 

('-' Measure.ment--

A signal or signals, ultimately reducible to numerical values v. hich relate to the 

anahne concentration, are obtained in this step through various analysis techniques. 

.Although: data for volum.es. weights, etc , may be read by h-m.an eyes, most present 

dav m.ethod of analysis depends on instrum.ents of var^.ing com.plexity These are 

based on the measurement of a physical or chemical property of the sample, f c 

examnle. electrical conductivity or the abso^ntion of li^ht. 

http://volum.es


(5) Calculation and evaluation— 

Finally, the concentration of an analyte in the sample is calculated. The result 

is evaluated using statistical analysis to give a measure as to how confident the analyst 

is about the result. 

It should be noted that some of the above steps may be integrated into one 

single step in certain analytical processes, for example, the sampling and separation 

may be carried out simultaneously when a sample stream flows through a 

chromatographic preconcentration column. ' An analytical process rarely measures a 

property or obtains a number in a single step. Each step of the complete analytical 

sequence must be considered to complete a successful and meaningful analysis. 

Automation and Miniaturization in Analytical Chemistry 

There are various types of analytical chemistry research. The ultimate purpose 

is to improve existing methods of analysis or to devise new ones to find a more 

appropriate way to carry out the analytical process. This is not a trivial matter. 

Besides solving problems that require chemical skill and ingenuity, there are other 

considerations. A range of factors from social and economic aspects to availability of 

the required technologies need to be considered. As in other scientific disciplines, 

both the demands of our society and the overall advancement in science and 

technology help shape today's analytical chemistry. Reduction of human intervention, 

or automation, and miniaturization are two clear trends in the technological 

developments which characterize the past years of this century. These trends have not 

been ignored in analytical chemistry. This is evident in most of the innovations 

continuously introduced in this discipline. The partial or complete replacement of 

human participation in analytical process is a growing trend that started in the 1960s 

and continues today.^'^^ This trend is due to a variety of reasons. On one hand, in 



virtually all areas of social interest (heakh, nutrition, ecology, industrial production, 

criminal justice, etc.), one needs increasingly stricter control of the ever-growing 

number of samples in which a large number of analytes are to be determined at 

increasingly lower concentrations and in increasingly shorter time.̂ "* Cost reduction is 

yet another reason of the growing trend towards automation. The progressive 

elimination of human participation, wherever feasible and sensible, improves economic 

yields and reduces the cost. Another issue receiving more and more attention is how 

to make the method more environmentally friendly by reducing or eliminating the 

consumption of hazardous reagents or replacing them with safer ones. On the other 

hand, automation relies on the spectacular advances in electronics and computer 

science. ' " Computers, whether or not used as microprocessors, have become very 

common analytical laboratories and industrial processes, devoted to routine control or 

research. Despite the possibility of controlling some instruments or processes without 

the aid of computers, computer based control usually results in a higher degree of 

automation and flexibility and often plays the role of a "brain" to govern the system 

concerned. Put simply, a computer is a system capable of capturing, acquiring or 

accepting information from the outside world, converting it into intelligible 

information, making decision on the basis of this information, storing and processing 

the acquired information on its own or alongside other stored information, actuating 

the instruments or machines involved for a given process or a protocol, sending the 

processed information as output and communicating with other systems. 

Another trend in technology development, miniaturization, is also reflected in 

analytical chemistry. Miniaturization can lead not only to smaller and more reliable 

systems but also to less consumption of material and energy. In addition, 

miniaturization often makes automation of a system more practical and less expensive. 

Most importantly, performing analysis in smaller scales often brings higher efficiency 



and higher speed. Small dimensions favor the plate height in liquid 

chromatography. ^̂ '̂ ^ They also allow higher electric fields to be used in capillary 

electrophoresis, thus the separation can be speeded up while high efficiency is still 

maintained. •̂ *̂ '̂^ 

Automated methods for analysis can be roughly divided into three categories. 

One category is batch methods in which each sample is kept separately in a vessel 

when the different analytical stages (dilution, reagent addition, mixing, etc.) take place 

through mechanical processes. Batch methods are usually mechanical versions of 

manual procedures. Those methods are generally complex from a mechanical point of 

view and thus expensive, but can be more readily adapted to the determination of 

several parameters for a large number of samples. This type of analyzers are most 

extensively used in clinical chemistry where random access to different samples and 

analytical methods are important. Another category is robotic methods. They can be 

considered as substitutes for batch methods and are especially relevant to the 

automation of sample preparation, such as weighing, shaking, centriftigation, etc. 

The third category is continuous flow methods which are characterized by the fact 

that the transport of samples and reagents along the system is effected by establishing 

a stream flowing through the tubes making up a typical manifold. Those methods can 

be classified into segmented flow analysis (SFA) and unsegmented flow analysis. The 

introduction of air-segmented flow analysis is a milestone in automated microanalysis. 

Monographs^'^'^^ and reviews"^^ have been published on this subject. Technicon 

automated segmented analyzers were the most typical of the commercial instruments 

available and were the earliest to be developed in the field of automated methods of 

analysis. They originated from the contribution of Skeggs in 1957, materialized in 

the first continuous dynamic measuring system with sequential introduction of samples 

and the use offlow cells. Carryover between samples was prevented by segmentation 



with air bubbles introduced between successively aspirated samples Skegg's original 

idea was consolidated in the development and commercialization of Technicon 

AutoAnalyzers and later, after the expiration of the patents, of many others For 

many years, these were the only choice available for the automation of high-

throughput analytical laboratories However, the development of other modes of 

continuous analysis has demonstrated the viability of ahernative approaches Thus 

introduced was an unsegmented flow analysis technique, flow injection analysis 

(FIA). '• FIA is simple, inexpensive, straightfor .̂ ard, convenient, and offers high 

precision. It represents a major breakthrough in miniaturization in analytical 

techniques or in microanalysis. The basic components of an FIA system are a pump, 

an injector, a reaction coil, and a detector. In conventional FIA, -25-100 |j.L sample 

is injected into an unsegmented carrier stream which may contain a reagent that reacts 

A ith the analyte. As the sample is propelled by the carrier stream, it undergoes 

controlled dispersion and mixing v.ith the carrier, depending on the manifold design, 

resulting in a concentration gradient of the sample. The products of the reaction are 

monitored by a detector with an appropriate flow cell, and a transient peak is 

recorded in as little as -30 s. Some chemical separation techniques, such as on-

column preconcentration ' ^ and solvent extraction," " have been incorporated into 

FIA. Conduits of increasingh small id. have been used.'^'' Micro channel systems^^ 

have been developed to flirther reduce sample and reagent consumption and increase 

the speed of analysis. Electroosmotic pumping was introduced into FIA to facilitate 

the small flow rate required in FIA in micro scale.̂ '̂"'' This type of pumping also 

resulted in a new type of mixing in FIA, mixing two zones virtually without dilution. 

The roles of computers in the development of the analytical techniques 

discussed above are important, even crucial Technicon, a leader in the field of 

automation in analytical chemistry, has changed the previous nomenclature 



(AutoAnalyzer I, II) for their automated analysis equipment to designate a more 

powerful and highly automated instrument of this type: the SMAC, which stands for 

Sequential Multiple Analyzer plus Computer. Air bubbles needed to be removed 

before the flow reaches the detector in the old models of Technicon AutoAnalyzer. 

However, the later models use no debubbling system, because their computers 

"recognize" the air bubbles as they pass through the flow cell and reject their signal. 

In FIA, the application of computer makes the technique even more versatile, more 

flexible, and more powerful. Gradient techniques'*^ exploit the information contained 

in the whole recorded signal trace instead of just the peak height. Sequential injection 

analysis technique^ ̂ ''*̂  is still in its infancy. It has the potential to be extremely 

versatile and be configured for very complicated analytical procedures simply by 

programming the operational sequence. 

The Research Presented in the Dissertation 

This dissertation addresses some problems and limitations in certain techniques 

in microanalysis. The author has striven to improve and develop simple, reliable, 

robust, fast, inexpensive, and automated analytical technologies by taking the 

advantage of the advance of modern technology and by introducing new ways to use 

some classic physical phenomena. Computer based control and data acquisition were 

employed throughout the research. Light emitting diodes (LEDs), with superiority 

over any other source in reliability and stability as well as cost, are used as light 

sources in all the optical detection systems. The achievements presented in the 

following chapters are the result of research conducted by the author over a period of 

three and a half years at Texas Tech University. 

Although FIA appeared only 20 years ago, over 6000 papers on this technique 

have been published worldwide by 1995.̂ *̂  While the application of FIA in analytical 



laboratories and industrial processes is becoming more frequent, some problems 

remain to be solved. Further improvement and development are still needed. 

In FIA applications with optical detection, the mismatch in the refractive index 

between the sample and the carrier results in an artifact signal. A sample having any 

perceptible degree of turbidity will cause a false signal. In Chapter II, the above 

problems are discussed and a method for the automated simultaneous compensation of 

turbidity and refractive index effects in flow injection photometry is introduced using 

a dual-wavelength/dual-cell detection system. The signal related only to the analyte 

concentration is solved from the four individual primary signals. 

Flow injection extraction (FIE) can significantly reduce the organic solvent 

consumption relative to manual procedures, but its reliability and simplicity must be 

improved.'*^ An approach for FIE without phase separation is described in Chapter 

III. In the dual-wavelength detector employed, one wavelength is used to monitor the 

anal5^e concentration and a non-specific wavelength to recognize the organic 

segments. The analytical signal is extracted from individual organic segments as they 

pass through the detector. 

Some 130 years ago, the remarkable uniformity of repeated hquid drops 

formed at the tip of a tube impressed Tate: "...not varying in any case by more than 

the hundredth part of itself .'̂ '̂  From Chapter IV to Chapter VI, several schemes are 

devised to solve various problems in automated microanalysis by exploiting the unique 

features of the little drops, namely, renewability, windowless optical cell, and 

reproducibility. In Chapter IV, the analytical potential of a liquid drop as an optical 

cell is demonstrated by the detection of sulfate through the precipitation reaction 

between barium ion and sulfate ion in FIA system. Deposition of precipitate on the 

windows of a conventional flow cell, usually a vexing problem in automated process 

analysis, is avoided due to the windowless nature of the drop based cell. Gradient 
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dilution techniques in FIA are conveniently implemented without precise external 

timing: with small drops, a single FIA peak is spread over a multitude of drops. Each 

individual drop represents a different dilution ratio and the dynamic range of 

measurement can be greatly increased based on the choice of the specific drop used 

for quantitation. Both absorbance detection and nephelometric detection can be made 

on a single drop using a single optical fiber for light collection. 

The organic solvent consumption in FIE is small, but potentially it can be 

fiirther reduced. Do we really need so many segments in FIE to generate analytical 

signal? Is there any other way to perform extraction and detection? In Chapter V, a 

new configuration for liquid/liquid extraction is described. A micro (-1.3 |j.L) organic 

drop is suspended inside an aqueous drop from which the analyte is extracted. The 

aqueous phase is continuously delivered to the outer aqueous shell and aspirated away 

from its bottom. After the sampling/extraction period, a wash solution is delivered to 

the aqueous drop, not only resulting in a clear outer aqueous shell with a colored 

organic drop inside it but also realizing an automated backwash which is difficult to 

implement in FIA. The color intensity of the organic drop, which is related to the 

concentration of the sample, is monitored by a absorbance detector. The organic drop 

is removed after detection and a new organic drop is formed. Sodium dodecyl sulfate 

was determined by ion-pairing with methylene blue and extraction into chloroform in 

the system. Both phase segmentation and phase separation in FIE are avoided and the 

reliability was thus improved. This unique and novel automated extraction system 

may prove to be valuable for preconcentration and matrix isolation in micro scale for 

its low organic solvent consumption, simplicity, flexibility, automated backwash 

capability, facility of being coupled with other analytical systems. 

One logical extension of the concept of liquid/liquid extraction would be a 

liquid drop based gas collection and detection system. Such a system is described in 

9 



Chapter VI. A drop of a reagent solution is formed at the tip of a tube centered in a 

cylindrical chamber through which a gas sample is aspirated. The solution is 

continuously pumped; the drop grows, falls, and another drop grows again. The drop 

serves not only as a reproducible collector for the sample gas flowing around it but 

also as a reactor for a chromogenic reaction and as a windowless optical cell. In 

particular, the relative humidity of a sample can also be monitored through the drop 

period and then can be used to calibrating any effect of humidity on the detection. 

The feasibility of the device is demonstrated by the fully automated and continuous 

determination of gaseous chlorine using tetramethylbenzidine solution as a 

chromogenic collection Hquid. In gas sampling and detection, it is often necessary to 

discriminate between gases and particles by some physical means because the same 

analyte may exist in both phases. A bonus for using a drop as a collector for gases is 

that the flux of the vapor leaving the surface due to liquid evaporation inhibits the 

approach of particles."*^ This characteristic may make it possible to eliminate 

interference from particles without special design. Most importantly, the truly and 

conveniently renewable gas collection surface offers the reliability required by process 

monitoring. 

Some conclusions and possible future applications of the techniques developed 

are summarized in the final chapter. Chapter VII. 

The research in the dissertation covers a relatively broad territory in analytical 

chemistry. The analytical procedures involved includes sampling, separation 

(extraction), measurement, and data processing. The samples determined includes 

both gases and liquids. Instrumentation and programming are also an integral part of 

the research. The background of each of these topics is discussed in detail in their 

corresponding chapters. 

10 



Other published accounts of research carried out by the author during his 

graduate study are listed below. These are not further described because they are 

only peripheral to the central theme of this dissertation. 

(1) "Flow-injection extraction photometry using conductometric phase 

recognition."'*^ 

(2) "Computer-interfaced bipolar pulse conductivity detector for capillary 

systems.""*^ 

(3) "High performance optical absorbance detector based on low noise 

switched integrators."'*^ 
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CHAPTER II 

DUAL-WAVELENGTH ABSORPTION PHOTOMETRY 

WITH LIGHT EMITTING DIODES: 

COMPENSATION OF REFRACTIVE INDEX AND TURBIDITY EFFECTS 

IN FLOW INJECTION ANALYSIS 

Introduction 

The light source is one of the most important elements in an optical detection 

system. Light emitting diodes (LEDs) cover much of the visible and some near 

infrared (NIR) wavelengths with acceptable monochromaticity for most analytical 

applications. The short term spatial and intensity stability values exhibited by an LED 

are much better than conventional light sources and they have far longer usable 

lifetimes. Additionally, LEDs are robust, compact, and inexpensive. Recently, the 

designs of LED based optical absorption detector reported in the literature were 

reviewed and designs used by the investigators were described in detail with respect 

to construction, electronic design, performance and cost.^ 

Flow injection analysis (FIA) has proved to be a suitable tool for rapid and 

reproducible determinations with rather simple and inexpensive apparatus. 

Absorption photometry is the most widely used detection method in FIA. Naturally, 

LED based absorption photometric detectors, with the advantages discussed above, 

are well suited to the needs of many FIA applications. ' 

In FIA applications, a difference of refractive index (RI) between the sample 

and the carrier is common. An uneven distribution of the sample in the radial 

dimension of the conduit is a consequence of laminar flow and is unavoidable. This 

makes the sample zone in the flow cell act as a gradient index lens when viewed in 

axial direction, either focusing the incident light better or dispersing it away from the 
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photodetector that is placed on the other side of the flow cell. Consequently, an 

artifact absorbance signal, sometimes referred to as the Schlieren signal, is 

superimposed on the true absorption signal due to the RI difference. The magnitude 

of this effect is dependent on various factors, i.e., the RI difference between the 

sample and the carrier, the extent of sample dispersion and the cell design. The 

pervasive extent to which such effects corrupt the absorbance measurement is rarely 

fully appreciated (see reference 8 and citations therein). With a sufficiently sensitive 

and stable detector, RI signals can be discerned in seemingly innocuous cases, as 

illustrated in Figure 2.1. Often, the effect is much larger and serious penalties are 

paid in attainable accuracy, precision and limit of detection (LOD). 

A second problem with photometric detection in FIA arises with samples 

having any perceptible degree of turbidity, as with many real samples encountered in 

process monitoring. In many cases, on-line filtration to remove all of the suspended 

matter is not always practical or at least presents a major inconvenience. 

Efforts have been made to compensate for error arising from either refractive 

index change or sample turbidity, taken individually. The optics of a photometric 

flow cell can be designed to greatly minimize Schlieren signals.̂ "^* Nevertheless, in 

severe cases, the problem cannot be eliminated. Artifact absorbance signals arising 

from RI differences are not unique to FIA. Solvent "peaks" are commonly observed 

in photometric liquid chromatography (LC). In atomic absorption spectroscopy 

(AAS), Zeeman-split lines, that are at a different wavelength than the resonance line, 

can be used to correct for background absorption. In FIA, the solvent is not 

separated from the analyte as in LC, and the problem is of much greater practical 

importance. Zagatto et al.̂ ^ reports that while it has long been known that solvent 

peaks in LC can be eliminated in much the same way as Zeeman correction in AAS, 

namely by using a measurement at a second wavelength (where the analyte does not 
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Figure 2.1. Artifact absorbance response caused by the injection of 10 mM 
NaOH into a water carrier, LED based detection at 605 nm. 
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absorb but the Schlieren signal is still comparable), as a corrective tool, it had not 

been utilized in FIA. Zagatto et al. studied the efficacy of this technique for use in 

FIA applications and reported highly favorable results. Yamane and Saito''* have 

argued that if a very large volume of sample is used, in some part of the sample zone 

undispersed sample remains and this can be used to correct for the RI induced 

artifacts. This solution is not always practical and no correction is possible for RI 

induced detector noise. 

Dual-wavelength photometry has been proposed as a solution to dealing with 

turbidity in samples as well. Huang et al.^ described a photometric detector utilizing a 

dual-color LED as hght source. One wavelength responds both to the analyte and the 

suspended matter and the second responds to the suspended matter alone. The 

difference between the signals from the two channels is used for quantitation. Such a 

simple subtraction method is acceptable only if the two wavelengths respond to the 

suspended matter to the same degree. This not only requires that the suspended 

particle size be relatively large but also imposes the rather conflicting necessity of 

having the two wavel«igths proximate enough to respond to the suspended matter to 

the same degree, yet distant enough such that the analyte responds at only one of the 

two wavelengths. Few real samples will satisfy such criteria to perform adequate 

compensation. Worsfold et al.^ utilized a dual-cell arrangement to compensate for any 

intrinsic sample color or turbidity for unattended continuous analysis of phosphate in 

freshwater streams. The sample, used as the carrier, went first through one flow cell 

and then reagents were injected into it. The stream then went through the second 

flow cell, both having identical LED sources. The two detector outputs were fed into 

a differential amplifier. Since the wavelengths for the two cells are the same, the 

accuracy of compensation is not expected to be influenced by particle size variation 

from sample to sample. 
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Both an RI mismatch with the carrier and existence of sample turbidity can co-

occur in real samples; an accurate measurement of the analyte obviously becomes 

much more difficult in such cases. This problem has never previously been addressed. 

In this chapter, an approach to compensate for both RI and turbidity effects using an 

LED based dual-wavelength, double-beam (fially referenced), dual-flow-cell 

photometric detection system is described. The only requirement is that the analyte 

yields a product (that can be detected by absorbance measurement) as a result of a 

reaction which does not affect the optical properties of the suspended matter. The 

principle is mathematically established and experimentally demonstrated by 

determining micromolar concentrations of bromthymol blue in samples containing up 

to 1.5 % whole milk and 60% ethanol. 

Principles 

Consider the simple manifold depicted in Figure 2.2. A turbid sample, the RI 

of which does not match that of carrier C, is injected into the carrier stream by valve 

V. Following a short dispersion coil DC, the stream flows through a dual wavelength 

detector Dl. A merging stream of chromogenic reagent R is next added, this is 

followed by a reaction coil RC and then a second dual wavelength detector D2. 

The following notation is used: SI and S2 are the signals from the first and 

second detector, respectively, with subscripts (X\ or ^2) indicating the wavelength. 

Four raw signal outputs (Si;^;, i =1-2, j = 1-2) are measured. It is assumed that each 

of these raw signal outputs is the algebraic sum of the individual signals due to the 

analyte component (A), an RI component (R) and a turbidity component (T). These 

are indicated in subscripted parentheses, e.g., S2;^2(A) is the signal from detector cell 

2 at X2 due to the analyte. Only the total signals (without subscripted parentheses). 
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Figure 2.2. Manifold design. V: six-port valve; DC: dispersion coil; 
Dl: first dual-wavelength detector; RC: reaction coil; 
D2: second dual-wavelength detector; P: pump; C: carrier; 
R: chromogenic reagent. 
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can be directly measured, the components must be mathematically surmised. It is 

assumed for simplicity that the analyte reaction product absorbs solely at X2 and the 

analyte itself (prior to reaction) has no significant absorption at either X\ or X2. 

Thus 

Sl?Ll=Sl?,i(T) + Sl;^l(R) (2.1) 

Sl;i2 = Sl;^2(T) + Sl;^2(R) (22) 

S2;^1 = S2;^1(T) +S2;^i(R) (2.3) 

S2;,2 = S2;^2(A) +S2x,2(T) +S2;^2(R) (2-4) 

Now define two constants: 

S2A,1(T) /S1> , I (T ) = K T = S2x2(T) / ^^X2{1) (2 5) 

S 2 ? , 2 ( R ) / S 2 > , I ( R ) = K R = S 1 > ^ 2 ( R ) / S 1 : ^ 1 ( R ) (26) 

K j is a wavelength independent ratio, it is a measure of the dispersion factor 

between the two detectors. It should preferably be measured with the agent 

responsible for turbidity although the particle size distribution need not reflect that in 

the real samples. The RI calibration factor K R is the ratio of the artifact RI signal at 

the two wavelengths, it is cell independent. It is also preferably measured with the 

type of sample matrix encountered. A sample can be centriftiged or ultrafiltered to 

remove turbidity and injected into the system with the chromogenic reagent C 

substituted by an inert carrier for the purposes of this calibration. 

Now consider that the signal of interest is S2;^2(A) ^^^ ^"^ wishes to compute 

exactly this. If this signal component is known, analyte concentrations can be 

computed from system calibration data that are obtained with standard analyte 

solutions that are prepared in the carrier matrix that contain no turbidity. 

Transformation of equation 2.4 leads to: 

S2X2(A) = S2^2 - S2^2(T)" S2:v2(R) (2-7) 

Substituting equations 2.5 and 2.6 in equation 2.7, 
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S2X2(A) = S2^2 - KTS1A.2(T) " KRS2X^I(R) (2.8) 

Substituting equations 2.2 and 2.3, respectively, to describe the second and 

third terms on the right hand side (r.h.s.) of equation 2.8: 

S2U(A) = S2^2 - KT[S1;^2 - SlU(R)] -KR[S2J , I - S 2 ; , I ( T ) ] (2.9) 

Equation 2.9 can be written as: 

S2U(A) = S2;,2 " KTS1;^2 " KRS2;^ I + KTS1;^2(R) + K R S 2 ; ^ I ( T ) 

(2.10) 

The last two terms in the r.h.s. of equation 2.10 can now be replaced with 

transformed equivalents of equations 2.6 and 2.5, respectively, leading to: 

S2X2(A) = S2;t2 " K T S I ^ " K R S 2 X I + K T K R S I X I ( R ) + K R K T S I X I ( T ) 

(211) 

Substituting equation 2.1 in the last two terms of equation 2.11, 

S2X2(A) = S2x2 - K T S 1 ; , 2 " K R S 2 X I + K T R R S I ^ , ] (2.12) 

All parameters on the r.h.s. of equation 2.12 are directly measurable. 

Experimental Section 

Reagents 

All chemicals, except as specified, were of analytical-reagent grade, and 

distilled deionized water was used throughout. Bromthymol blue (BTB) (Kodak) was 

used without further purification. 

Apparatus 

The photometric detection system arrangement is schematically shown in 

Figure 2.3. In this 80386/80387 personal computer (PC) based system, data 

acquisition and instrument control were executed through a 12-bit data acquisition 

board (DAS-16G1, Metrabyte Corp., Taunton, MA ). The LEDs were turned on and 
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Figure 2.3. Dual-wavelength LED based photometric detection system, 
shown schematically. 
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off ahernately by the digital outputs, typically at 40 Hz, through individual 2N3565 

transistors. The emitted light from each pair of LEDs were brought to the individual 

flow cells by a pair of bifurcated fiber optic bundles (common leg bundle diameter 1.5 

mm, type E624, Dolan-Jenner Industries, Lawrence, MA), connected at the common 

legs by a sleeve-type connector C. This arrangement allows half of the light to be 

incident on the detector flow cell (Dl or D2) and thence be read by a signal 

photodiode and the other half to be read by a reference photodiode (both type S2007, 

Electronic Goldmine, Phoenix, AZ). For this application X\ was chosen to be in the 

NIR range, emitting at 950 nm (LED2,4; type AN 305, Stanley Electronic, Tokyo, 

Japan) and X2 was chosen to be in the visible range, emitting at 605 nm (LED 1,3; 

type HAA5566X, Stanley Electric, Tokyo, Japan). Because the NIR LED is much 

more efficient, it was driven at approximately half as much current as the visible LED. 

Photocurrents corresponding to each LED were converted to voltage signals and then 

digitized. Any drift of the LED emission intensities was canceled by computing the 

log ratio of the signal reading to the reference reading. After each LED is pulsed on, 

following a brief wait period for any jitter to subside (typ. 1-3 ms), the outputs of the 

current-to-vohage conversion amplifiers (1/2 OPA2107 AP, Burr-Brown Corp., 

Tucson, AZ)) were repeatedly sampled and accumulated by the PC. Typically, the 

analog to digital (A/D) conversion rate was 33.3 kHz and 139 readings were 

accumulated in 16.7 mS for each of the four A/D channels. The software, coupled 

with an assembly language routine for data acquisition and LED on-off control, was 

written in C. 

The manifold used is the same as that shown in Figure 2.2. Samples (30 jiL) 

were injected by an electropneumatically actuated six-port loop type rotary valve V ( 

type 5020P, Rheodyne Inc., Cotati, CA ) into a carrier stream consisting of 0.025 M 

CH3COOH and 1% Triton X-100 pumped at 0.8 mL/min. The surfactant is added to 
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the carrier to prevent adherence of suspended solids (milk proteins) to the capillary 

wall. RC and DC are PTFE reaction conduits, 50 cm and 40 cm in length, 

respectively, with an id. of 0.5 mm. Reagent R is 0.4 M NaOH, pumped at 0.13 

mL/min. Pumping was provided by a muhichannel peristahic pump (FIA 8401, BiFok 

AB, Sweden). Demountable Z-path flow cells^ with 1.5 mm bore and 6 mm path 

length were used for Dl and D2. 

As illustrative samples, for the purposes of demonstration of this concept, the 

system was tested with a challenging mix: homogenized whole milk, ethanol and BTB 

mixed in different proportions. BTB represents the analyte, milk contributes the 

turbidity component and ethanol produces artifact absorbance responses resulting 

from Schlieren signal. Injected into the mildly acidic carrier, BTB remains in the 

yellow form at Dl and is thus not detected at either 605 or 950 nm. The addition of 

base converts BTB to the blue form which is detected at 605 nm at D2. 

Results and Discussion 

The peak to peak noise levels of the'photometric detection system under 

gravity flow conditions were -10 and -30 fiAU, respectively, for the 950 nm and 605 

nm wavelengths. With the peristaltic pump, pumping noise was by far the dominant 

factor, however. 

In so far as the compensation method is concerned, in principle the technique 

should be equally applicable whether peak heights or peak areas are used for the Si;̂ j 

values. Although strict additivhy of RI and absorbance signals was reported by 

Zagatto et al.,^^ it was found in this research that area additivity was much better 

than height additivity. Further, area integration helps reduce much of the pumping 

noise present in our system. Figure 2.4 shows an example of all the four detector 

outputs (a: SU,, b: SU2, c: S2A.,, and d: 82x2) for a sample containing 48 jiM 
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Figure 2.4. Four different detector outputs recorded for a single 
injection of a sample containing 48 uM BTB in the 
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BTB in the presence of 1.5 % milk and 60% ethanol. Note that pumping noise is 

visible in all the outputs. Area counts were therefore chosen in all computations. 

Table 2.1 shows one set of data for these types of samples in which the BTB 

content varies from 48 to 144 |iM, milk content from 0% to 1.5% and ethanol content 

from 0% to 60%. The raw value of S2x2 as well as the value of S2X2(A) computed 

according to equation 2.12 is shown. The Values for Kj and KR were obtained by 

using milk solution and ethanol solution as sample, respectively. The data marked 

with * are the area counts for the samples in which neither milk nor ethanol were 

added. Those values were taken as "true values" in the computation of the relative 

errors for the computed area S2>.2(A)- For the first four samples injected, for example, 

the "true value" of area is 16.18. The S2;I2(A) values in the first four rows were 

compared with the "true value" and their relative error were computed. It is 

remarkable that in this range of samples where the value of the raw signal S2A.2 is up to 

47% higher than the corrected analyte signal, the maximum relative error encountered 

for any given sample is <2.3%. Reproducibility of the response from a given sample 

is better than the attainable accuracy of the compensation method; the relative 

standard deviation for the computed value of S2X2(A) of a sample containing 96 ^M 

BTB, 20% ethanol and 1% milk is 0.43% (n=10). 
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Table 2.1. Raw Peak Area and Peak Area after Compensation 
for Refractive index and Turbidity Effects 

Concentration Peak areas (arbitrary unit) Relative Error (%) 

BTB(nM) Ethanol (%) Milk (%) S2A.2 S2;i2(A) 

48.0 

48.0 

48.0 

48.0 

96.0 

96.0 

96.0 

96.0 

144.0 

144.0 

144.0 

144.0 

0 

20 

40 

60 

0 

20 

40 

60 

0 

20 

40 

60 

0 

0.5 

1.5 

1.0 

0 

1.0 

0.5 

1.5 

0 

1.5 

1.0 

0.5 

16.18* 

20.23 

25.23 

24.00 

32.03* 

38.85 

34.87 

44.21 

46.83* 

57.16 

53.94 

52.03 

16.10 

16.11 

15.54 

16.32 

32.16 

31.10 

32.35 

32.03 

46.73 

45.97 

46.64 

47.70 

0.06 

0.3 

-2.3 

2.2 

0.0 

-2.3 

1.3 

0.9 

0.02 

-1.4 

0.0 

2.1 
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CHAPTER III 

FLOW INJECTION EXTRACTION WITHOUT PHASE SEPARATION 

BASED ON DUAL-WAVELENGTH PHOTOMETRY 

Introduction 

Conventional flow injection extraction (FIE) procedures include mixing and 

separation of two immiscible liquids. Typically, an aqueous sample is injected into an 

aqueous carrier stream to which an organic phase is continuously added. The 

segmented stream then flows through a coil in which extraction occurs. Generally, 

the organic phase is now separated from the aqueous phase and further led through a 

flow cell for measurement. One of the most critical aspects of the method is the phase 

separation,^ with respect to reliability, stability and overall dispersion of the sample 

zone. Consequently, many refinements on phase separation of solvent extraction in 

flow systems have been made and some ingenious approaches introduced since FIE 

systems were first described by Karlberg and Thelander^ and Bergamin F° et al.̂  

General strategies of performing solvent extraction in continuous flow systems 

were reviewed in 1989,̂ ^ there had been few fijndamental developments since. Some 

salient examples related to performing FIE without phase separation are as follows. 

Kina et al.^ introduced a system in which an analyte that is practically non-fluorescent 

in aqueous phase but becomes strongly fluorescent in the organic phase could be 

extracted and fluorometrically measured without phase separation. Unfortunately, 

such techniques are not generally applicable. Canete et al.^ placed the detector within 

the loop of an injection valve and the extraction solvent is loaded into the injection 

loop and the detector cell. The valve is then switched to inject position and a 

bi-directional pump moves the segment back and forth without quite drawing the 

aqueous phase into the cell. Multiple sequential signals generated can be used to 
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provide quantitation. Lei et al.^ injected the extractant phase into a flowing stream of 

the sample, to which reagents, if necessary, have been added. The extractant 

segment, borne by the sample stream, flows through an extraction conduit into the 

loop of a "zone sampling" valve. When the loop of this valve is completely fiill of the 

extractant phase, the contents of the loop are injected into a miscible carrier where 

further chemistry may be carried out before detection. The major advantage of the 

system is its high reliability for phase separation." '̂̂  Sahlestrom and Kariberg^ 

described a FIE system in which the organic and aqueous streams are separated by a 

membrane across which the analyte is transferred. The segmentation and the 

separation step are avoided in the system because the unsegmented recipient stream is 

led directly into the detector flow cell. However, extraction efficiency is low due to 

the restricted contact area and time, and long term reliability of the system is limited 

and is plagued by membrane failure. 

Unless some chemistry must be carried out after extraction, phase separation is 

hardly essential to successfully perform FIE. In the following, the discussion is 

limited to systems using optical absorption detection, by far the mainstay of FIE. 

There are several requirements for performing efficient FIE without phase separation 

and on-line detection of each segment. For efficient extraction, the length of each 

organic segment should be small, ideally < 1.5 cm. The first requirement is therefore 

that the optical probe volume must be much smaller than the volume of a single 

segment. Second, to improve limits of detection and compensate for any 

inhomogeneity in analyte distribution, signal processing and data acquisition must be 

sufficiently fast to obtain a muhitude of readings on a single segment as it passes 

through. Third, there must be a robust means of phase recognition to reliably 

distinguish the organic phase from the aqueous phase. Finally, of course, the 
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capability of adequately processing the large amount of raw data generated is also 

necessary. 

The use of detection cells of volumes of at least several |iL (typically too large 

to be filled completely with a single organic segment of optimum size for FIE), strip-

chart recorders with inadequate response speed and manual processing of data greatly 

deter from performing FIE without phase separation; indeed it is virtually impossible 

to perform on-line detection and accurately determine the absorbance in each phase. 

Bold attempts have, nevertheless, been made. Gluck^^ reports that such attempts fail 

because "...the segment length was shorter than the length of the optical aperture and 

there was never a time when the response would correspond to one phase...". His 

fiirther attempts to keep the segment length longer than the optical aperture by 

further reducing the diameter of the 1 mm i.d. quartz tube used as the flow cell were 

unsuccessful due to the formation of adherent films on the wall. In a case with the 

use of a commercial flow cell, individual segments even needed to be pooled together 

to fill the probe volume. ̂ ^ 

Recently, considerably more sophisticated FIE systems have evolved. 

Thommen et al.̂ ^ described an arrangement with a capillary flow cell and computer 

based data acquisition. The small illuminated volume of the detector cell (< l|iL) and 

the ability to use measurement frequencies up to 200 Hz made it possible to directly 

measure each segment. Alternately operated stepper-motor driven syringe pumps 

were used to achieve uniform segmentation that allowed subsequent software based 

digital phase separation. Individual extractant segments were of 14 |iL volume and 

pass through a tubular glass cell of 0.8 mm id., the radial path being used for 

detection. Individual segments were identified through the location of the spikes that 

corresponded to the phase interfaces. The approach was successftil, with obvious 

advantages. Nevertheless, the reported LOD was >30 times higher than conventional 
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FIE systems. Additionally, it was difficult to discern whether a given segment was the 

organic or the aqueous phase if the refractive indices were close and the sample 

concentration is low. Further, as shall be shown in this extraction system, the location 

of the "spikes" cannot always precisely indicate the positions of the head or the tail of 

a segment. 

An ahernative to relying on the spikes to discern segment locations is to make 

segmentation and flow rates so uniform through the use of high quality pumps and 

segmentors that an extremely high degree of reproducibility is attained for all aspects 

of the system. In this vein, Kuban et al.̂ ^ considered that "...with adequate control 

over the segmentation it may even be possible to eliminate phase separation altogether 

if the (segmentation) repeatability is good enough to allow precise timing of 

measurement intervals...". They carried out a series of exemplary investigations and 

obtained very repeatable results. ̂ "̂̂ ^ However, it is almost impossible to attain and 

maintain this degree of repeatability with peristahic pumps and conventional 

segmentors. An affordable (e.g., peristaltic pump based) and reliable FIE system that 

does not need phase separation is still needed. 

In this chapter, a new FIE system is introduced. The absorbance is read 

radially, on the same PTFE tube that constitutes the reaction coil, near its distal 

terminus. With an effective illuminated detector volume of-60 nL, the optical 

aperture is much smaller than the segment length, enabling the detector to reliably 

measure signals for each phase. The detector used is an LED-based dual-wavelength 

photometric system utilizing PC-based data acquisition and processing. One non

specific wavelength is used to recognize the phases and the other wavelength to 

monitor the analyte concentration. Accurate and reliable phase recogmtion is 

achievable with conventional segmentors and peristaltic pumping. Both the 

absorbance and the length of each organic segment are detected by the dual-channel 
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measurement system. The amount of analyte in each organic segment can be 

measured and the area of the reconstructed peak represents the total amount of 

analyte extracted into organic phase. All of the analyte extracted into organic phase is 

detected and phase separation is avoided. Hence, the efficiency and reliability of 

phase separation are no longer germane issues. Applied to the determination of 

anionic surfactants by ion-pairing with methylene blue (MB) and extraction into 

chloroform, a linear response is observed with a limit of detection (LOD) of 0.03 ppm 

C-12 linear alkylbenzene sulfonate (LAS) for a 65 |iL injected sample, compared to an 

LOD of 0.025 ppm quoted for the standard manual method attainable by subjecting 

several hundred mL of the sample to extraction. 

Experimental Section 

Reagents 

All chemicals were of analytical-reagent grade except as specified and distilled 

deionized water was used throughout. 

MB reagent: MB (100 mg. Baker Analyzed) was dissolved in 100 mL water. 

A 60 mL aliquot was transferred to a 1-L flask and 500 mL water, 41 mL 3M H2SO4 

and 50 g NaH2P04.H20 were added. After shaking to ensure that dissolution was 

complete, it was made up to 1 L. 

Stock C12 LAS solution (1 mg/mL): C-12 LAS (56% by weight) and sodium 

hexadecane sulfonate was obtained as a gift (courtesy S. Dubey, Shell Development 

Company, Westhollow Research Center, Houston ,TX). Other surfactants mentioned 

were also obtained from the same source. To the appropriately diluted solution, 1% 

(v/v) formalin was added to prevent microbial degradation. Spectrophotometric 

grade chloroform was used as the extractant. 
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Apparatus 

The FIE system for the determination of methylene blue active substances 

(MBAS) such as anionic surfactants like LAS is shown schematically in Figure 3.1. A 

peristahic pump (Minipuls-2, 4-channel head, 10 rollers, Gilson International) is used 

for pumping. An electropneumatically actuated 6-port loop type rotary PTFE valve 

(type 5701P, Rheodyne Inc., Cotati, CA) is used for sample injection. The water 

carrier stream merges with the MB reagent and following a mixing coil, the stream 

enters the segmentor, a common miniature barbed tee made from polypropylene (1/16 

in., Ark-Plas Inc., Flippin, AR). Chloroform is pumped by the displacement bottle 

technique into the tee. From the replacement bottle, either water or chloroform 

output can be chosen by a 3-way valve, making startup or shutdown and cleaning of 

the flow system convenient. The flow cell design is illustrated in Figure 3.2. One 

integral piece of 0.38 mm i.d. PTFE tubing is used from the segmentor to the waste 

and it passes through the detector housing to constitute the flow cell. Thus, intact 

organic segments, critical to the successfijl performance of the system, can be 

maintained throughout. Incident light is brought into the cell by one leg of a 

bifurcated glass fiber optic bundle (bundle diameter 1 mm). A pair of razor blades 

define the optical slit width, -500 jim, resulting in an illuminated volume of-60 nL. 

Under the standard operating conditions shown in Figure 3.1, individual organic 

segments are about 1 cm in length and 1 [iL in volume; hence, the cell is 

discriminating enough to detect each phase. When measured with a blue dye such as 

bromthymol blue that does not transfer to the organic phase when injected as sample, 

the dispersion coefficient of the manifold (for a 65 |iL injected sample and for the 

aqueous phase only) is 1.8. Under actual operating conditions, the concentration of 

sample in the organic phase is much higher than the aqueous concentration injected, 

the exact 
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Figure 3.1. Schematic flow diagram for the determination of 
methylene blue active substance. 
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value is governed by the ratio of the total aqueous phase flow rate to the organic 

phase flow rate and the system dispersion, discussed later. 

The scheme for performing LED-based dual wavelength absorbance 

measurement is the same as that described in Chapter II but with only one flow cell, 

as shown in Figure 3.3. LEDl (type A1012, peak wavelength 660 nm. Electronic 

Goldmine, Phoenix, AZ) and LED2 (type DN305, peak wavelength 850 nm, Stanley 

Electronic, Tokyo, Japan), which were turned on and off ahernatively at 100 Hz, were 

used as light sources in this application. 

Results and Discussion 

The determination of MB AS is a challenging analj^ical problem of 

considerable environmental significance. Most countries have regulatory limits 

imposed on the level of anionic surfactants that are permitted in discharged effluents. 

Ion-pair formation with the cationic dye MB and extraction of the ion-pair into an 

organic solvent constitutes the accepted method of MB AS determination and standard 

methods have been formulated on this principle. ̂ ^ It seemed ideal therefore to test the 

present concept with this very well-established and routinely used MB AS 

determination principle. For this application, the nonspecific wavelength chosen was 

in the near infrared, at 850 nm, where MB does not absorb. The second wavelength 

chosen was 660 nm, close to the peak visible absorption of MB. 

System Output and Processing of Initial Resuhs 

Raw system output for a 2.5 ppm C-12 LAS is shown in Figure 3.4. Two 

sections of the output, one near the baseline where there is little sample present and a 

second one near the peak apex where significant amount of sample is present are 

magnified (note that the entire abscissa span on these figures are 1 s) and are shown, 
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respectively, as in Figures 3.5 a, b. MB tends to adsorb on the hydrophobic PTFE 

tubing wall. But as the extractant segment passes through the conduit, it has stronger 

affinity for the wall sites and displaces the MB. Thus, narrow concentrated zones of 

MB are formed at the rear end of each aqueous segment. The spikes in the 660 nm 

detector output in Figures 3.5a and 3.5b correspond to these concentrated zones; 

these zones are actually readily visible to the naked eye. Although the MB reagent 

solution is homogeneous before pumped into the manifold, in the actual extraction 

system the aqueous segment is far from spatially homogeneous. The presence of an 

anionic surfactant results in the interphase transfer of some of the MB to the organic 

phase in the form of ion-pair. Consequently, the precise starting position and the 

magnitude of the spikes arising from the rear of the aqueous segment are related to 

the analyte concentration originally present in that segment. It is apparent from a 

comparison of Figures 3.5a and 3.5b that the spikes observed in the 660 nm detector 

output are very different in magnitude, decreasing with increasing sample 

concentration. If Figure 3.4 is reexamined, a decrease in the spike magnitude can be 

seen for about a 20 s wide region, centered at ~ t=75 s, corresponding to the sample 

peak. In the present application, because of refractive index effects, the apparent 

absorbance of the organic phase at either wavelength is very significantly higher than 

that of the aqueous phase and phase recognition is not difficult based on this criterion. 

Figure 3.4 combines both 660 and 850 nm detector outputs and carefijl observation 

will reveal the detection of the organic phase by the 850 nm detector, corresponding 

to an absorbance of ca. 0.085. On the other hand, in examining Figure 3.5, it should 

be clear that the exact starting position of the organic segments cannot be 

distinguished exactly by a single measurement wavelength of 660 nm because of the 

spikes caused by the concentrated methylene blue zones and the variations in them. 

This problem is solved by the measurement information available at the nonspecific 
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wavelength, 850 nm, at which methylene blue does not absorb. Only the refractive 

index signal is detected at 850 nm, allowing the precise recognition of the organic 

segment location and its length. Once these are recognized, the average absorbance 

for the whole segment is computed (at each terminal end of the segment, 1-2 ms 

worth of data are not included in the averaging process, to avoid potentially noisy 

readings close to the interface of the phases). Under the stated experimental 

conditions, each organic segment requires -100 ms to pass through the detector on 

the average. During this time, -10 separate sets of readings are taken at each 

wavelength. Based on the average absorbance and the length for each organic 

segment, a "digital" representation of the fiegram is constructed, using only the data 

computed for the organic phase segments. A few seconds worth of baseline data on 

each side of the peak are averaged and used to set the baseline for peak area 

computation. Figure 3.6 shows a set of such superimposed baseline corrected 

fiegrams for various concentrations of C-12 LAS standards. 

A careful evaluation of Figure 3.6 or a superposition of Figures. 3.5a and 3.5b 

will indicate that the segments are not exactly of the same length. Since not only the 

absorbance of each organic phase segment but also its length is measured, the degree 

of segmentation uniformity attainable by a simple T-segmentor and peristaltic 

pumping can be used. For quantitation, because of the improvement in S/N from 

integration, peak areas provide better LODs than peak heights. 

System Performance and System Characteristics 

The system was operated with a sampling frequency of 20 h'\ However, the 

possibility of performing up to 40 determinations h'̂  is suggested by the peak widths 

observed for the outputs in Figure 3.6. Note that with a ratio of the total aqueous 
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phase flow rate (Qa) to the organic phase flow rate (Qo) of-12 (as noted in Figure 

3.1), the actual data acquisition period for each of the traces in Figure 3.6 is -13 

[(Qa+Qo)/Qo] times the depicted scale of events (ca. 170 s for each trace, 150 s span 

shown in Figure 3.4). Also during the analysis period, after the new sample was 

aspirated and fully injected into the system, the conduit connecting the sample 

container to the injection valve was rinsed whh 75% ethanol for 40 s. The surfactant 

samples do adsorb on the wall of sample introduction conduit. Unless this step is 

taken, response due to any given sample increases with repeated injections and stable 

responses are obtained only after about the fourth injection. The fact that 

reproducible resuhs are obtained with the washing step and that a linear calibration 

curve is obtained indicates that the loss due to adsorption is a first order process, i.e., 

a constant fraction is lost by adsorption on the tubes. For a 40 cm long 0.38 mm i.d. 

PTFE conduit through which a C-12 LAS sample is aspirated for -140 s at 0.45 

mL/min, the response is -17% is less than the stable response. 

A representative typical anionic surfactant, C-12 LAS, shows linear response 

(r^ = 0.99986, uncertainty of slope 1.05%) with an intercept statistically 

indistinguishable from zero. Standard method descriptions suggest a linear dynamic 

range only up to an LAS concentration of-2.5 ppm, calibration was therefore not 

conducted for concentrations much higher than this. The precision for the 

measurement of 2.0 ppm C-12 LAS is 1.5% in relative standard deviation. The 

standard deviation of the blank measurements corresponds to a concentration of 0.01 

ppm from which an LOD of 0.03 ppm C-12 LAS is estimated. This is in comparison 

to an LOD of 0.025 ppm LAS cited for the standard manual MBAS determination 

method,^^ in which 100-400 mL sample is extracted, depending on the expected 

MBAS concentration. The system was also calibrated with sodium hexadecane 

sulfonate and Neodol® 45S (a sulfated functionality surfactant with an average chain 
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length of 14.5). Linear calibration plots were obtained with these cases as well, as 

indicated in the manual standard method, calibration slopes are different for different 

surfactants. 

After calibrating the flow cell by filling h with organic phase into which a 

known amount of C12 LAS that has been extracted manually, h is estimated that 

about 70% of the total amount of surfactants injected was extracted into the organic 

phase, assuming that manual extraction is 100% complete. The rest is either adsorbed 

on the wall of the sample introduction conduit, sample loop, and extraction coil or 

remains in the aqueous phase. 

Effect of Phase Ratio 

Figure 3.7 shows the influence of changing the phase ratio (aqueous/organic) 

on peak area and peak height. These experiments were conducted by changing Qo at 

a constant Qa value of 0.61 mL/min with 2.5 ppm C-12 LAS being the injected 

sample. The apparent peak areas (with a dimensionality of absorbancetime) are 

multiplied by the total flow rate (Qa+Qo) to obtain the true peak areas (with a 

dimensionality of absorbancevolume) that are plotted in Figure 3.7. The area values 

remain essentially unchanged over an order of magnitude variation in the phase ratio, 

indicating that extraction is essentially quantitative over this whole range. The peak 

height, on the other hand, increases in the same experiment with increasing phase 

ratio. 

Real Samples 

Samples of water from a local playa lake and municipal tap water samples were 

collected. The anionic surfactant content was measured both by direct measurement 

and by the standard addition method. No significant level of MBAS was found in the 
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tap water. Results obtained for the lake water sample (allowed to settle, the 

decantate was diluted but not fihered) by direct method versus by standard addition 

method varied up to ±20%. However, in the absence of independent reference 

resuhs, the accuracy of either method could not be verified. These samples were 

spiked with known quantities of surfactants and the spike recovery was determined. 

The results are shown in Table 3.1. It would appear that there are matrix 

interferences causing poor recovery in the direct measurement method but that these 

are adequately compensated for in the standard addition approach. The latter 

technique is therefore recommended for practical applications. 
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CHAPTER IV 

A LIQUID DROP. A WINDOWLESS OPTICAL CELL 

AND A REACTOR WITHOUT WALLS 

FOR FLOW INJECTION ANALYSIS 

Introduction 

Some 130 years ago, Tate^ formulated a remarkable series of laws regarding 

the magnitude of a drop of hquid formed under different conditions. The remarkable 

uniformity of repeated drops impressed him: "...not varying in any case by more than 

the hundredth part of itself" The practice of medicine, from ancient to modern times, 

has had the implicit recognition that the volume of a drop formed by a certain liquid 

with a tube of certain dimensions is constant. Indeed, this is likely the oldest and 

most widely used application of a drop, as a volumetric apparatus. As a drop forms at 

the tip of an orifice, initially it is directly attached at the base (i.e., without a neck or 

stem, such a pendant drop is called sessile) and can be studied under this condition in 

a stationary mode by stopping the flow. As flow continues, a neck is formed at an 

accelerating rate until the drop eventually becomes scissile. Drops can also be studied 

under this dynamic condition of growth and scission. Fifteen years after Tate, Lord 

Rayleigh provided the first quantitative description of the dynamics of the process^ 

and remained interested in various aspects of drop formation at least through the next 

two decades. 

In more recent years, McMillan et al. *''' have carried out much fundamental 

and applied work using a fiber drop analyzer, a small head containing a liquid output 

orifice and two fibers, one to bring in the probe light beam and the other to conduct 

the transmitted light to a detector. Much of the relevant eariier literature has been 

reviewed by McMillan et al. and will not be repeated here. The optical signal during 
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the life of a single drop, termed fiber drop trace, contains much information. The 

effect of an electric field on the drop and the resuhing optical signal have been studied 

and the optical signal resulting from a mechanical shock applied to a stationary sessile 

drop has been studied as well. Viscosity, surface tension, absorbance, turbidity, etc., 

are some properties of a liquid that can be measured. Like Tate, McMillan et al. find 

that defining the limits of the reproducibility of the physical aspects of drop formation 

taxes extant instrumentation: Viscosity can be measured with a precision of 0.01%. 

Depending on the angle of the fibers, the probe beam can undergo total internal 

reflection many times. By using a multiwavelength detector and 1 ppb Rhodamine B 

as the analyte, they estimated that as little as 0.04 ppb of the dye can be detected if 

the ratio of the intensity at the absorbance maximum to that at the emission maximum 

is used as the index. 

One of the distinctive features of a drop based detection system is that the 

optical probe volume is not bounded by any windows. In using conventional optical 

cells to monitor turbidity or scattering produced due to a precipitation reaction, a 

frequent problem is the adherence of tenacious deposits on all exposed surfaces, 

including the optical windows. An excellent example of this is the determination of 

sulfate through the turbidimetric or nephelometric monitoring of barium sulfate 

formed by in-situ precipitation, a reaction that is among the best known in analytical 

chemistry. Until the advent of ion chromatography, more efforts have been devoted 

to this reaction than to any other for the determination of sulfate because of its 

excellent selecrivity and the lack of other satisfactory methods.* However, when the 

BaS04 precipitation method is adopted for turbidimetric/nephelometric determination 

in a continuous flow analysis system, the deposition of BaS04 on the flow cell 

windows becomes the key problem. Proposed solutions to ameliorate this problem 

include the use of additives such as poly(vinyl alcohol) to the reagent solution,^ 

52 



flushing the precipitate out of the system by alkaline EDTA.̂ "̂̂ ^ The first solution is 

not particulariy effective and the second complicates the system. The use of a sheath 

flow cell was proposed for this purpose to prevent the turbid stream from contacting 

the windows altogether. ̂ ^ 

In the chapter, the author shows a more elegant approach: elimination of the 

windows eliminates the problem of deposition on windows. It is also shown that in 

this unusual optical system, turbidimetric (absorbance) and nephelometric detection 

can be performed on a single drop with a single collector fiber. The use of the drop 

not only as the detection volume but also as a reactor without walls is shown by 

delivering multiple streams to the drop and mixing of the streams in-situ. Finally, a 

drop is used as a volumetric apparatus, to permit a unique gradient FIA system. 

Experimental Section 

Reagents 

Except as specified, all standards and buffer solutions were made from 

reagent-grade chemicals. Distilled deionized water was used throughout. 

Bromthymol blue (BTB) (Kodak) was used without further purification. 

Apparatus 

The detector is schematically shown in Figure 4.1. The chamber body is an 

opaque plastic tube (high density polyethylene, 10.0 mm in i.d., 18 mm in o.d.), 

machined from rod stock. A stainless steel rod (1.07 mm o.d.), concentrically fixed in 

the chamber, is connected to a drop head at which drops are formed. The drop head 

was constructed from 2 mm length of a special PTFE tube (Zeus Industrial Products, 

3.7 mm o.d., 1.5 mm i.d., with four small 0.3 mm dia. channels in the wall evenly 
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Figure 4.L (a) Schematic diagram of the drop-cell detection arrangement 
and (b) the bottom view the drop head. 
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distributed along a 2.6 mm dia. circle) as shown in Figure 4. lb. A 1 cm length of a 

PTFE rod is inserted into the central bore to block it. The rod is flush with the PTFE 

tube at the bottom end. At the top end, the drop head is connected via the protruding 

PTFE rod to a rigid stainless steel rod by a sleeve tube. The rod affixes the drop head 

coaxially in the measurement chamber. At the delivery tip, silica capillaries (0.36 mm 

o.d., 0.075 or 0.25 mm i.d., 6 mm long) are forcibly inserted into two adjacent 

satellite channels, flush with the end of the PTFE tube. The small apertures (0.075 

mm i.d. is used for flow rates < 0.2 mL/min and 0.25 mm i.d. is used at higher flow 

rates to avoid excessive pressure drops) lead to high linear velocities and promote 

rapid mixing. The termini of the two other satellite channels are blocked. Liquids are 

delivered to the drop head through PTFE tubes connected to the silica capillaries. 

The volume of a water drop formed on the drop head is ~52 |iL. 

The light beam from a high brightness (1000 mcd) blue (450 nm) LED 

(BP280CWB1K-3.6VF-050T, LEDTRONICS, Torrance, CA) passes through a 1.5 

mm dia. hole (0.5 mm between the head of the LED and the chamber wall) and 

illuminates the drop. On the diametrically opposite side, the transmitted light is 

conducted by a 1.5 mm o. d. plastic optical fiber to a photodiode equipped with an 

interference fiher centered at 460 nm (T5-STK-460, half bandwidth 10 nm, TNTOR, 

Socorro, NM). The distance between the drop head and the axis of the fiber (denoted 

as h in Figure 4.1) and the depth of the fiber insertion (denoted as d in Figure 4.1) can 

be varied (vide infra). From the optical detection point of view, the system differs 

from the fiber drop analyzers in that no optical elements (source fiber and collector 

fibers) are in contact with the drop. Thus, no optical elements will be contaminated 

or eroded by the drop in this system. A reference photodiode (S2007, Electronic 

Goldmine, Phoenix, AZ) is placed at the back plane of the LED to provide a 

referenced absorbance detection arrangement. The detection system control and data 
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acquisition are performed by a 12-bit data acquisition board (DAS-16G1, Metrabyte, 

Taunton, MA) hosted by a 80486 class personal computer operating at 66 MHz. The 

overall electronic arrangement and software for instrument control and data 

processing are similar to those described in Chapter II. The LED is operated in 

pulsed mode at 20 Hz, the absorbance is read at the same frequency. 

The two FIA manifolds used in the present experiments are shown in Figure 

4.2. Liquids were delivered by a syringe pump (Model 33, Harvard Apparatus Inc., 

South Natick, MA). A peristahic pump (Minipuls-2, 4-channel head, 10 rollers, 

Gilson International) was also used in some experiments for comparison. In the 

experiments, the detachment of an individual drop serves as a timing marker. The 

"injection" and "load" intervals are expressed in terms of drop periods and sample 

"injection" and "load" events are synchronized with drop detachment. Manifold A is 

the simplest classical FIA manifold except for the drop based optical detector. The 

"injection" and the "load" intervals are 3 and 5 drop periods, respectively. In 

manifold B, mixing occurs in the drop itself The conduit between the injection valve 

and the drop head was made as short as possible to minimize sample dispersion. The 

"injection" and "load" intervals were 2 and 3 drop periods, respectively, except as 

stated. The drop period was ~4 s and the injection volume was -70 jiL in both 

manifolds. All sulfate detection experiments were done whh manifold A using 5% 

barium chloride in 0.1 M HCl as reagent, except as stated. 

Results and Discussion 

System Output 

In addition to true light absorption, refraction and reflection associated with 

the drop also significantly affect the amount of light detected by the collector fiber. 

Throughout this chapter, the measured absorbance signal is referred to as the apparent 
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(a) Manifold A 

mL/min '̂ Ô iL 

Reagent-

0.38 mm x 1000 mm 

Injection Valve 

Pump Drop Head 

(b) Manifold B 

mL/min TÔ iL 

Carrier. 

Reagent-

0.64 0.3 mm X 100 mm 

Injection Valve 

Pump 
Drop Head 

Figure 4.2. (a) Single channel and (b) dual channel manifolds. 
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absorbance. Figure 4.3 shows the apparent absorbance signal (solid line) during a 

FIA cycle in which 8 drops grow and fall and 8 sequential drop traces (a drop trace is 

the optical signal acquired during the life of a single drop), as numbered from 1 to 8 in 

the figure, are recorded. The photocurrent registered by the detector photodiode 

during the FIA cycle is also shown in Figure 4.3 as a dashed line. Arrows indicate the 

instants of drop detachment. At the beginning of each drop trace, the signal is 

invariant for a brief period because the drop has not yet grown enough to interpose 

itself between the light source and the collector fiber. The beginning of this invariant 

signal is easily recognized by software and is marked as the instant of drop 

detachment. After a drop grows into the optical train, it acts like a lens which 

continuously change its size, shape and relative position in the optical train. During a 

single drop period, the focal point of the drop lens continually shifts down: from 

above the centerline of the collector fiber, to the fiber centerline, to below the fiber. 

Obviously, the coupling efficiency between the light source and the collector fiber 

changes continuously. Thus, the drop trace shows both a maximum and a minimum. 

The maximum in the apparent absorbance signal appears when the drop refracts the 

beam away to a position above the fiber; the minimum occurs when the light is 

focused exactly on the collector fiber. The photocurrent corresponding to the 

absorbance minimum is ~5 times larger than that without any drop, clearly establishing 

the light gathering and focusing behavior of the drop. 

In Figure 4.3, the sample is injected at the beginning of drop no. 1 and the 

valve is turned back to the load position at the beginning of drop no. 4. As the 

sample zone flows into a drop, the BaS04 formed increases the apparent absorbance 

at the drop trace minima. The envelope represented by the minima, shown in the inset 

of Figure 4.3, is easily recognizable as a typical FIA peak. In marked contrast, the 
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envelope of the absorbance maxima clearly describes a very large negative absorbance 

peak (amplitude -1.5 AU); this would appear to be unusual. Consider that in the 

absence of any sample, as in drop no. 1, the absorbance maximum is -3.5, indicating 

that almost all the source light is being refracted away from the collector fiber at this 

point. It should be noted that the absorbance maxima appear shortly after the drops 

grow in to the optical train. (At this point, the center of the drop is -1.0 mm above 

the centeriine of the collector fiber.) When BaS04 particles are present in the drop, 

they scatter the source light and some of the scattered light is then collected by the 

fiber, resulting in the observed decrease in the absorbance maximum. Viewed as a 

negative absorbance signal, the amplitude is large since a small increase in the light 

intensity can lead to a large decrease in the absorbance signal at a high absorbance 

signal level. In terms of an increase in the photocurrent minima, the change is much 

less significant. The precipitation detection scheme based on a drop can thus be based 

either on turbidimetry (absorbance detection at the absorbance minima) or on 

nephelometry (photocurrent detection at the absorbance maxima), the two types of 

signal information are uniquely available at two different phases during the growth of 

a drop. In this particular system, the absorbance minimum and maximum appear at 

0.54T and 0.87T during a drop lifetime, where T denotes the drop period, although 

they are obtained from the same drop trace. 

Thus, for nephelometric detection, the minimum of a detector photocurrent 

trace is used as the analytical signal. In absorbance detection, the minimum of an 

absorbance trace is chosen as the analytical signal. In comparing the two modes, high 

photocurrents at the absorbance minima reduces the effect of any adventitious ambient 

light and enhances the signal to noise ratio. The analytical signal was obtained in the 

following manner: (a) smoothing by a five-point moving average routine for each 

drop trace; (b) locating the minimum for each drop trace; (c) subtracting the baseline 
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value (minimum of drop no. 1 for manifold A or the minimum of drop no. 5 for 

manifold B) from all of the minima data to obtain the baseline corrected analyte 

signal; (d) reconstruct the fiagram from these data as in the inset of Figure 4.3. The 

largest analytical signal in a FIA cycle (viz., the signal for drop #4) corresponds to the 

peak height in conventional FIA. 

Gradient Dilution Technique 

In conventional FIA, only one point, representing the peak height, is used as 

the sole analytical information. In FIA utilizing the gradient dilution technique, one 

exploits the information provided by entire signal profile. The amplitude of the signal, 

corresponding to various sample dispersion (dilution) ratios can be used to construct 

calibration curves of different slopes or senshivities.^"* Consequently, the effective 

dynamic range of the method can be greatly expanded. Since such individual 

calibration plots are made from data points acquired from an ascending or descending 

signal profile, precise timing and highly reproducible pumping are required. In the 

drop cell based FIA system, the drop can also serve as a reproducible volumetric 

apparatus to define how much liquid has been pumped. During a given FIA cycle, the 

analytical signal obtained for each drop represents a different sample dilution ratio. 

Thus, a gradient dilution calibration can be performed. There are no stringent 

constraints on absolute external timing or pumping reproducibility. In the present 

case, the drop volume is relatively large, permitting relatively low resolution in the 

gradient calibration data. Obviously, the resolution can be increased using smaller 

drop volumes. Another alternative to spread out the zone from which useftil data can 

be extracted over a greater number of drops is to increase sample dispersion, e.g., by 

increasing the length and the bore of the conduit between the injection valve and the 

drop head. Figure 4.4 shows the gradient calibration data for five sequential drops 
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obtained where bromthymol blue (BTB) is injected in the blue form and after reaction 

with an acidic acetate buffer, the yellow form is monitored. Obviously, the linear 

response range can be extended at least one order of magnitude, thanks to the 

gradient dilution technique. 

Positions of the Drop Head and the Fiber 

As pointed out previously, a drop acts like a special lens of temporally variable 

shape, dimensions and relative position in the optical train. The position of the 

collector fiber relative to the drop head (expressed by h and d in Figure 4.1) 

determines the manner in which the drop is probed by the source beam, and thus 

affects the detection sensitivity and precision. Hence, various h and d values were 

tested to examine their effects on the apparent absorbance signal (relates to 

sensitivity) and detector diode photocurrent (relates to precision). The optimization 

is carried out with respect to turbidimetric (absorbance) measurement since this 

provides a wider linear dynamic response range than nephelometric measurement in 

the present system (vide infra). The effect of the h value on the absorbance signal is 

small for the h values tested, but its effect on the photocurrent is significant (Figure 

4.5a). The effect of the d value on the absorbance signal and the photocurrent is 

shown in Figure 4.5b. When the fiber is very close to the drop (large d) or far away 

from the drop (small d, negative values indicate that the fiber end is inside the 

chamber wall), the light passing through the outer layer (with shorter pathlength) 

cannot be collected by the fiber, most of the collected light pass through the central 

part of the drop, leading to a relatively long mean effective pathlength and thus a 

relatively high absorbance signal. When the fiber is at a position to most effectively 

collect the light gathered by the drop, i.e., the photocurrent is maximum, the mean 
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effective pathlength becomes shorter, resuhing in a lower absorbance signal. While 

the drop trace profiles (not shown) are not significantly influenced by the d value in 

the tested range, changes in h have a clear effect. As h increases, the interval of time 

during which there is no drop in the optical train (represented by the flat line at the 

beginning of each trace) increases, and both the maximum and minimum shift to later 

times with the peaks becoming sharper. An h value of 2.0 mm and a d value of-2.0 

mm were chosen for the experiments as a compromise between the desire to maximize 

both the absorbance signal and the detector photocurrent. 

Effects of Barium Chloride Concentration and Flow Rate 

Different concentration of barium chloride solutions (from 5% to 30% in 0.1 

M HCl) were tested as the carrier/reagent and no significant difference in absorbance 

signal was found. A 5% barium chloride solution was chosen in the experiments to 

conserve the reagent. 

The analytical signal decreases significantly with the decrease in carrier/reagent 

flow rate below 0.7 mL/min (Figure 4.6). That longer reaction times resulting from 

lower flow rates did not produce higher signals suggests that there exist other 

important factors. Higher flow rate may improve the mixing between the reagent and 

the sample; alternatively, secondary flow in the coiled conduit may be greater at 

higher flow rates leading to better contact with the wall where predeposited BaS04 

may accelerate the precipitation process by acting as a seed. It is even possible that 

wall adsorption loss increases at higher residence times. The exact reason as to why 

the signal reaches a virtual plateau at higher flow rates remains unclear, however. 

Based on the results, a flow rate of 0.8 mL/min was used in the experiments. 
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Figure 4.6. Effect of the carrier flow rate on the absorbance signal. 100 mg/L sulfate 
standard is injected. 
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Calibration Behavior 

Calibration plots are shown in Figure 4.7, with low level resuhs for drop no. 4 

depicted in Figure 4.7a and a set of gradient calibration plots, representing drops 3, 4 

and 5 are shown in Figure 4.7b for a large concentration range. A finite concentration 

is necessary before precipitation begins and Figure 4.7a accordingly indicates that no 

turbidity is observed with injected sulfate concentrations below -20 mg/L. It is 

interesting to note that for 2000 mg/L sulfate, drop no. 4 became so turbid that a 

minimum could no longer be discerned. The results for this concentration can, 

however, be readily processed in the normal manner for drops 3 and 5, showing the 

merit of gradient dilution in the present case. The linear r̂  values for response 

behavior were, respectively, 0.9936 (drop no. 3, 20-2000 mg/L), 0.9976 (drop no. 4, 

20-1000 mg/L) and 0.9953 (drop no. 5, 20-2000 mg/L). 

Figure 4.8 shows the nephelometric response behavior at the photocurrent 

minima for drop no. 4. The linear r value in the concentration range of 20-200 mg/L 

is 0.9983. However, at higher concentrations, the response shows negative deviation 

from linearity and eventually reaches a plateau. In the present system, the light source 

and the coUector fiber are located on opposite sides (at 180° angle) of the drop. (The 

center of the drop is above the centerline of the collector fiber and the light source at 

the time the nephelometric signal is read.) At high concentration, the light scattered 

by the source-facing side of the drop are blocked by the particles in the other half, 

resulting in a lower photocurrent than if the collector fiber was at a small angle. This 

effect, similar to the self-absorption in fluorescence detection, significantly reduced 

the useful linear dynamic response range in the nephelometric mode. In the present 

case, the detection precision is controlled by the chemistry (thermodynamics and 

kinetics) and not the detection modes (turbidimetric or nephelometric modes). 
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Reproducibility. Limit of Detection (LOD) and Sample Analysis 

All of the following resuhs pertain to the turbidimetric mode. The relative 

standard deviation (RSD) for 8 repeated measurements of 100 mg/L sulfate was 

4.0%. An LOD of-26 mg/L (S/N=3) was estimated based on the noise level of a 

sample containing 20 mg/L sulfate. The result obtained for the local tap water sample 

(268 ± 14 mg/L, n=4) was statistically indistinguishable with that obtained by ion 

chromatography (277 ± 1 1 , mg/L, n=3). The effect of peristaltic pumping, instead of 

syringe pumping, was also tested, there was no marked difference in reproducibility 

(RSD = 3.8%, n=8, 100 mg/L sulfate). The mean effective pathlength of-3.7 mm 

was estimated for the drop cell by comparing the absorbance value obtained for the 

yellow form of bromthymol blue (pH 4.8) by the present system vs. that obtained by a 

spectrophotometer with a 10 mm pathlength cell. 

Mixing and Reaction in a Drop 

In all experiments using manifold A as discussed above, a drop served as a cell 

and as a volumetric apparatus. In manifold B, the mixing and reaction between an 

analyte and a reagent occur only in the drop. Data addressing these issues are 

presented in Table 4.1. Resuhs are also presented for the same experiments with 

manifold A for comparative purposes. The experiments in the first two rows address 

if adequate mixing can be provided. In a BTB solution at pH 4.8, the monoanion is 

the dominant form and absorbs light strongly at the detection wavelength of 460 nm. 

When the solution is mixed with the pH 4.8 HOAc-NaOAc buffer, there are no 

spectral changes. Bearing in mind that manifold A is expected to show somewhat 

greater sample dispersion, the results from the two manifolds are essentially identical, 

either in absolute magnitude of the signal or in its reproducibility. The second 

experiment involves the injection of BTB at pH 8.5, here the blue dianion form is the 

70 



C 

c 
o 

en 

o 
•c 
> 

c 

O 
C ^ 

c 

<u 
o a a -e 
o 

1 

c 

Q 

5 
re 

r-» 
c> 

O N 

O 
r--
ro 

O N 

r<-) 
U-i 
TT 

"TO 

.1 
iyi 

J3 
i~, 
o 

Xi 
< 

PQ 
-a 

S 1 
S 

< 
2 
Jo ^ 'H 
ca 

s 
GO re 

0^ 

0) 

t 
re 

CO 

o" o" 
o 

o 
'Sf 
<N 
I—1 

o" 

O 
^ 
(N 
'—' 
O 

OO 
NO 
»n 
o 
o 

r-̂  
O N 

m 
'—' 

, — 1 

o 
-^ 
"—' 

<N 
OO 
NO 

o 

>o 
NO 
o 
o 

NO 
T t 
o 
o 

OO L^ 

o 

I 

u 
n: 

o 
+ 
TO 

CQ 

S S 
o 

r̂  
r f 
II 
X 
a PQ 

PQ 

i 
o 
T f 

»o 
od 
II 
E a 
PQ 

PQ 

S 
i 

o 
T f 

• * 

O 
C/5 
3 

1 
(N 

o 

1 

£ 
(N 

1 

o 

E 
rg 

71 



dominant species; the same concentration of BTB as in the previous experiment is 

used. Upon mixing whh an excess of the buffer reagent, it is converted to the yellow 

monoanion form responsible for absorption at 460 nm. Mixing is the limiting process 

in the conversion since proton transfer reactions are known to be extremely fast. In 

the absence of complete mixing, a significantly lower absorbance signal at 460 nm will 

resuh, either if the resuh from manifold B is compared with that from manifold A or if 

the resuhs from manifold B for the first two experiments are compared with each 

other. Except for slightly greater mixing noise (slight increase in the observed RSD), 

the results indicate that complete reaction and mixing are indeed achieved. 

Three precipitation reactions were also tested. In preciphation reactions, it is 

well known that precipitation does not actually occur without significant 

supersaturation and fijrther that the kinetics of such preciphation are dependent on the 

relative degree of supersaturation,^^ also called Von Weimarn's ratio. ̂ ^ With BaS04 

and AgCl precipitation reactions (both of which have Ksp values around 10'̂ ° and thus 

a molar solubility value of-10"^ M), although both of these reactions work well in 

manifold A (the RSDs are larger than those for BTB solutions but still acceptable), 

the sensitivity and reproducibility seen in manifold B are just too poor in comparison. 

Both the lower residence time and the lack of wall sites to enhance the rate of 

nucleation serve to result in poor senshivity and reproducibility. This is in marked 

contrast with the Cu^^ - Fe(CN)6^' reaction (the Ksp value for Cu2[Fe(CN)6] is around 

10'̂ ^ and thus it has a molar solubility value of-3 xlO'^) where manifolds A and B 

produce comparable results. 

An interesting potential application of a drop as a reactor without walls is 

multiple analyte detection in a single FIA cycle. Because mixing occurs in the drop 

itself, carryover from drop-to-drop is limited. Different reagents could be introduced 
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through different apertures for different drops or different reagents could be selected 

by a selector valve and introduced through the same aperture. 
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CHAPTER V 

AUTOMATED LIQUID-LIQUID EXTRACTION AND DETECTION 

USING A MICRO ORGANIC LIQUID DROP 

Introduction 

Liquid-liquid extraction is among the oldest of the preconcentration and matrix 

isolation techniques in analytical chemistry. This strategy has been adapted for 

automated analysis in the following major formats: (1) automatic batch methods in 

which both phases are brought into contact in a vessel to form an emulsion;^ (2) The 

Craig countercurrent extraction system,^ the present analytical scale version of this 

concept being embodied in the centriftigal partition chromatograph;^ (3) 

segmentation, using alternate segments of the sample and the extractant phase in a 

tubular flow conduit, with or without air segments. The last technique, flow injection 

extraction (FIE), presently offers the most attractive mode of performing solvent 

extraction based analytical determinations in terms of simplicity, consumption of 

reagent, organic solvent and sample, as well as speed and cost. This technique has 

already been discussed in detail in Chapter III. 

In this chapter, the author introduces an automated liquid-liquid extraction and 

detection using a micro organic drop. A micro (-1.3 |aL) organic drop is suspended 

inside an aqueous drop from which the analyte is extracted. The outer aqueous drop 

is attached to the ends of a PTFE tube and the inner organic drop to the ends of 

stainless steel tubes. The aqueous phase is continuously delivered to the outer 

aqueous drop and aspireted away from its bottom. Afl;er the sampling/extraction 

period, a wash solution is delivered to the aqueous drop, not only resulting in a clear 

outer aqueous drop with a colored organic drop inside it but also realizing an 

automated backwash. The color intensity of the organic drop, which is related to the 
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concentration of the sample, is monitored by an absorbance detector. The organic 

drop is removed after detection and a new organic drop is formed. Not only the 

phase separation process but also the segmentation process in conventional FIE are 

avoided. The organic solvent consumption is much lower than that in FIE. Sodium 

dodecyl sulfate (SDS) was determined by ion-pairing whh methylene blue (MB) and 

extraction into chloroform in the system. 

Experimental Section 

Reagents 

All chemicals were of analytical-reagent grade except as specified. Distilled 

deionized water was used throughout. 

MB reagent: MB (100 mg. Baker Analyzed) was dissolved in 100 mL water. 

A 60 mL ahquot was transferred to a 1-L flask and 500 mL water, 41 mL 3 M H2SO4 

and 50 g NaH2P04.H20 were added and shaken until dissolved. This was then diluted 

to 1 L. 

Wash solution: Five hundred mL water, 41 mL 3 M H2SO4 and 50 g 

NaH2P04.H20 were added to a 1-L flask and shaken until dissolved. This was then 

diluted to 1 L. 

Spectrophotometric grade chloroform was used as the extractant. 

Sodium dodecyl sulfate (Aldrich) standard stock solution (100 ppm) was 

prepared by dissolving 100 mg of SDS in 1 L water. 

Apparatus and Procedure 

The instrument setup is shown in Figure 5.1. The aqueous phase was pumped 

by a multi-channel peristaltic pump PI (Rabbh-Plus, Rainin Instrument Co. Inc., 
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Figure 5.L Schematic diagram of the instrument. PI: peristaltic 
pump; P2: syringe pump; VI: 2-position multiport 
valve; V2 2-position on/off valve, both valves controlled 
be personal computer PC via relay board RB; DH: drop 
head; S: sample; R: reagent; WS: wash solution; W: waste. 
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Woburn, MA). A rotary valve VI (Omnifit, Kinetrol, UK, 2 stacks, 6 ports on each 

stack) was used to select appropriate streams flowing to the drop head where 

extraction and detection are carried out. Sample S and reagent R were sent to the 

drop head during the sampling period while a wash solution WS substituted both 

streams during the washing period. The organic phase (chloroform) was pumped by a 

syringe pump P2 (Model 33, Harvard Apparatus Inc., South Natick, MA) whh a 1 mL 

syringe. After the analytical cycle, the organic drop was aspirated by gravhy by 

opening V2 (a six-port pneumatically actuated rotary valve, type 571 OP, Rheodyne, 

Cotati, CA, used here as a two port on-off valve). VI, V2 and P2 are controlled by a 

486 class personal computer (PC) operating at 66 MHz through an array of relays in a 

relay board RB (Metrabyte/Asyst/Dac, ERA-01, Kehhley, Taunton, MA) interfaced to 

a data acquisition card (DAS 1601, Keithley/Metrabyte). During the sampling period, 

the wash solution is sent by VI back to its reservoir; during the washing period, the 

reagent is similarly returned to the reagent bottle. All other streams were not 

recovered and discarded as waste W. The connecting conduit between the drop head 

and the merging point of the sample and the reagent was 0.30 mm in diameter and 15 

cm in length. Figure 5.2 is a diagram of the drop head which was constructed from a 

muhiple aperture PTFE tube (1 cm long, 3.7 mm o.d., Zeus Industrial Products, 

Raritan, NJ). The outlet of the stainless steel tube (0.18 mm id.) for the delivery of 

aqueous phase was bent in a tangential shape relative to the perimeter of the drop 

head in order to produce circulatory fluid motion inside the aqueous drop. This was 

expected to benefit convective transport of the ion-pair from the aqueous phase to the 

organic phase. The aqueous phase was continuously delivered to the drop head and 

was aspirated from the bottom of the drop by a stainless steel tube (0.18 mm i.d., 0.33 

mm o.d.). The organic phase was pumped through a stainless steel tube (0.10 mm 

i d. 0.20 mm o.d.) at a flow rate of 0.01 mL/min. This tube was inserted in a larger 
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Figure 5.2. Diagram of the drop head. 
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stainless steel tube (0.30 mm i.d., 0.56 mm o.d.) through which the organic drop was 

aspirated away after detection. The size of the organic drop was kept constant during 

the sampling and detection period by stopping P2 and closing V2. (The loss of the 

organic solvent through dissolution in the aqueous medium is insignificant.) The 

organic phase delivery and suction tubes protruded 1 mm below the bottom of the 

PTFE tube consthuting the drop head. The distance between the tip of the aqueous 

suction tube and the bottom of the PTFE tube was 3.3 mm. 

The absorbance signal due to the organic drop was detected by an LED-optical 

fiber based absorbance detector which uses a PC to acquire and process data, as 

described in Chapter IV. Briefly, an LED (HLMP4101, peak wavelength 645 nm, 

Hewlett Packard) as the light source was placed on one side of the aqueous drop. 

The light beam passes through the aqueous and organic drops and is then collected by 

an optical fiber placed on the opposhe side at the same height. Thus, the absorbance 

of the drop-in-drop system can be monitored. The center of the receiver optical fiber 

face was 3.85 mm from the axis of the drop head and 1.7 mm from the bottom plane 

of the drop head. 

A complete cycle of determination includes the operational steps listed in 

Table 5.1. The organic drop from the previous analytical cycle is removed in step 1. 

Next in step 2, a small amount of organic solvent was pumped by P2 and 

simultaneously removed from the tip to minimize any carry-over effect between 

consecutive organic drops. This is important because desphe the small diameter of 

the organic solvent delivery tube, some of the extracted ion-pair may diffuse into this 

conduit. In step 3, a new organic drop is formed inside the aqueous drop; P2 is then 

stopped to maintain the organic drop at a constant size. The organic drop size is 

controlled by the pumping period t3. The baseline absorbance signal is monhored in 

step 4. In step 5, VI is switched to sampling position and a mixture of the sample and 
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Table 5.1. Steps in a Complete Determination Cycle. 

Step 

1 

2 

3 

4 

5 

6 

Operation 

Suck the organic drop 

Clean the tip 

Grow a new organic drop 

Monitor the baseline 

S ampling/Extraction 

Wash and read signal 

Duration, s 

Tl=5 

T2=3 

T3=8 

T4=5 

T5=60 

T6=150 

Status 

VI 

Wash 

Wash 

Wash 

Wash 

Sample 

Wash 

V2 

Open 

Open 

Close 

Close 

Close 

Close 

P2 

Stop 

Run 

Run 

Stop 

Stop 

Stop 
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reagent is continuously delivered to the drop head and the extraction begins. This 

period, normally 60 s, can be increased to obtain better sensitivhy. At the end of the 

extraction step, VI is swhched back to washing poshion in step 6. The blue outer 

aqueous sphere containing the MB reagent is gradually replaced by clear wash 

solution. The analytical signal is obtained towards the end of step 6. Pump PI is on 

through the entire cycle. 

Unless otherwise stated, the duration of each step in a determination cycle was 

as shown in Table 5.1. The volume of the organic drop for t3 = 8 s was 1.3 îL. As 

sample solution, a 4.0 ppm SDS standard was used. The flow rates were as shown in 

Figure 5.1. 

Results and Discussion 

Analytical Signal 

Extraction traces (the absorbance profile during a complete analytical cycle, 

from step 1 to 6) for four different values of the sampling time (t5) are shown in 

Figure 5.3. As the sample and reagent flow into the aqueous drop, the absorbance 

increases to a level - 0.6 AU higher than the original baseline level. During the 

washing cycle, the aqueous layer gradually becomes colorless; the absorbance 

decreases and eventually reaches a plateau. The level of this plateau is a measure of 

the color intensity of the organic drop, i.e., the amount of ion-pair extracted. The 

analytical signal is obtained by subtracting the original baseline absorbance 

(absorbance average from t=25 - 40 s) from the plateau level (absorbance averaged 

over the last 30 s of the t6 period). 

The flow rate of the aqueous suction pump is more than 10 times larger than 

the rate of delivery of the aqueous phase. When the aqueous drop grows large 

enough to reach the suction tube, the latter starts removing liquid from the aqueous 
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drop. As the liquid is aspirated, the radial dimension of the drop decreases and 

eventually the drop detaches from the suction tube, springing up, as the upward force 

due to the surface tension exceeds the adhesion force between the drop and the tip of 

the suction tube. Then the drop begins to grow again. (Obviously, the ratio of the 

period during which the drop grows to that during which the drop is aspirated is 

directly governed by the ratio of the aspiration flow rate to the aqueous phase 

pumping rate.) This process repeats; the volume and the shape of the drop fluctuate; 

this is manifested in the oscillation of the absorbance signal as shown in Figure 5.3. 

The fluctuation in the volume of the aqueous drop is in the range of-25 - 45 [iL. It is 

interesting to note that the drop will vibrate for some time after its detachment from 

the tip of the suction tube. The aspiration/input flow rate ratio can be adjusted to 

affect the period of oscillation. This ratio was deliberately kept high, because it was 

felt that the vibration may help convective mixing in the drop and promote ion-pair 

transport from the aqueous phase to the organic interior. 

Sampling Period 

As the sample and reagent are continuously delivered to the drop head, more 

and more MB was transferred into the organic drop in the form of the ion-pair. This 

is evidenced by the continuously increasing signal as the sampling period is increased 

(Figure 5.3). The absorbance signal for 4.0 ppm SDS was found to be linearly 

proportional to the samphng time in the range of 15 to 150 s according to the 

relationship: 

Absorbance, mAU = (2.09 ± 0.07) x t5, s - (1.7 ± 6.3) (r'=0.9956), 

r'=0.9956. (5.1) 
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Flow Rate 

When the flow rate of the sample was changed, the flow rates for the reagent, 

the wash solution, and the suction rate varied proportionally since these streams are 

governed by different channels of the same pump PI. The total volume of the wash 

solution used per analytical cycle was kept constant, the wash periods were therefore 

inversely proportional to the flow rate. 

Whh a constant sampling period, the signal increased with the sample flow rate 

until a flow rate of 0.4 mL/min; past this point no fiirther increase in the absorbance 

signal was observed (Figure 5.4). Probably the rate of mass transfer at the interface 

becomes the limhing factor and flow rates higher than 0.4 mL/min are wasteful of 

sample and reagent. If the total sample volume input to the drop extraction system is 

held constant, the extraction efficiency (or the analytical signal) increases as the flow 

rate decreases (residence time increases). However, the gain in sensitivity obtained by 

decreasing the flow rate is at the expense of longer analysis times. For any given 

application, an optimum choice dictated by sample/reagent consumption needs and the 

desired speed of analysis is necessary. 

Organic Drop Size 

At drop sizes below -2 ^iL, farther decreases in drop size result in decreasing 

sensitivity, as shown in Figure 5.5. This is probably due to the increase in stray light 

(light reaching the collector fiber whhout passing through the organic drop). While a 

- 3 (iL organic drop gives the highest signal in the present configuration, drops smaller 

than 1 |iL can be used, albeit with some penalty in the form of decreased sensitivity. 

Note that the organic drop used in the present system is more than an order of 

magnitude smaller than the aqueous drops used in Chapter IV. 
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Automated Backwash 

In this extraction system, there is no color change when the ion-pair is 

transferred to the organic phase. If there is no wash step, the high absorbance of the 

aqueous phase at the detection wavelength will make h difficult to determine the 

absorbance of the nested organic drop. Addhionally, sample properties (especially 

surface tension) may affect the characteristics (shape, size, etc.) for both the aqueous 

and the organic drops, leading to a fiirther source of uncertainty and loss of precision. 

Switching the aqueous phase to a wash solution after the extraction can solve the 

above problems. Moreover, automated backwash, which is important for improving 

the selectivity of the extraction technique and is difficult to be carried out in FIE, is 

made possible, clearly, the wash/backwash step may not be necessary if the aqueous 

phase in a particular application does not interfere with the detection (for example, if 

the aqueous phase does not absorb at the detection wavelength or if the sensor is 

placed inside the organic drop). 

In MBAS determinations, without the backwashing step, a 100 ppm nitrate 

solution might produce an artifact signal as high as that due to -1 ppm of SDS. In 

the standard manual method, the interference can be eliminated by a backwash 

procedure. In the present procedure, there was no discernible effect of 100 ppm 

nitrate not only with the backwash liquid composition as listed but also with pure 

water as the wash solution. 

Calibration, Reproducibilitv and Limh of Detection (LOD) 

The analytical signal was found to be linearly related to SDS concentration in 

the range of 0-5 ppm (n=30): 

Analytical Signal, mAU = (30.6 ± 0.9) x SDS, ppm + (3.0 ± 2.5), 

r̂  = 0.9985 (5.2) 
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The relative standard deviation (RSD) for 5 ppm SDS was 5.0% (n=6). The 

standard deviation for the blank was 4 mAU (n=6), from which an LOD of 0.4 ppm 

(S/N=3 criterion) was estimated. When the sampling period was increased to 20 min, 

50 ppb SDS produced a signal of 38 ± 12 mAU (n=3); The blank standard deviation 

was -10 mAU (n=3). LOD for 20 min sampling was thus estimated to be 50 ppb or 

better. 
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CHAPTER VI 

A RENEWABLE LIQUID DROP AS A SAMPLER 

AND A WINDOWLESS OPTICAL CELL. 

AN AUTOMATED SENSOR FOR GASEOUS CHLORINE 

Introduction 

The research group the author belongs to has been interested in drops or films 

as reproducible coUectors of gases. It is often necessary to discriminate between 

gases and particles by some physical means because the same analyte may exist in 

both phases. An interesting aspect of using a drop as a collector for gases is that the 

flux of the vapor leaving the surface due to liquid evaporation inhibits the approach of 

particles. This characteristic, referred to in the aerosol science literature as 

diffiisiophoresis caused by Stefan flow, ^ may make h possible to eliminate interference 

from particles without special design. The group has reported a series of gas samplers 
« 

based on drops or films. Ammonia was sampled by an acidic drop with subsequent 

retraction of the drop and introduction of the contents in to a capillary format 

sequential injection analysis system.^ Gaseous nitrogen dioxide was detected by 

monitoring the temporal development of absorbance in a single stationary drop 

formed on an inverted U-shaped wire guide as measured by two optical fibers in 

contact whh the liquid.^ A variety of acid gases was collected on a thin film formed 

on a wire loop located at the tip of a capillary with subsequent analysis of the muhiple 

collected components by capillary electrophoresis.'* 

In this chapter, the analytical use of a dynamic drop based gas collection and 

analysis system is reported. With the analyte collected from the gas phase into an 

aqueous phase, the system can be viewed as an analog of the drop based extraction 

system in which the analyte is extracted into an organic phase from the aqueous phase 
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as described in Chapter V. A drop of a reagent solution is formed at the tip of a tube 

centered in a cylindrical chamber through which a gas sample is aspirated. The 

solution is continuously pumped; the drop grows, falls, and another drop grows again. 

The drop serves not only as a reproducible collector for the sample gas flowing 

around it but also as a reactor for a chromogenic reaction and as a windowless optical 

cell. In particular, such systems can be internally calibrated for any humidity effects: 

at a constant pumping rate and temperature, the drop period/frequency is a 

predictable fijnction of the sample relative humidity (RH). The design and 

characteristics of this dynamically growing/falling drop-based gas sensor system are 

described. The feasibility of the sensor is demonstrated by the fially automated and 

continuous determination of gaseous chlorine using tetramethylbenzidine (TMB) 

solution as a chromogenic collection liquid.'* At levels relevant to industrial hygiene 

monitoring, an 18 |xL drop based sensor equipped with a light emhting diode (LED) -

photodiode based detector shows a relative standard deviation (RSD) of 1.2% (pCb 

-900 ppbv, drop period 1.1 min.) while the corresponding blank standard deviation is 

equivalent to -1 ppbv. 

Experimental Section 

Chlorine Gas Generation and Gas Sampling 

The sampling manifold and the chlorine gas generation system are shown in 

Figure 6.1. Gas flow rate of each line is metered by a mass flow controller (Model 

FC-280, Tylan General, Torrance, CA). Compressed house air is fed through a 

pressure regulator (G) and purified by a column containing, in sequence, silica gel, 

activated carbon and soda lime. The flow of the purified air is then divided into three 

streams. One stream, metered through M5, is fially humidified by passage through 

two sequential water-filled bubblers and is then merged whh the dry air stream 
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metered by M4. The RH of the merged stream is thus controlled by choosing an 

appropriate flow rate ratio via M5 and M4. The dry air stream metered by M3 is 

thermally equilibrated by coil C and flows into a permeation chamber containing a 

chlorine permeation device P (VICI Metronics, Santa Clara, CA; gravimetrically 

calibrated to be emitting at 724 ng/min) at 40 standard cubic centimeters per minute 

(seem). The permeation chamber and the thermal equilibration coil are housed in a 

thermostated enclosure T maintained at 30 °C. The exit gas is diluted by air metered 

by M2. Either this calibrant gas or pure air is selected by a 3-way valve and flows 

around the drop inside the detection umt. The gas is aspirated by pump P at a flow 

rate determined by Ml (180 seem, unless otherwise stated). All remaining flow 

streams are vented. Except as stated, 670 ppbv Cb was used in the experiments. 

Sampler/Detector 

The sampler/detector unit is schematically shown in Figure 6.2. The main 

chamber body is composed of an opaque plastic tube (high density polyethylene, 9.1 

mm in i.d.; 31.1 mm in o.d.), machined from rod stock. The gas stream is introduced 

into the cyhndrical chamber at the top, from two opposhely located gas inlets, to 

achieve more symmetric flow profile inside the chamber. A stainless steel tube (20 

ga., 0.58 mm i.d., 0.90 mm o.d.), concentrically fixed in the chamber, is tipped with a 

0.5 cm long PTFE tube (0.44 mm i.d., 1.02 mm o.d.) and is used to deliver TMB 

solution. Whhout the PTFE tip, the wettability of a stainless steel tube changes over 

a period of time, resulting in altered drop characteristics. The TMB solution was 

pumped by a syringe pump (Model 33, Harvard Apparatus Inc., South Natick, MA) 

with a 1 mL syringe. The flow rate used was 1 mL/h, except as stated. This 

arrangement produces a -18 jiL drop. The light from a high brightness 
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distance between the tip of the drop forming capillary 
and the centerline of the optical fiber. 
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(1000 mcd) blue (450 nm) LED (BP280CWB1K-3.6VF-050T, LEDTRONICS, 

Torrance, CA) passes through a 2.4 mm dia. hole (15 mm between the head of the 

LED and the chamber wall) and illuminates the drop. On the diametrically opposite 

side, the transmitted light is conducted by a 1.5 mm o.d. plastic optical fiber (inserted 

to a depth of 1.6 mm inside the chamber) to a photodiode equipped whh an 

interference fiher centered at 460 nm (T5-STK-460, half bandwidth 10 nm, INTOR, 

Socorro, NM). The centerline of the optical fiber is 1.95 mm below the tip of the 

drop forming capillary; this distance (denoted as h in Figure 6.2) can be varied {vide 

infra). A reference photodiode (S2007, Electronic Goldmine, Phoenix, AZ) is placed 

at the back plane of the LED to provide a dual beam, referenced detection 

arrangement. The detection system is controlled and the data are acquired by a 12-bit 

data acquisition board (DAS-16G1, Metrabyte, Taunton, MA) hosted by a personal 

computer equipped with a 80486 class processor. The overall electronic arrangement 

and software control are similar to those described in detail in Chapter II. Briefly, the 

LED is pulsed on and off by the computer at 20 Hz. The photocurrents for both the 

detector and the reference photodiode are converted to voltage signals and digitized. 

Five hundred individual digitized results for each photodiode made over a period of 

16.667 ms are averaged and stored as a single number. The absorbance is then 

computed and stored as a single datum. The "dark" photocurrent, which includes the 

contribution of ambient light leaking to the photodiodes, is monitored in the LED off 

period and is thus compensated for. The combination of a pulsed bright source, a 

wavelength selective signal photodiode, efficient coupling between the light 

transmitted through the drop and the collector fiber, and signal averaging makes 

possible high precision absorbance measurement without extraordinary measures to 

shield the detector from ambient light. 
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Absorbance is computed as -log[(Id - Id )/(Ir - Ir)] + Ko where la and Ir are the 

respective photocurrents generated by the detector and the reference photodiode, la 

and Ir are the corresponding dark currents, and Ko is an offset constant that 

compensates for the inequality between the intenshies of the reference beam and the 

probe beam directed to the drop. (In effect, Ko is the equivalent of a zero adjustment 

control.) The detector photocurrent Id is affected not only by the absorption of light 

by the drop but also by reflection, scattering and refraction. In particular, the 

receiving fiber optic is of fimte size and numerical aperture. The refracting properties 

of the drop changes with its growth and this can dramatically affect the measured 

absorbance. For these reasons, the absorbance, as computed above, is referred 

throughout the rest of this work as apparent absorbance. 

Reagents 

TMB solution was prepared by dissolving 0.100 g of TMB (Aldrich) in 25 mL 

N,N-dimethylformamide and diluting with 50 mL o-phosphoric acid and 25 mL 

distiUed deionized water. A 4 mL aliquot was diluted to 100 mL whh water as the 

working reagent. TMB has been shown to be a superior choice over other reagents 

such as syringaldazine or o-tolidine for the selective and senshive determination of 

chlorine. 

Resuhs and Discussion 

Position of the Drop Head and Collector Fiber 

In the optical train, the drop acts like a lens of temporally variable shape and 

dimensions. As previously stated, the exact vertical poshion of the collector fiber 

relative to the drop head is given by the parameter h. Irrespective of the presence of 

any analyte, the choice of/? determines: (a) the precise time during the life of a drop 
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at which Id reaches a maximum, (2) the maximum value of Ij; (3) the specific part of 

the drop that is probed by the incident beam at a specific time; (4) the path length and 

orientation of a ray passing through the drop. Obviously, these factors will affect the 

detection senshivity and precision. Figure 6.3 shows the apparent absorbance 

recorded during the lifetime of a drop for different values ofh. In each case, traces 

for pure air and the sample gas are shown, respectively, represented by solid and 

dashed fines. The minima in these traces represent the respective maxima in the 

coupling efficiency between the light source and the collector fiber during a drop 

period. The moment of scission of the last drop is taken to be time zero; the drop 

period t is ca. 67 s and at the end of this time a new drop begins and the clock is reset 

to time zero. Briefly at the beginning of each trace, the signal is invariant because the 

drop has not yet grown enough to interpose itself between the source and the detector 

fiber, in the following, this period is referred to as the pre-interposhion period. 

(Trace a is an exception; it shows no pre-interposition period, since the drop 

interposes from the very beginning.) As may be expected, the pre-interposhion period 

increases whh increasing h because the drop has to grow larger to reach the optical 

path when the drop forming tip is raised to a higher position. After the drop grows 

large enough to interpose itself between the source and the collector fiber, less and 

less light reaches the detector and the apparent absorbance eventually attains a 

maximum value. Past this point, the drop focuses increasingly more light on to the 

fiber, causing the absorbance to decrease which eventually reaches a broad minimum 

(except for trace a). The position of the minimum shifts to longer times as h 

increases. These minima exhibit even lower apparent absorbance relative to that 

during the pre-interposition period, clearly establishing the light gathering and 

focusing behavior of the drop. Extraction of the analytical information from the data 

near the absorbance minima is advantageous because (a) high Id minimizes the effect 
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of ambient light and enhances the signal to noise ratio; (b) the absorbance does not 

change rapidly near the minimum, and (c) the difference between the calibrant gas and 

the corresponding pure air trace is greatest near the absorbance minimum. 

The analytical signal is obtained through an approach described below: (a) one 

second worth of data during the pre-interposhion period is averaged, (b) six seconds 

of absorbance data, centered at the absorbance minimum (t^in), are averaged and the 

baseline value obtained in a is subtracted from h; (c) steps identical to a and b are 

carried out for pure air and the blank value obtained is then subtracted from the value 

in step b for a sample to obtain the blank corrected absorbance signal. This approach 

can compensate for any drift in the detector baseline, caused e.g., by dust that has 

deposhed on the receptor fiber since the pure air run. All resuhs reported henceforth 

are discussed in terms of this absorbance signal, Anet-

Figure 6.4a shows Id at tmin for pure air as the sample and Anet for 670 ppbv CI2 

as a fiinction ofh. Within the range studied, 1.95 mm is the optimum value for h with 

respect to either Id or Anet- This value of/? was hence chosen for all fiirther work. 

Figure 6.4b shows the effect of the fiber protrusion depth (the length of the collector 

fiber protruding beyond the chamber wall) on Id at tmin for pure air and Anet for 670 

ppbv CI2. Anet increases monotonically and slowly as the fiber approaches the drop. 

In contrast. Id goes through a distinct maximum at a fiber insertion depth of 1.6 mm; 

this was therefore chosen for fiirther experiments. 

The behavior difference between this system and the system described in 

Chapter IV whh respect to the positions of the drop head and collector fiber may 

mainly coursed by difference in the drop size and the distribution of the light 

absorbing species in the drop. 
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Effect of Drop Size 

Different size drops were obtained by varying the diameter of the drop head 

(o. d. 0.61, 1.02, 1.32, and 1.88 mm); for reasonably thin-walled tubes, h is only the 

outer diameter that is of importance.^ Figure 6.5a shows the drop volumes are 

linearly related to the tube diameter as suggested by Tate's law.^ For each drop size, 

the optimum value of/? was determined based on the criteria outlined in the foregoing 

section and experiments were then conducted at this h. The reagent delivery rate was 

adjusted to obtain the same drop period regardless of the drop size. 

The photocurrent and absorbance signals are plotted in Figure 6.5b as 

fiinctions of the quasi-diameter of the drop (calculated from the drop volume, 

assuming a spherical geometry). Since a larger drop gathers more light, the observed 

increase in photocurrent with increasing drop size is expected. On the other hand, it 

is observed that Anet increases with decreasing drop diameter, probably because the 

beam transmitted through the drop preferentially explores the surface layers. 

Consider that the analyte mass collected by a spherical drop is proportional to the 

surface area (oc r^). For a beam piercing straight through the drop, Anet is expected to 

be proportional to the product of the concentration (oc mass/volume, hence x f ) and 

the pathlength (oc r). Thence, there should be no dependence of the signal on the 

drop size at all. Due to the slow diffusion rate in the liquid phase and the lack of 

enough convection, h is likely the light absorbing product from the chromogenic 

reaction between TMB and chlorine is preferentially present in the surface layers. 

Nevertheless, if the light beam passes straight through the drop center, the signal 

would be independent of the precise distribution of the absorbing product in the radial 

direction because the number of absorbing molecules in the beam path would not be 

affected by the distribution. On the other hand, if the absorbing material is primarily 

on the outer layers and the incident beam is refracted preferentially through the outer 
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layers, the observed results can be explained. The outer shell is cooled by evaporative 

cooling and h also represents a slightly more concentrated solution than the core 

(both because of evaporation and the uptake of the analyte). Thus, the outer shell 

could have higher refractive index than the inner solution, leading to preferred 

guidance through the outer layer which contains most of the analyte collected 

resuhing in a higher absorbance signal. The increase in Anet with decreasing drop size 

is fortuhous; as practhioners of capillary based analysis techniques well know, smaller 

is rarely better in so far as the nominal pathlength for optical absorbance detection is 

concerned. 

It is instructive to reexamine the data in Figure 6.3 and Figure 6.4a. Figure 

6.4a shows that Anet is essentially independent ofh in the range of/? = 1.35-2.35 mm. 

However, Anet is derived from the absorbance at t̂ in. Figure 6.3 shows that t̂ in shifts 

whhin this range ofh from about 40 to 62 s, by 55%. This increase in sampling time 

has negligible effect on Anet because from the point of view of detection, the increase 

in h is tantamount to the use of a larger drop. 

Although Anet increases with a decreasing drop size. Id decreases. The drop 

size cannot therefore be indefinitely decreased, lower photocurrents result in increased 

noise levels. Additionally, a smaller drop requires more stringent optical alignment. 

In this work, most of the work was carried out with a drop of ~18 [iLm volume as a 

compromise between sensitivity, precision, and facility of implementation. With a 

better lighter source and optical system, h would doubtless be possible to work with 

smaller drops. 

Fffect of Reagent Delivery Rate 

A decrease in the reagent delivery rate increases the drop period, effectively 

increasing the gas collection time, thus resuhing in a higher absorbance signal. As 
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may be expected, the drop period is proportional to the reciprocal of reagent delivery 

rate (Figure 6.6). While the actual volume of the drop at which scission occurs 

remains essentially independent of reagent flow rate (neglecting increased content of 

nonvolatile material due to evaporation and the resulting effects on surface tension, 

density, etc.; also, whhin the range of reagent delivery rate studied hydrodynamic 

effects of drop volume at scission appear to be negligible), the volume of the reagent 

solution delivered per drop, as calculated by multiplying the drop period with the 

reagent delivery rate, increases whh decreasing reagent flow rate because of increased 

loss due to evaporation. This is also shown in Figure 6.6. The effect of the reagent 

delivery rate on the signal can obviously be used to choose the sensitivity and 

applicable dynamic range of a given detection method. 

Effect of the Sampling Flow Rate on the Analytical Signal 

Traditional diffusion based collection/measurement systems tend to show a 

general trend that the signal initially increases steeply with increasing sample flow rate 

and then the slope decreases such that a virtual plateau is observed at higher flow 

rates.^ The extant theory has no provisions for rationalizing an actual decrease in the 

signal at high sampling rates. Figure 6.7 shows the dependence observed in the 

present system. The signal is almost invariant with gas sampling rates above 100 

seem, but a minor decrease in the signal whh sampling rates above 150 seem will 

appear to be real, especially when one considers that the drop period or the collection 

time is actually increasing in a minor fashion at higher sampling rates. At present, it is 

uncertain what is the exact cause of this behavior (the small magnitude of this makes 

it difficult to study), but h is believed that the fluid dynamics in the boundary layer is 

involved. 
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It is beyond the scope of the present work but h is obvious that a high 

precision humidity sensor can be constructed by choosing a constant value ofQ in the 

suitable range and measuring the steady state drop radius r„. In the situation of this 

work, however, the pumping rate exceeds the evaporation rate sufficiently so that the 

drop always grows to a point of scission. The overall volume change dFis given by 

the sum of equations 6.2 and 6.3 and is also given by 4nr dr; whence 

dt = Anr'dr/iQ + K2 r (1-RH)). (6.5) 

Integration of Equation 6.5 yields the expression of drop period t in terms of 

the drop radius r and sample RH; 

/ - 47t[-re/{K2'(l-RH)'} +rV{2K2(l-RH)} +Q'/{K2'(l-RH)'}ln{l + 

(K2r(l-RH)/0}] (6.6) 

In Equation 6.6, K2 is essentially a pseudo diffusion coefficient (with unhs of 

cm^/s), an index of the evaporation rate that depends on the hydrodynamics of the 

system and the diffusion coefficient of the evaporated gas. In Figure 6.8, four 

separate computed curves for drop period versus RH are shown for four assumed 

values of K2 for a -18 |iL volume (equivalent radius 1.62 mm) drop, as used in the 

actual experiments. In computational trials, K2 was deliberately varied to see if a 

good match can be obtained whh the experimentally observed results. It can be 

observed that the experimental data obtained under the test condhions are in excellent 

agreement whh the predicted curve for K2 = 10"' cm'/s. A larger range of the drop 

period can be spanned as a function of RH by using a lower Q if h is desirable to 

measure RH via the drop period. The precision of the drop period measurement in 

the present arrangement is typically 150 ms or better; a relative precision of 0.2% for 

drop period should therefore be readily attainable. 
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Effect of Humidity 

Other factors remaining the same, the drop period is a function of the surface 

tension of a liquid, a fact that has been explohed as a detection principle in liquid 

chromatography.^ In the present shuation, liquid composhion and hence surface 

tension are essentially invariant but the amount of liquid lost from a drop due to 

evaporation is related to the sample gas RH at constant sample temperature and flow 

rate. For a static spherical water drop in a stream of flowing air, Frossling^^ 

previously derived the temporal dependence of the drop radius r: 

d{/)ldt = -Ki (1-RH) Re""^ (6.1) 

where Ki is a constant and Re is the Reynolds number. Equation 6.1 is readily 

put in terms of the change of volume due to evaporation, dVi. 

dVe = K 2 r ( l - R H ) d / (6.2) 

where K2 = -2TiY^\Re . Frossling's treatment of a static drop is well 

established. Some exotic applications have been described: since the size of a sphere 

can be measured with extraordinary accuracy by Mie scattering (reportedly to 

0.005%), the rate of evaporation of a drop (as determined from the change in size of a 

levitated drop) can be used to estimate the vapor pressure of nonvolatile liquids. ̂ ^ 

However, the dependence of the drop period of a dynamically growing and falling 

drop upon the vapor pressure of the liquid in the surrounding gas (in this case, RH), 

to the knowledge of the author, has never been examined. The volume increment dVp 

due to pump delivery is given by 

dVp =Qdt (6.3) 

where Q is reagent delivery rate. It is obvious that a drop can be held at the 

same size when the evaporative loss rate is exactly equal to the pumping rate whence 

at steady state the fractional relative humidity is given by: 

RH = 1 + e/(K2 A-ss). (6.4) 
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Calibration Behavior and Compensation for RH Effects 

The obvious effect of RH is that the drop period and thus the effective 

sampling time is ahered. There may be other effects of RH, many analytes associate 

with water in the gas phase and the effective diffusion coefficient is thus decreased; 

this has been observed, for example, for NHa.^ Experimentally, h is observed that at 

any given RH, CI2 concentration has no effect on the drop period. At any given RH, 

Anet varies linearly whh chlorine concentration with an intercept that is statistically 

indistinguishable from zero; the regression equations (5 individual concentrations 

between 0 and 1100 ppbv, n = 4 at each concentration) are listed in Table 6.1. It is 

interesting to note that under the test conditions, the drop period changes from 65.4 s 

at 80% RH to -67.7 s at 0% , a change of less than 4%. The calibration slope within 

this RH range changes by 32%; clearly, effects other than an increase in sampling time 

are involved. 

The present system provides data not only for the observed signal but also as 

to the drop period, related to the sample RH. If calibration data are available for 

different RH values as a three dimensional matrix (sample concentration, response, 

drop period), it is obvious that a variety of chemometric approaches will allow 

accurate evaluation of the concentration sampled given the response signal and the 

drop period. The linear behavior and essentially zero intercept of the present system 

allows a very simple approach, however. The calibration slopes are related linearly to 

the drop period whhin the RH range studied (0-80%) as: 

Slope (mAU/ppbv CI2) = (2.0002 ± 0.0726) x 10'̂  •/ (s)- 1.1622 + 0.0482, 

r^= 0.9974 (6.7) 

where t is the drop period in the unh of seconds. A single equation then 

allows the computation of the sampled concentration, regardless of RH: 
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Cl2(ppbv) = Anet (mAU)/[2.0 xlO^^ •/ (s) - 1.162] (6.8) 

Figure 6.9 shows the predicted vs. observed response values over a large range 

of RH utilizing this approach, clearly accurate compensation is possible. 

Reproducibility 

The coefficient of variation for the measurement of 890 ppbv chlorine is 1.2 % 

(n =10). The standard deviation of the blank (pure air) measurements corresponds to 

a concentration of 1.1 ppbv. This work was undertaken to determine the feasibility of 

a sensor for industrial hygiene applications that can provide an alarm within 2 min 

when the concentration of CI2 reaches 1 ppmv. Because the performance obviously 

far exceeds this requirement, no explicit effort was made to determine the limit of 

detection. Based on the observed standard deviation of the blank, low ppbv levels 

should be detectable with the present experimental arrangement. Sensitivity could 

obviously be further improved by changing one or more operational parameters. 
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CHAPTER VII 

CONCLUSIONS AND POTENTIAL IMPROVEMENTS 

The role a computer played in the research work of this dissertation is 

indispensable. Without computer based control as well as data acquisition and 

processing, each scheme would be much more difficuh, if not impossible, to 

implement. Simple and cheap optical absorption detectors, which can be configured 

conveniently for various purposes, are made possible by using LED sources and fiber 

optics. 

The dual-wavelength/dual-cell method provides a relatively simple and 

affordable approach to the photometric analysis of turbid samples that are injected in 

carrier streams with a considerably different refractive index. The method should be 

of particular value to process analysis. 

In the dual-wavelength FIE system, phase recogmtion is achieved through the 

large difference in absorbance for the two phases at the nonspecific wavelength; the 

difference arises because of their refractive index difference. However, this is not an 

essential requirement for successfully operating the system. All that is required is to 

use a marker substance that remains in one phase and that can be selectively followed 

by one measurement channel whhout interference from the analyte or its reaction 

product. Phase recognition approach for FIE based on conductance measurement 

should be more generally applicable; actually this has been successfully implemented 

(reference 46 of Chapter I). 

The micro organic drop based extraction system offers many unique features 

for solvent extraction and detection. Both segmentation and phase separation in FIE 

are avoided, resulting in further improvement in simplicity and reliability. The 

senshivity of the system can be easily adjusted in a wide range by selection of 
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samphng/extraction period. The optical detection system is windowless and thus free 

of problems arising from deposhion or adsorption of particles or dyes on cell 

windows. As a sample matrix isolation and preconcentration unh, this system could 

easily be coupled with other analytical systems, such as liquid chromatograph. 

However, the most important features of the system are: (a) extremely low 

consumption of organic solvent and (b) facility of automated backwash. Broadly 

speaking, the backwashing capability indicates the opportunity to carry out an 

indefinhe amount of sequential chemistry. For an extraction process in which the 

necessary reagents can be put in the organic phase, the consumption of the reagents 

will also be extremely low. Although the sample consumption can be higher in the 

present system than in FIE, this is not usually a real problem in most environmental or 

process analysis needs. In regard to solvent consumption, the smallest scale FIE 

systems introduced to date utilize organic segments that are ~ 1 p-L in volume. One 

sample is extracted into many organic segments, typically consuming 150 |j.L organic 

solvent per analysis, 2 orders of magnitude higher than that in the present case. At 

this stage of the development of the drop based extraction system, the observed 

precision can stand improvements. The most important factor affecting the observed 

precision appears to be the organic drop volume variation during the determination 

process. Using a small dead volume valve (V2 in Figure 5.1) and organic phase 

delivery conduhs of low thermal coefficient of expansion are expected to improve this 

situation. A dual wavelength detection system will also likely improve system 

performance. It would be possible to work with even smaller drop-in-drop systems, 

with better optical arrangements in which the beam can be tightly focused (e.g., with 

laser sources). A smaller drop-in-drop system will not only improve the extraction 

efficiency, it will decrease any necessary wash time as well as further reduce the 

consumption of reagent, sample and organic solvent. An array of organic drops can 
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be deployed within a single aqueous drop, the extractant can be different for the 

different drops to achieve different selectivities or be the same to achieve better 

sensitivhy. Finally, during the present experiments, it has been observed that h is 

feasible to create a drop-in-drop-in-drop system. Consider that the outer layer 

constitutes a flowing sample and the innermost layer, also flowing, is sent to a 

preconcentration/analysis system like a liquid chromatograph while the intervening 

immiscible phase contains selective phase transfer agents. This opens a new horizon 

for microscale analytical applications of an infinhe range of selective liquid 

membranes. In this case, such membrane would be truly and indefinitely renewable. 

Used simply as an optical cell, a liquid drop shows great potential, as 

demonstrated by the detection of sulfate through the preciphation reaction between 

barium and sulfate ions in a FIA system. Problems arising from the deposhion of 

preciphate on flow cell windows have been avoided. The special gradient dilution 

technique for extending the dynamic response range has been implemented 

conveniently without external timing. It has also been demonstrated that both 

absorbance and nephelometric detection can be made on a single drop using a single 

collector fiber. While the present detection system is already quite versatile, further 

modification and development could lead to detection systems with even more 

capabihties. Since the drop can be probed and observed in a much larger solid angle 

than a conventional optical cell, configurations for muhi-beam and/or multi-detector 

arrangements should be more easily implemented. Electrochemical sensors can be 

placed on the drop head. Absorbance and fluorescence signals can be measured 

simultaneously by appropriate arrangement of the light sources and detectors around 

the drop. 

The feasibility of a dynamic drop based gas sensor using a drop as gas 

collector and windowless optical cell has been demonstrated. The system is simple, 
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easily automated, and low cost (which could be lowered further by using a gravity-

based or pressurized pumping system, presumably whh some penalty to precision). 

Reliable results are obtained with a indefinitely renewable collection surface with real

time detection and an intrinsically adjustable integration time. A renewable exposed 

liquid surface as a collection/measurement interface may benefit from geometries 

other than that of a scissile or static drop; a thin liquid film offers higher senshivhy 

because of increased surface to volume ratio. A liquid jet may act as an optical wave 

guide or electrical conductor as well as a collection interface and permit 

extraordinarily fast response times. 
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