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CHAPTER I 

INTRODUCTION 

1.1 Water Pollution 

Earth--the Blue Planet. Of its 196,938,800 square miles in total surface area, 

water comprises 71%. It has been estimated that our world contains 4 X 1020 gallons 

of water (Hunt and Garrels, 1972). The oceans hold 97% of all the earth's water. The 

remaining 3% is fresh water, composed of 75% ice sheets and glaciers, 24% ground 

water, 0.3% lakes, 0.06% soil moisture, 0.035% rivers and 0.035% is found in the 

atmosphere (Barry, 1969). 

Water is unquestionably essential to all forms of life in this planet. Modern man 

has constantly used it to satisfy his countless needs, and often in haphazard ways. 

Despite its abundance, water is , in certain aspects, exhaustible. Only in the last few 

decades of this century has mankind begun this slow and inevitable realization. And 

for the worse part, this rude awakening had to be brought about by a series of 

disastrous incidents such as the mercury poisoning in Minamata Bay, the 

eutrophication of Lake Erie, and the recent massive oil spill in Alaska. The effect of 

these tragedies on the biota is largely irreversible, unless a costly environmental 

clean-up is implemented. 

The pollution of rivers and streams is primarily caused by discharges from 

domestic, industrial and agricultural sources. The most prevalent water pollutants are 

those which are classified as biological (e.g., coliform bacteria, oxygen-depleting 

pollutants, agents causing eutrophication) and anthropogenic (e.g., heavy metals, 

acids, pesticides, detergents) in nature. These substances destroy the ecological 

balance and degrade the quality of our water resources. The dire prediction is that at 
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the rate we are polluting our waters, together with its growing demand, the world's 

fresh water resources will be fully consumed within the next 50 to 60 years (Rodda, 

1985). 

2 

To prevent the total destruction of the Great Lakes, in 1972 the U.S. and Canada 

signed the Great Lakes Water Quality Agreement ordering the reduction of 

phosphorous to no more than 1 ppm in discharges from major sewage treatment 

plants. In 1977, the Clean Water Act was implemented. Municipal plants were to 

provide secondary treatment removing 85% of all pollutants by July 1977. The stated 

goal was to achieve fishable and swimmable waters by 1983 and the elimination of 

all polluted discharges into navigable waters by 1985. 

1.2 Detergents 

The soap and detergent industry today is a multibillion dollar enterprise. And for 

this new decade, the demand for and production of detergents and component 

materials are expected to steadily rise by 3 to 5% annually. It has been estimated that 

the production of key detergent ingredients (surfactants) will total about 7.8 billion 

lbs this year. It is anticipated that consumers will buy more soaps and detergents this 

year than they did last year. Approximate sales are assumed at 10.33 to 10.55 billion 

dollars for 1990 (Greek, 1990). Such figures clearly imply that an equivalent 

increase in detergents and other ingredients would manifest itself in the contents of 

sewage and wastewaters as well. 

In recent years, the public's awareness of detergent and detergent components as 

significa,nt water pollutants was raised by several issues. In 1965, the production of 

tetrapropylene-derived alkyl-benzene sulfonate (tpABS) was discontinued due to its 

resistance to biodegradation. Detergents based on this material had been in almost 
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universal use in households (1950-1964) and consequently, it was found to be present 

in domestic sewage at an average of 10 ppm in the U.S. (Swisher, 1966). 

By 1970, Lake Erie had lost nearly all its native fish as a result of the massive 

dumping of phosphate from detergents and fertilizers. Algal blooms covered the 

nearshore areas and the water acquired a noticeable odor. After 1972, when the water 

quality agreement was signed, phosphorous loadings were cut about 80% by 

upgrading sewage treatment plants and decreasing phosphate levels in detergents. 

After five years, visible results were apparent: most of the algal blooms disappeared, 

sportfish began to return and the water simply looked and smelled better (Hileman. 

1988). 

There have been various reports indicating the potentially grave ecological 

effects of surfactants. Deterioration of several species of pine have been observed 

along the coastal beaches near Sydney, Australia (Moodie et al., 1986) and along the 

Tyrrhenian coast of Italy (Lapucci, 1968). This decline in tree vigor was attributed to 

large amounts of leaf-deposited surfactant measured as methylene blue active 

substances, MBAS. The foliage of coastal pine trees is known to resist excessive 

uptake of sodium chloride. This is due to a thick impermeable cuticle while the 

stomata are covered by waxy, fibrous projections. Surfactants from sewage 

discharges become entrained in airborne seaspray which can be blown onto the trees. 

Foliar absorption of salt is greatly increased through the stomata, and penetration 

through their cuticle may also occur (Grieve and Pitman, 1978). This results in 

browning and loss of green foliage. Shoots appear but damage extends over the 

entire crown with the loss of photosynthetic area, leading to tree mortality (Moodie et 

al., 1986). Natural nondetergent surfactants from coastal marine environments, such 

as humic acids, are not directly harmful but can serve as potential vehicles for other 
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polluting agents in marine aerosol. This type of degeneration of vegetation caused by 

surfactants has been suggested as an index of marine pollution (Loglio et al., 1989). 

The interaction of surfactants with other plant species has been investigated as 

well. It induced ethylene production in the leaves of cowpea (Vigna unguiculata (L.) 

Walp. subsp. unguiculata 'Dixielee) seedlings. Ethylene production is a measure of 

plant stress and in this case was strongly correlated to phytotoxicity. This resulted in 

discolored and sunken regions at the periphery of the surfactant solution droplet: leaf 

interface area. This effect was believed to be due to the loss of structural integrity 

and collapse of epidermal, palisade and mesophyll cells (Lownds, 1987). 

The inhibition of seed germination and seedling growth in other plants such as 

Pisum sativum and Crotalaria junea has been reported (Chandra et al., 1988). 

Surfactants in the concentration range of 12 to 310 mM have been observed to inhibit 

algal growth (Poterioochromas malhamensis) and cause cytolysis (Roederer, 1987). 

The acute toxicity of industrial surfactants to mysids (Mysidopsis bahia) has also 

been determined (Hall et al., 1989). 

The response of aquatic microbial communities in lakes and streams to 

surfactants has also been studied. The results indicate that surfactants have no long

term detrimental effects on bacterial heterotrophy (Ventullo, 1988). 

A comprehensive technical report was published two decades ago (Swisher, 

1966) containing over 140 citations on the effects of surfactants on humans and other 

mammals. Swisher concluded that surfactants, in particular anionic and nonionic, are 

relatively non-toxic to mammals and cannot be considered as major environmental 

hazards. Current research developments enumerated earlier have disproved the latter 

contention. However, the review does state that cationic surfactants are the most 

toxic of all surfactants. Figure 1 lists the acute oral toxicity of most surfactants to 
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mammals. The lethal doses for cationic surfactants are relatively low as compared to 

other surfactants. At least one human fatality had been reported from ingestion of a 

cationic surfactant from less than one ounce of an alcoholic disinfectant containing 

10% of a quaternary ammonium derivative. Alcohol increased the toxicity of the 

cationic surfactant (Adelson, 1952). 

1.3 Cationic Surfactants 

Although cationic surfactants comprise only 9.6% of the total surfactants 

produced in 1988, the annual figure amounts to 700 million lbs (Greek, 1990). 

Cationics have a wide range of commercial and consumer uses. They are employed 

as fabric softeners and conditioners and function as the active ingredient in hair 

rinses. They are also used in oil-based drilling muds and as foam controllers in 

laundry detergents. Quaternary ammonium compounds (QACs) are perhaps the most 

important group. These are known to exhibit germicidal properties and are used in 

biocides, disinfectants, algaecides and sanitizers. This basically accounts for the 

well-known toxicity of cationic surfactants. 

It was estimated that 80 million lbs of QACs found their way to sewage in 1979. 

The average concentration was believed to be approximately in the range of 1 ppm 

(Boethling, 1984). Gerike et al. (1978) arrived at an approximate figure of 1.4 ppm 

for the QAC levels present in German sewage. At micromolar concentrations, they 

are considered lethal to a variety of aquatic organisms including algae, fish, molluscs, 

barnacles, rotifers, starfish, shrimps, tadpoles and others (Taft, 1946; Pessoa, 1952; 

Vallejo-Freire et al., 1954; Knauf, 1973; Huber, 1979; Kappeler, 1982; Waters, 

1982; Lewis and Wee, 1983; Roederer, 1987). 



The direct analysis of cationic surfactants in wastewater is rather complicated. 

First of all, one must take into consideration their high tendency to be adsorbed on 

available surfaces. Furthermore, they combine with anionic surfactants to form 

aggregates with totally different properties from the free ion. It was estimated that 

the average concentration of anionic surfactants in sewage is 16 ppm, more than ten 

times higher than the predicted level of cationic surfactants (Boethling, 1984). Thus 

in actual field measurements, most cationic surfactants are expected to be in the 

aggregated form. 

1.3.1 Methods of Analysis 
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Figures 2-61ist the various literature since 1943 compiled by the author 

describing the different methods of analysis of cationic surfactants. The oldest and 

the most widely used technique is the ion-pair solvent extraction colorimetric method. 

The cationic surfactant is made to react with an anionic dye to form a colored ion

pair. This ion-pair is extracted into an organic solvent which is monitored at an 

appropriate wavelength. This was first introduced by Auerbach in 1943 using 

bromophenol blue and bromothymol blue for anionic dyes. Since then, a variety of 

anionic dyes has been utilized (see Figure 2). The lowest detection limit for these 

types of systems has been reported as 15 ppb (Florence and Farrar, 1973). More 

recent modifications include fluorescent anionic dyes such as anthracene sulphonate, 

rosin, erythrosine, Bengal Pink B, 2,4,5, 7-tetrabromo-3,6-dichlorofluorescein (Modin 

and Schill, 1967; Zapior, 1975; Pilipenko, 1980; Zhebentyaev and Talut, 1989) and 

anionic metal complexes such as cobalt thiocyanate (Ashbrook, 1959; Le Bihan and 

Courtot-Coupez, 1976) for increased sensitivity. The former are detected by a 

spectrofluorometer and the latter is monitored through flameless atomic absorbance. 



7 

Another colorimetric technique is the two-phase titration method. This involves 

introducing an anionic surfactant solution (normally lauryl sulfate) as the titrant to a 

mixture of the cationic surfactant analyte and a cationic dye. A colorless ion-pair is 

formed between the cationic surfactant and the anionic surfactant and gets extracted 

into the organic phase. When the cationic surfactant is fully titrated, an excess of the 

anionic titrant combines with the cationic dye to form a colored complex. The 

endpoint is taken to be the point when the color is equally distributed between the 

aqueous phase and the organic phase. Problems, however, arise with the detection of 

the endpoint due to color reflectance between phases and differences in shade or hue 

of the color in the two phases. To remedy this discrepancy, a hy lrophobic dye was 

used instead (Tsubouchi et al., 1981). Tetrabromo-phenolphthalein ethyl ester forms 

a blue ion-pair with the cationic surfactant in the organic phase. The anionic titrant 

displaces the indicator, and converts it to the yellow unionized form, providing a 

sharp one-phase endpoint. 

Chromatography has proven to be useful in cationic surfactant determination 

(see Figure 3). Waters and Kupfer (1976) devised a procedure where samples are 

first passed through an anion-exchange column to remove the anionic component 

which cationic surfactants complex with in wastewater, before colorimetric analysis 

of the cation as a disulfine blue-cation complex (commonly referred to as disulfine 

blue active substance (DBAS)). For added selectivity, a method was devised wherein 

the cationic surfactant, after its release from the anion exchange column, is separated 

by thin-layer chromatography and detected by spraying Dragendorff reagent (bismuth 

subnitrate +potassium iodide in a slightly acidic medium). The limit of detection 

was about 2 ppb when applied to sewage and industrial wastewater (Michelsen, 

1978). Forty mg of distearylmethyl-ammonium ion, a QAC, was measured in a 
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separate study (Osburn, 1982). Other counteranions such as iodide and bromide have 

also been tested (De Zeeuw et al., 1976). The main disadvantage of these procedures 

is that they are time and labor intensive. A simpler and more sensitive technique was 

developed (Wee and Kennedy, 1982) involving the extraction of the cationic 

surfactant with linear alkyl benzene sulfonate (LAS). This was followed by 

separation and quantification using high performance liquid chromatography coupled 

with conductivity detection. A study of the performance of this method in 

comparison with the two former methods was done (Wee, 1984). Reversed-phase 

HPLC was also reported (Parris, 1980) using p-toluenesulfonic acid. Gas 

chromatography could also be applied in determining QACs (Pustavalova et al., 

1975; Batukova et al., 1977; Abidi, 1981; Kawase et al., 1981). 

Mass spectrometry (MS), especially in later years, has become a common tool in 

cationic surfactant determination (see Figure 4). Chemical ionization, field 

desorption and fast atom bombardment (F AB) were compared in determining the 

relative abundance of C14, C16, and C18 alkyl chains in QACs (Cotter et al., 1982). 

F AB-MS appears to be the most popular of all three. It has been used to quantitate 

cationic surfactants at the ppb level in environmental water samples (Simms et al., 

1988). Rivera et al. (1986) have also applied it in determining both nonionic and 

cationic surfactant levels in river waters. It has also been used to identify the 

individual surfactant constituents directly in mixtures and in detergent formulations 

(Facino et al., 1989). It has been reported (Ventura, 1989) that cationic surfactants as 

low as 25 picograms have been detected. 

Electrochemical techniques have also been used to measure cationic surfactants 

(see Figure 5). A PVC membrane electrode with dibenzo-18-crown-6 was proven to 

have high potentiometric selectivities for cationic surfactants. The selectivity 



9 

depended on the length of the hydrophobic alkyl chain and on the type of hydrophilic 

head group (Maeda et al., 1981). Other cationic surfactant-selective electrodes were 

devised by using a PVC membrane containing either tetrabutylammonium 

dodecylsulfate (Dowie et al., 1987), or cetylbenzene sulfonate and tetraphenylborate 

(Quian et al., 1988). A cetyltrimethylammonium cation-sensitive polymeric 

membrane electrode was also described recently (Badawy et al., 1989). 

Other reported techniques (see Figure 6) include: polarography based on the 

decrease of the polarographic maximum of the oxygen wave in aqueous solutions 

(Baloiu et al., 1979); enzymatic methods (Eriksson and Mattiasson, 1982); and 

calorimetry (Kresheck and Hargraves, 1981). Infrared spectroscopy has also been 

recommended (Snell and Ettre, 1971). Flow injection analysis (FIA) with 

colorimetric detection methods has been used to determine cationic surfactants 

(Kawase and Yamanaka, 1979; Kawase, 1980). This will be further discussed in the 

subsequent chapter. 

1.4 Significance of Study 

To summarize, studies have confirmed the inherent low-level toxicity of cationic 

surfactants. It not only endangers different types of marine and aquatic life, but it 

may also contribute to the deterioration of shoreline vegetation. Cationic surfactants 

represent a small percentage of total surfactant production and consumption, but their 

utilization is growing faster than anionic surfactants. Although it is mostly present in 

wastewater in the aggregated form, the toxicity levels of cationic surfactants are too 

high to be ignored. The different methods for cationic surfactant analysis have been 

revk wed (see Section 1.3.1 ). Mass spectrometry shows the most promise in 

detecting small amounts of cationic surfactants, even without any sample preparation. 
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However, because of instrument costs and the requirement of stringent operating 

conditions, FIA and electrochemical methods may well be more practical. The major 

drawbacks of cation-selective electrodes are their limited flexibility and relatively 

short lifetimes (Dowie, 1988). Automated solvent extraction FIA is a relatively new 

technique that provides increased sensitivity and good reproducibility at low cost. 

Cationic surfactants have been analyzed by FIA based on ion-pairing. With new and 

improved methodology, sensitivity, sample throughput and ease of operation can be 

further enhanced for practical use. 
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LDso 
Surfactant mg/kg Animal Reference 

ALKYLBENZENE SULFONATE (Note 1) 

tpABS 1220 Rat Bornman, 1961 
LAS 1260 Rat Bornman, 1961 

2500 Rat Cabejszek, 1963 
2200 Rat Drachev, 1965 

Dodecy lbenzene 2300 Rat Drachev, 1965 

2300 Rat Garshenin, 1963 
2000 Mouse Hopper, 1949 

Decylbenzene 2100 Mouse Hopper, 1949 
2000 Mouse Hine, 1953 
2320 Rat Hine, 19~ ' 

1130 Hamster Hine, 1953 
1730 Rabbit Hine, 1953 
1400 Mouse Okahara, 1963 

(Note 2) 1400 Rat Olson, 1962 
tpABS 520 Rat Oser, 1965 

LAS 650 Rat Oser, 1965 
1400 Rat Smyth, 1941 

(Note 3) 2200-3200 Rat Snyder, 1964 
(Note 3) 4600 Mouse Snyder, 1964 

1500 Rat Woodard, 1945 

2800 Mouse Woodard, 1945 
Decylbenzene 2000 Mouse Woodard, 1945 

ALKYL SULFATE 

Laury I 1300 Rat Olson, 1962 
Laury I 2730 Rat Smyth, 1941 
Laury I 1000 Rat Woodard, 1945 
2-Ethylhexyl 4125 Rat Smyth, 1941 
2-Ethylhexyl 1520 Guinea pig Smyth, 1941 

7-Et-2-Me-undecyl-4 1250 Rat Smyth, 1941 
7-Et-2-Me-undecyl-4 650 Guinea pig Smyth, 1941 
3,9-diEt-tridecyl-6 1430 Rat Smyth, 1941 
3, 9-diEt-tridecy l-6 425 Guinea pig Smyth, 1941 

Figure 1. Acute oral toxicity of surfactants 
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Surfactant 
LDso 
mg/kg Animal Reference 

SULFATE NONIONIC 

Lauryl alcohol EO (3) 1820 Rat Tusing, 1962 
Octylphenol EO 3700-5400 Rat Finnegan, 1953 

MISCELLANEOUS SULFONATE 

Alkane 2700 Rat Drachev, 1965 
Alkane 3000 Rat Garshenin, 1963 
Hydrocarbon 4000+ Rat Woodard, 1945 
Lauryl glyceryl ether 1820 Rat Tusing, 1962 
Oleoyl methyl tauride 6600 Mouse Hopper, 1949 

Oleoyl methyl tauride 4000+ Rat Woodard, 1945 
Oleoyl methyl tauride 6300 Mouse Woodard, 1945 
Isopropy }naphthalene 1900 Mouse Hopper, 1949 
Butyl biphenyl 3400 Mouse Hopper, 1949 
Butyl phenylphenol 2200-3800 Mouse Hopper, 1949 

Ethyl phenylphenol 2000 Rat Woodard, 1945 
Dodecyl diphenyl ether 700 Rat Olson, 1962 
Alkylarylamine 2800 Mouse Woodard, 1945 
Diocty I succinate 4800 Mouse Hopper, 1949 
Dioctyl succinate 1900 Rat Olson, 1962 
Octylphenol EO (Note 4) 4900 Rat Finnegan, 1953 

NONIONIC 

Stearoyl EO (8) 20,000- Hamster Eagle, 1956 
27,000 

Stearoyl EO (8) 53,000-
64,000 

Rat Eagle, 1956 

Stearoyl EO (8) 12,000+ Rabbit Eagle, 1956 
Fatty acyl EO 25,000+ Mouse Hopper, 1949 
Laury I alcohol EO ( 4) 5000-7600 Mouse Treon, 1962 

Laury I alcohol EO ( 4) 8600 Rat Treon, 1962 
Lauryl alcohol EO (7) 1170 Mouse Grubb, 1960 
Laury I alcohol EO (7) 4150 Rat Grubb, 1960 
Laury I alcohol EO (9) 3300 Mouse Berberian, 1965 
Lauryl alcohol EO (23) 3500 Mouse Treon, 1962 
Lauryl alcohol EO (23) 8600-9350 Rat Treon, 1962 

Figure 1. continued 



13 

Surfactant 
LDso 
mg/kg Animal Reference 

Stearyl alcohol EO (2) 25,000+ Rat Treon, 1962 
Stearyl alcohol EO (10) 2900 Rat Treon, 1962 
Stearyl alcohol EO (20) 1900 Rat Treon, 1962 
Oleyl alcohol EO (2) 25,800 Rat Treon, 1962 
Oleyl alcohol EO (10) 2700 Rat Treon, 1962 
Oleyl alcohol EO (20) 2800 Rat Treon, 1962 
Fatty acyl sorbitan EO (20) 37,000- Rat Eagle, 1956 

60,000+ 
Fatty acyl sorbitan EO (20) 18,000 Hamster Eagle, 1956 
Fatty acyl sorbitan EO (20) 25,000+ Mouse Hopper, 1949 
Fatty acyl sorbitan EO (20) 20,000+ Rat Krantz, 1951 
Fatty acyl sorbitan EO (20) 20,000+ Rat Treon, 1965 
Octyl phenol EO (1) 7000 Rat Finnegan, 1953 
Octyl phenol EO (3) 4000 Rat Finnegan, 1953 
Octyl phenol EO (5) 3800 Rat Finnegan, 1953 

Octy I phenol EO (8-1 0) 1800 Rat Finnegan, 1953 
Octyl phenol EO (12-13) 1900 Rat Finnegan, 1953 
Octyl phenol EO (16) 2800 Rat Larson, 1963 
Octyl phenol EO (20) 3600 Rat Larson, 1963 
Octyl phenol EO (30) 21,000 Rat Larson, 1963 

Octy I phenol EO ( 40) 28,000+ Rat Larson, 1963 
Nonyl phenol EO (9-10) 1600 Rat Olson, 1962 
Lauric diethanolamide 2700 Rat Olson, 1962 

CATIONIC 

Quaternary ammonium 235 Rat Alfredson, 1951 
Quaternary ammonium 390-1000 Rat Finnegan 1953, 1954 
Quaternary ammonium 340-2000 Mouse Hopper, 1949 
Quaternary (Note 5) 230-730 Rat Shelanski, 1949 
Quaternary (Note 5) 160-315 Guinea pig Shelanski, 1949 

Quaternary ammonium 410-1600 Rat Treon, 1962 
Quaternary ammonium 350 Rat Woodard, 1945 
Quaternary pyridinium 470-2500+ Mouse Hopper, 1949 
Quaternary pyridinium 200-250 Rat Nelson, 1946 
Quaternary pyridinium 230 Rat Shelanski, 1949 
Quaternary pyridinium 200 Guinea pig Shelanski, 1949 
Quaternary pyridinium 400+ Rabbit Warren, 1942 
Lauryl imidazoline 3200 Rat Olson, 1962 

Figure 1. continued 



Note 1. Exact chemical structure of alkylbenzene sulfonate often unspecified; in 
such cases probably derived from kerosene or from tetrapropylene. 

Note 2. 

Note 3. 

Note 4. 

Note 5. 

Triethanolamine salt. 

Detergent formulation containing 20% surfactant. 

Octyl phenol ethoxylate sulfonate. 

Ammonium and pyridinium. 

Abreviations 

ABS- Alkylbenzene sulfonate. This is properly a generic term covering any 
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benzene sulfonate with alkyl substituents. The term is used in the field of detergent 
technology in a more restricted sense to designate those with detergent or surfactant 
properties, for which the alkyl group is usually in the range from 10 to 15 carbon 
atoms. It has often been improperly used without qualifying modifier to designate 
one specific type of ABS, that derived from tetrapropylene. 

tpABS- ABS in which the alkyl group is derived from tetrapropylene. 

LAS - Linear alkylate sulfonate. ABS in which the alkyl groups are linear, 
ordinarily in the range from 10 to 15 carbon atoms. 

ppm - parts per million. One milligram per liter of water is almost exactly one 
part per million, and the terms are used interchangeably in this table. 

EO - used here to indicate ethylene oxide condensates in which the numerical 
designation indicates mols of EO per mol of base. 
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A. Ion-pairing quantitative extraction 
B. Two-phase titration 

Analyte Method Pairing Agent Detection Reference 

1. QACs A bromophenol absorbance Auerbach, 1943 
blue 
bromothymol 
blue 

2. " A orange II absorbance Few and Ottewell, 
1956 

3.Long chain A cobalt thio- absorbance Ashbrook, 1959 
ammes cyanate 

4. QACs A bromothymol absorbance Schill, 1965 
blue 

5. " A picrate absorbance Gustavii and Schill, 
1966 

6. " A anthracene fluorescence Modin and Schill, 
sulfonate 1967 

7. " A Erdmann's absorbance Irving and 
salt Damodaran, 1965 

8. " A bromocresol absorbance Irving and 
green Markham, 1967 

9 . " A orange II absorbance Scott, 1968 

lO.Primary A chromate- absorbance Florence and Farrar, 
secondary di pheny lcarbazide 1973 
qu~temary 
ammes 

ll.QA & alkyl A anthracene-2- fluorescence Zapior et al., 1975 
pyridinium sulfonate 
halides 

Figure 2. Colorimetric methods for cationic 
surfactant determination 
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Analyte Method Pairing Agent Detection Reference 

12.QACs A methyl orange absorbance Nishida et al., 
1976 

13. " A cobaltothio- absorbance/ LeBihan and 
cyanate flame less Courtot-Coupez, 

atomic abs. 1976 

14.1-Carboxy A thiocyanate absorbance Malat, 1979 
pentadecytri-
me thy lammoni urn 
bromide 

15.Catamin AB A brilliant red absorbance Maslennikov et al., 
5 Skh in AcOEt 1979 

16.QACs, A 2,6-dibromo- absorbance Tsurubo et al., 
alkaloids phenolindophenol 1980 

potassium picrate 

17.Cationic A rosin, fluorescence Pili penko, 1980 
surfactants erythrosine 

Bengal pink B 

18. II A bromophenol absorbance Toryanik et al., 
blue 1981 

19. " A eosine absorbance Zhebentyaev, 1981 

20. Cetyl pyri- A chromaruzol s absorbance Marczenko and 
dinium or +Fe Kalowska, 1981 
cetylm~thyl: 
ammomum tons 

21.Cationic A eriochrome blue absorbance Sagaster and 
surfactants black R Roebisch, 1982 

22.Berberine A bromophenol absorbance Sakai and Ohno, 
blue + quinine 1982 

23.Berberine, A bromophenol absorbance Sakai, 1983 
benzethonium blue + quinine 

Figure 2. continued 
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Analyte Method Pairing Agent Detection Reference 

24.Septonex A bengal red absorbance Lengyel and Krtill, 
1987 

25.Cationic A 2,4,5, 7-tetrabromo- fluor. Zhebentyaev and 
surfactant 3,6-dichlorofluorescein Talut, 1989 

26.QACs B lauryl sulphate absorbance Epton, 1947 

27. " B hydrophobic absorbance Carkuff and Boyd, 
dyes 1954 

28. " B p-dimethylamino- absorbance Pellerin et al., 
azobenzene 1965 

29.QACs B lauryl sulphate absorbance Jansson et al., 
+methyl yellow 1974 

30.Cationics, B picrate absorbance Mohammed and 
amomcs methylene blue Cantwell, 1980 

31. Octadecy 1- B disulfine blue- absorbance Braun and 
trimethyl- dimidium bromide Czajkowksa, 1981 
ammonium + lauryl sulfate 
chloride 

32. QACs B no indicator oscillometry Nekrasova and 
necessary Muhkin, 1981 

33. " B tetra bromo- absorbance Tsubouchi et al., 
phenolphthalein 1981 
(hydrophobic) 

Figure 2. continued 



A - Thin-layer Chromatorgraphy 
B - High-Performance Liquid Chromatography 
C - Ion-Exchange Chromatography 
D - Gas Chromatography 

Analyte Method 

1. Anti-static 
agents 

2. Cationic 
surfactants 

3. " 

4. QACs 

5. QACs 

6. Cationic 
surfactants 

7. Benzyl-
diisobutyl
phenoxyethoxyethy 1-
dimethylammonium 
chloride + cresoxy analogs 

8. Primary 
aliphatic amines 

9. Alkyl 
pyridinium salts 

10. Cationic 
surfactants 

11. " 

12. " 

D 

c 

A 

B 

C+A 

B 

B+D 

A 

D 

B 

A+C 

A+C 

Figure 3. Chromatographic methods for 
cationic surfactant determination 
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Reference 

Pustavalova et al., 
1975 

Waters and Kupfer, 
1976 

DeZeeuw et al., 
1976 

Nakae et al., 1977 

Michelsen, 1978 

Parris, 1980 

Abidi, 1981 

Lepri et al., 1978 

Kawase et al., 
1981 

Wee and Kennedy, 
1982 

Topping and Waters, 
1982 

Osburn, 1982 



Analyte 

13. Ditallow 
dimethyl 
ammonium 
chloride 

Method 

A+B 

Figure 3. continued 
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Reference 

Wee, 1984 



A - Chemical Ionization 

B - Field Desorption 
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C - Fast Atom Bombardment 

Analyte 

l.QACs 

2. II 

3. Cationic surfactant 

4. II 

5. II 

6. II 

7. Cationic, nonionic, 

anionic 

8. Cationic surfactant 

Method Reference 

A+B Cotter et al., 1982 

c Weber et al., 1982 

B+C Levsen et al., 1984 

B Schneider and Levsen, 1986 

c 
c 
c 

c 

Figure 4. Mass spectrometric methods 
for cationic surfactant determination 

Rivera et al., 1986 

Simms et al., 1988 

Facino et al., 1989 

Ventura et al., 1989 



Analyte 

1. Cationicsurfactants 

2. " 

3. " 

4. " 

5. " 

6. " 

7. 

8. Cationic and anionic 
surfactants 

9.Cationic surfactants 

21 

Method Reference 

potentiometry, ac polarography, Vojvodic et al., 1981 
voltammetry, coulometry and 
application of Kalouse commutators 

double-layer capacitance Bos, 1982 

square-wave Porubska and Naplava, 1981 
polarography 

potentiometry Vinnikov et al., 1981 

potentiometry Johansson et al., 1982 

potentiometry Maeda et al., 1981 

potentiometry Dowie et al., 1987 

potentiometry Dowie et al., 1988 

potentiometry Quian et al., 1988 

10. Cety ltrimethy !ammonium potentiometry Badawy et al., 1989 

11 Cationic surfactants polarography 

Figure 5. Electrochemical methods for 
cationic surfactant determination 

Baloiu et al., 1979 



A - Flow Injection Analysis 

B - Calorimetry 

Analyte 

1. Cationic surfactants 

and fatty amines 

2. Cationic surfactants 

3. II 

22 

Method Reference 

A Kawase and Yamanaka, 1979 

A Kawase, 1980 

B Kresheck and Hargraves, 1981 

Figure 6. Miscellaneous methods for 
cationic surfactant determination 



1.5 References 

Abidi, S.L J. Chromatogr. 1981, 213, 463. 

Adelson, L. and Sunshine, I. Am. J. Clinical Pathol. 1952, 22, 656-661, as cited by 
Swisher, 1966. 

Alfredson, B.V.; Stiefel, J.R.; Thorp, Jr., F.; Baten, W.D.; Gray, M.L. J. Am. 
Pharm. Assoc. 1951, 40, 263-267, as cited by Swisher, 1966. 

Ashbrook, A.W. Analyst 1959, 84, 177. 

Auerbach, M.E. Ind. Eng. Chem., Anal. Ed. 1943 15, 492. 

Badawy, S.S.; Shoukry, A.F.; Farghaly, R.A. Microchem. J. 1989, 40, 181-186; 
Chem. Abstr. 1990, 112, 22769r. 

23 

Baloiu, L.M.; Popescu, M.; Cretu, S. Rev. Chim. (Bucharest) 1979, 30, 799 as cited 
by Llenado and Neubecker, 1983. 

Barry, R.G. Water, Earth and Man; Chorley, R.J., Ed.; Richard Clay: Suffolk, 
1969,p. 11. 

Batukova, G.l.; Daydov, V.D.; Rodimushkina, N.E.; Suchkov, V.V.; Kolomiets, 
B.S.; Kurlyaninova, L.P. Zh. Anal. Khim. 1977, 32, 1462, as cited by Llenado 
and Jamieson, 1981. 

Berberian, D.A.; Gorman, W.G.; Drobeck, H.P.; Coulston, F.; Slighter, Jr., R.G. 
Toxicol. Appl. Pharmacal. 1965, 7, 206-214, as cited by Swisher, 1966. 

Boethli~g, R.S. Water Res. 1984, 18, 1061-1076. 

Bornman, G. and Loeser, A. Fette, Seifen, Antrich. 1961, 63, 938-940, as cited by 
Swisher, 1966. 

Bos, M. Anal. Chim. Acta 1982, 135, 249. 

Braun, A. and Czajkowska, B. Biul. /nf. Barwinki Srodki Pomocnicze 1981, 25, 73, 
Chem. Abstr. 1982, 96, 183193g, as cited by Llenado and Neubecker, 1983. 

Cabejsek, 1.; Rybak, M.; Styczynski, B. Roczniki Pantswowego Zakladu Hig. 1963, 
14 (4), 307-316; Chem. Abstr. 1964, 60, 6121c, as cited by Swisher, 1966. 

Carkuff, E.D. and Boyd, W.F. J. Amer. Pharm. Ass. 1954, 43, 240. 

Chandra, N; Srinivase, T; Sharma, A.K.; Bandre, T.R, Environ. Ecol. 1988, 6 
(September), 776-778; Pollution Abstracts 89-01153. 

Cotter, R.J.; Hansen, G.; Jones, T.R. Anal. Chim. Acta 1982, 136, 135. 



24 

DeZeeuw, R.A.; VanderLaan, P.E.W.; Greving, J.E.; Van Mansvelt, F.J.W. Anal. 
Lett. 1976, 9, 831-838. 

Dowie, C.J.; Cooksey, B.G.; Ottaway, J.M.; Campbell, W.C. Analyst 1987, 112, 
1299. 

Dowie, C.J.; Cooksey, B.G.; Ottaway, J.M.; Campbell, W.C. Analyst 1988, 113, 
117. 

Drachev, S.M.; Bylinkina, A.A.; Garshenin, V.F. Sb Vysoke Skoly Chem.-Technol. 
Praze, Techno!. Vody 1965, 8 (1), 161-166; Chem. Abstr. 1966, 64, 4789h, as 
cited by Swisher, 1966. 

Eagle, E. and Poling, C.E. Food Research 1956, 21, 348-361, as cited by Swisher, 
1966. 

Epton, S.R. Nature 1947, 160, 795, as cited by Jansson et al., 1974. 

Eriksson, H. and Mattiasson, B. Appl. Biochem. Biotechnol. 1982, 7, 81-84; Chem. 
Abstr. 1982, 96, 164557v. 

Facino, R.M; Carine, M.; Minghetti, P.; Moneti, G.; Arlandini, E.; Metis, S. 
Biomed. Environ. Mass. Spectrom. 1989, 18, 673. 

Few, A.B. and Ottewell, R.H. J. Colloid Sci. 1956, 11, 34. 

Finnegan, J.K. and Dienna, J.B. Proc. Sci. Sec. Toilet Goods Assoc. 1953, No. 20, 
16-19, as cited by Swisher, 1966. 

Florence, T.M. and Farrar, Y.J. Anal. Chim. Acta 1973, 63, 255-261. 

Garshenin, V.F. Maslob.-Zhir. Prom. 1963, 29 (10) 20-23; Chem. Abstr. 1964, 60 
6617h, as cited by Swisher, 1966. 

Gerike, P.; Fischer, W.K.; Jasiak, W. Water Res. 1978, 12, 1117-1122, as cited by 
Boethling, 1984. 

Greek, B.F. C & En News 1990, 68, 37-60. 

Grieve, A.M. and Pitman, M.G. Aust. J. Plant Physiol. 1978, 5, 397-413, as cited by 
Moodie et al., 1986. 

Grubb, T.C.; Dick, L.C.; Oser, M. Toxicol. Appl. Pharmacal. 1960, 2, 133-143, as 
cited by Swisher, 1966. 

Gustavii, K. and Schill, G. Acta Pharm. Suecica 1966, 3, 241, as cited by Modin et 
al., 1971. 



25 
Hall, W.S.; Patoczka, J.B.; Merinda, R.J.; Porter, B.A.; Mills, E. Arch. Envron. 

Con tam. Toxicol. 1989, 18, 765-772; Pollution Abstracts 90-00542. 

Hileman, B. C & En News 1988, 66, 22-39. 

Hine, C.H.; Anderson, H.H.; Finley, I.; Moore, J.G. J. Am. Pharm. Assoc. 1953, 42 
(8) 489-495, as cited by Swisher, 1966. 

Hopper, S.H.; Hulpieu, H.R.; Cole, V. V. J. Am. Pharm. Assoc. 1949, 38 (8) 428-
432, as cited by Swisher, 1966. 

Huber, L. Munch. Beitr. Z. Anwass. Fisch. Flu. Bioi. 1979, 31, 203-215, as cited by 
Boethling, 1984. 

Hunt, C.A. and Garrels, R.M. Water: the Web of Life; W.W. Norton: New York, 
1972. . 

Irving, H.M.N.H. and Damodaran, A.D. Analyst 1965, 90, 180, as cited by Irving and 
Markham, 1967. 

Irving, H.M.N.H. and Markham, J.J. Anal. Chim. Acta 1967, 39, 7-12 

Jansson, S.O.; Modin, R.; Schill, G. Talanta 1974, 21, 905-918. 

Johansson, P.A.; Hofmann, G.; Stefansson, U. Anal. Chim. Acta 1982, 140, 77. 

Kappeler, T. U. Tens ide Deterg. 1982, 19, 169-176, as cited by Boethling, 1984. 

Kawase, J. Anal. Chem. 1980, 52, 2124-2127. 

Kawase, J. and Yamanaka, M. Analyst 1979, 104, 750-755, as cited by Kawase, 
1980. 

Kawase, S.; Hirose, K.; Ukai, S. J. Chromatogr. 1981, 213, 265. 

Knauf, W. Tenside Deterg. 1973, 19, 252-255, as cited by Boethling, 1984. 

Krantz, J.C., Jr.; Culver, P.J.; Carr, C.J.; Jones, C.M. Bull., School of Med., Univ. 
of Maryland 1951, 36, 48-56, as cited by Swisher, 1966. 

Kresheck, G.C. and Hargraves, W.A. J. Colloid Interfac Sci. 1981, 83, 1. 

Lapucci, P.L. In Proc. Int. Conf. on Oil Pollution of the Sea; Barclay-Smith, P., Ed.; 
1968, 7-9 (Oct.) pp. 381-388, as cited by Moodie et al., 1986. 

Larson, P.S.; Borzeleca, J.F.; Bowman, E.R.; Crawford, E.M.; Smith, R.B.,Jr.; 
Hennigar, G.R. Toxicol. Appl. Pharmacal. 1963, 5(6) 782-289, as cited by 
Swisher, 1966. 

LeBihan, A. and Courtot-Coupez, J. Analusis 1976, 4, 58. 



26 

Lengyel, J. and Krtill, J. Vodni Hospod. B. 1987, 37, 244-246, as cited by MacCarthy 
et al., 1989. 

Lepri, L.; Desideri, P.G.; Heimler, D. J. Chromatogr. 1978, 153, 77. 

Levsen, K.; Schneider, E.; Roellgen, F.W.; Daehling, P.; Boerboom, A.J.H.; 
Kistemaker, P.G.; McLuckey, S.A. Comm. Eur. Communities, [Rep] EUR, 
EUR 8518. A.nal. Org. Micropollut. Water 1984, pp 132-140, as cited by 
MacCarth) et al., 1989. 

Lewis, M.A. and Wee, V.T. Envir. Toxic. Chem. 1983, 2, 105-118, as cited by 
Boethling, 1984. 

Llenado, R. A. and Jamieson, R.A. Anal. Chem. 1981, 53, 174R-182R. 

Llenado, R.A. and Neubecker, T.A. Anal. Chem. 1985, 55, 93R-102R. 

Loglio, G.; Degli Innocenti, N.; Gellini, R.; Pantani, F.; Cini, R. Mar. Pollut. Bull. 
1989, 20, 115-119; PollutionAbstracts 89-06297p. 

Lownds, N.K. Diss. Abstr. Int. Pt. B-Sci. & Eng. 1987, 48 (September) 618-B. 

MacCarthy, P.; Klusman, R.W.; Rice, J.A. Anal. Chim. Acta 1989, 61, 269R-304R. 

Maeda, T.; Ikeda, M.; Shibahara, M.; Haruta, T.; Satake, I. Bull. Chem. Soc. Jpn. 
1981, 54, 94. 

Malat, M. Frezenius Z. Anal. Chem. 1979, 297, 417, as cited by Llenado and 
Jamieson, 1981. 

Marzcenko, Z. and Kalowska, H. Anal. Chim. Acta 1981, 123, 279, as cited by 
Llenado and Neubecker, 1983. 

Maslennikov, A.S. and Shikina, N.A. Lesokhim. Podsochka. 1979, 9, 10, as cited by 
Llenado and Jamieson, 1981. 

Michelsen, E.R. Seifen, Oele, Fette, Wachse. 1978, 104, 93, as cited by Llenado and 
Jamieson, 1981. 

Modin, R.; Persson, B.A.; Schill, G. In Proc. Intern. Solv. Extr. Conference 1971: 
Soc. Chern. Ind.: London, 1971, pp 1211-1220. 

Modin, R. and Schill G. Acta Pharm Suecica 1967, 4, 301, as cited by Modin et al., 
1971. 

Mohammed, H.Y. and Cantwell, F.F. Anal. Chem. 1980, 52, 553-557. 

Moodie, E.G.; Stewart, R.S.; Bowen, S.E. Environmental Pollution (Series A). 
1986, 41, 153-164. 



Nakae, A.; Kunihiro, K.; Mato, G. J. Chromatogr. 1977, 134, 459. 

Nekrasova, V.V. and Mukhin, L.K. Zh. Anal. Khim. 1981, 36, 2419; Chem. Abstr. 
1982, 96, 96821z. 

Nelson, J.W. and Lyster, S.C. J. Am. Phar. Assoc. 1946, 35, 89-94, as cited by 
Swisher, 1966. 

27 

Nishida, M.; Kanamori, M.; Ooi, S.; Miyagishi, S. Yukagaku 1976, 25, 21, as cited 
by Llenado and Jamieson, 1981. 

Okahara, K.; Kurayuki, Y.; Iseki, M.; Taniguchi, S.; Yamada, A. Shokuhin 
Eiseigaku Zasshi 1963, 4, 15-31; Chem. Abstr. 1963, 59 14478b, as cited by 
Swisher, 1966. 

Olson, K.J.; Dupree, R.W.; Plomer, E.T.; Rowe, V.K. J. Soc. Cosmetic Chemists 
1962, 12, 469-479, as cited by Swisher, 1966. 

Osburn, Q.W. J. Am. Oil. Chem. Soc. 1982, 59, 453, as cited by Llenado and 
Neubecker, 1983. 

Oser, B.L. and Morgareidge, K. Toxicol. Appl. Pharmacal. 1965, 7, 819-825, as cited 
by Swisher, 1966. 

Parris, N. J. Liq. Chromatogr. 1980, 3, 1743, as cited by Llenado and Jamieson, 
1981. 

Pellerin, F; Gautier, J.A.; Demay, D. Talanta 1965, 12, 847, as cited by Jansson et 
al., 1974. 

Pessoa, S.B. Folia Clin. Bioi. 1952, 18, 137-141, as cited by Boethling, 1984. 

Pilipenko, A.T.; Peshinko, G.N.; Zhebentyaev, A.l.; Volkova, A.l.; Denisenko, 
V.P. Khim. Tekhnol. Vody 1980, 2, 130; Chem. Abstr. 1981, 94, 145046v. 

Porubska, M. and Naplava, A. Czech. CS 192 1981, 30 (September), 854; Chern. 
Abstr. 1982, 96, 219685t. 

Pustavalova, L.M.; Bogoslovskii, Y.N.; Makarov, G.V. Tr. Mork. Khim. Tekhnol. 
Inst. 1975, 86, 50, as cited by Llenado and Jamieson, 1981. 

Quian, X.; Hu, J.; Gen, P.; Gong, C.; Hu, Z. Fenxi Hua.xue 1988, 16, 873-877; 
Chern. Abstr. 1989, 11, 60001 w 

Rivera, J.; Ventura, F.; Caixach, J.; Figueras, A.; Fraisse, D.; Blondot, B. Comm. 
Eur. Communities, [Rep] EUR, EUR 10388, Org. Micropollut. Aquat. Environ. 
1986, pp. 77-88, as cited by MacCarthy et al., 1989. 

Rodda, J.C., Ed. Facts of Hydrology II; John Wiley & Son: Chichester, 1985, p vii: 



28 

Roederer, G. Arch. Environ. Contam. Toxicol. 1987, 16 (May), 291-301; Pollution 
Abstracts 1988, 88, 03465p. 

Sagaster, H.R. and Roebisch, G. Z. Chem. 1982, 22, 225; Chem Abstr. 1983, 97, 
74338r, as cited by Llenado and Neubecker, 1983. 

Sakai, T. Analyst 1983, 108, 608-614. 

Sakai, T. Bunseld Kagaku 1978, 27, 444, as cited Sakai, 1983. 

Sakai, T. and Ohno, N. Chemistry Letters 1982, 107. 

Sakai, T. and Tsubouchi, M. Chem. Pharm. Bull. 1976, 24, 2883, as cited by Sakai, 
1983. 

Schill, G. Acta Pharm. Suecica 1965, 2, 13, as cited by Mod in et al., 1971. 

Schneider, E. and Levsen, K. Comm. Eur. Communities, [Rep] EUR, EUR 10388, 
Org. Micropollut. Aquat. Environ. 1986, pp. 14-25, as cited by MacCarthy et al., 
1989. 

Scott, G.V. Anal. Chem. 1968, 40, 768-773. 

Shelanski, H.A. Soap Sanit. Chemicals 1949, 25 (2) 125-129, 153, as cited by 
Swisher, 1966. 

Simms, J.R.; Keough, T.; Ward, S.R.; Moore, B.L.; Bandurraga, M.M. Anal. 
Chem. 1988, 60, 2613-2620. 

Smyth, H.F., Jr.; Seaton, J.; Fischer, L. J. Ind. Hyg. Toxicol. 1941, 23, 478-483, as 
cited by Swisher, 1966. 

Snell, F.D. and Ettre, L.S., Eds.; Encyclopedia of Industrial Chemical Analysis; 
Interscience Publishers: New York, 1971; Volll, pp.323, 328-331. 

Snyder, F.H.; Opdyke, D.L.; Griffith, J.J.; Rubenkoenig, H.L.; Tusing, T.W.; 
Paynter, O.E. Toxicol. Appl. Pharmacal. 1964, 6 (2) 133-140, as cited by 
Swisher, 1966. 

Swisher, R.D. The Soap and Detergent Association Scientific and Technical Report 
No. 4 1966 (November). 

Taft, C.H. Tex. Rep. Bioi. Med. 1946, 4, 27-34, as cited by Boethling, 1984. 

Topping, B.W. and Waters, J. Tenside Deterg. 1982, 19, 164-169, as cited by Wee, 
1984. 

Toryanik, V.P.; Zhikareva, Z.M.; Velichko, S.M. Khim. Prom.-st., Ser.: Khlornaya 
Prom-st. 1981, 1, 9; Chem. Abstr. 1981, 95, 64146w. 



Treon, J.P. Am. Perfumer & Cosmetics 1962, 77 ( 4) 35-41, as cited by Swisher, 
1966. 

Tsubouchi, M.; Mitsushio, H.; Yumasaki, N. Anal. Chern. 1981, 53, 1957-1959. 

Tsurubo, S.; Ohno, N.; Sakai, T. Nippon Kagaku Zasshi 1980, 828, as cited by 
Sakai, 1983. 

Tusing, T.W.; Paynter, O.E.; Opdyke, D.L.; Snyder, F.H. Toxicol. Appl. 
Pharmacal. 1962, 4, 402-409, as cited by Swisher, 1966. 

29 

Vallejo-Freire, A.; Ribeiro, O.F.; Ribeiro, I.F. Science 1954, 119, 470-472, as cited 
by Boethling, 1984. 

Ventullo, R.M.; Lewis, M.A.; Larson, R.J. ASTM Spec. Tech. Publ. 1988, 1007 
(Aquat. Toxicol. Environ. Fate: 11th Vol.), 41. 

Ventura, F.; Caixach, J.; Figueras, A.; Espelder, 1.; Fraiss, D.; Rivera, J. Water 
Res. 1989, 23, 1191. 

Vinnikov, Y.Y.; Kostareva. L.A.; Drovneva, R.P.; Druzdova, N.S.; Balueva, L.V. 
Khim. Prom-st. Ser.: Methody Anal. Kotrolya Kach. Prod. Khim. Prom-sti. 
1981, 6, 30; Chern Abstr. 1982, 96, 21626f. 

Vojvodik, V.; Batina, N.; Kozarac, Z.; Cosovic, B. Kern. Ind. 1981, 30, 169; 
Chern. Abstr. 1982, 96, 57458s. 

Warren; M.R.; Becker, T.J.; Marsh, D.G.; Shelton, R.S. J. Pharmacal. 1942, 74, 
401-408. 

Waters, J. Tenside Deterg. 1982, 19, 177, as cited by Boethling, 1984. 

Waters, J. and Kupfer, W. Anal. Chim. Acta 1976, 85, 241. 

Weber, R.; Levsen, K.; Louter, G.J.; Boerboom, A.J.H.; Haverkamp, J. Anal. 
Chern. 1982, 54, 1466-1468. 

Wee, V.T. Water Res. 1984, 18, 223-225. 

Wee, V.T. and Kennedy, J.M. Anal. Chern. 1982, 54, 1631-1633. 

Westerlund, D. and Borg, K.O. Acta Pharm. Suecica 1970, 7, 267, as cited by Modin 
et al., 1971. 

Woodard, G. and Calvery, H.O. Proc. Sci. Sect. Toilet Goods Assn. 1945, No.3, 1-4, 
as cited by Swisher, 1966. 

Zapior, B.; Kellner, A.; Czapkiewics, 1. Anal. Chern. (Warsaw) 1975, 20, 823, as 
cited Llenado and Jamieson, 1981. 



30 

Zhebentyaev, A.l. Gig. Sanit. 1981, 10, 67; Chern. Abstr. 1982, 96, 40611b. 

Zhebentyaev, A.l. and Talut, I.E. Gig. Sanit. 1989, 5, 56-57; Chern. Abstr. 1990, 112, 
30085e. 



CHAPTER II 

SOL VENT -EXTRACTION FLOW INJECTION 

ANALYSIS 

Despite whatever modem improvements have thus far come about, manual 

solvent extraction is not only cumbersome and time-consuming but hazardous as 

well. Kelling (1990) recently provided a graphic description of how a simple 

extraction procedure had injured a chemist from the explosion of a separatory funnel. 

Although this is likely an isolated case, there is admittedly a high degree of risk 

whenever glass and pressure are involved. 

Solvent Extraction Flow Injection Analysis (SE-FIA) offers a better alternative 

not only in terms of safety but also in terms of sensitivity, reproducibility, ease of 

operation, and increased sample throughput. Two immiscible phases are brought 

together in a narrow tube in a controlled manner so that defined segments of each 

phase are formed (Karlberg, 1988). This set-up distinctly offers several advantages 

over a separatory funnel: sample volume is minimal and the contact area between the 

phases is large. 

2.1 Literature Review 

Karlberg and Thelander introduced the first SE-FIA system in 1978 to determine 

caffeine in acetylsalicylic acid preparations. A defined volume of the sample is 

injected into a carrier (or reagent) stream which is segmented with an immiscible 

solvent. Extraction takes place in a narrow-bore polytetrafluoroethylene (PTFE) tube 

(i.d. typically 0.5 mm). The second phase, now containing the extracted analyte, is 
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separated from the original phase and transported to the flow-through detector 

(Karlberg, 1988). In the same year, Bergamin et al. described an SE-FIA manifold 

for determining molybdenum in plants. Figure 7 lists the more significant 

contributions to the development of SE-FIA (Valcarcel and De Castro, 1987). Figure 

8 is a selective list of practical applications based on the FIE principle (Karlberg, 

1988). 

2.1.1 Elements of an SE-FIA System 

A. Pump--Multiroller peristaltic pumps are the most suitable means of propelling 

the carrier and reagent streams in FIA systems. In principle, they should be capable 

of maintaining constant flow rates and corresponding constant residence times. They 

should start and stop instantaneously for precise control of stream movement, 

especially for stopped-flow or intermittent pumping functions. A small inner holdup 

volume is desirable to permit rapid start-up and short washout periods. The biggest 

drawback of peristaltic pumps is the presence of pulses in the stream generated. 

Pump tubing is commercially available in various materials depending on the 

application. 

B. Segmentor--It is one of the most critical components in an SE-FIA system. It 

produces regular and sequential plugs of organic and aqueous phases. An ideal 

segmentor should allow full control of the length of both phases with the absence of 

bubble production. The most common type used in early work was the modified A-8 

and A-10 T-connector (Technicon Corporation, Tarrytown, N.Y.). This consists of 

two inlets perpendicular to each other (one for the aqueous, the other for the organic 

phase) and an outlet. The aqueous stream enters through a narrow glass capillary 

while the organic stream enters through a platinum capillary. Two tightly fitting 
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concentric PTFE tubes restrict the outlet in such a way that the height of the inner 

tube can be adjusted (see Figure 9). The length of the segments flowing out of the 

segmentor is dependent on three factors: (a) the height of the inner tube, (b) the inner 

volume of the mixing chamber and (c) the flow rates of the two phases, or their ratio, 

which is equivalent to a volume ratio in a batch liquid-liquid extraction process 

(Karl berg and Pacey, 1989). 

Aside from the T-segmentor, other shapes such as theY (Bengtsson and 

Johansson, 1984; Farran and De Pablo, 1988) and theW (Ogata et al., 1982a; Rossi 

et al., 1982) configurations of various materials have been used. Four-way fittings 

(Attalah et al., 1987 and 1988) have also been proven to serve as good phase 

segmentors. A comparative experiment was made on the three different 

configurations (90-90 T, 30-30 Y and 45-45 W) with 0.8 mm bore capillaries 

(Kawase, 1980)(see Figure 10). Results have shown that for large inner diameter (1 

mm) extraction coils, there is no significant difference between the three. While for 

smaller inner diameters, the T and Y configurations yield larger segments than the W 

configuration. As a general rule, the cavity size within the segmentor influences the 

segment size while the bore smoothness together with pump pulsation influence the 

segment regularity. FIE systems without phase segmentation have been described in 

the literature (Hirai and Tomokuni, 1985; Sahlestrom and Karlberg, 1986a). 

A novel design called the coaxial (falling drop) segmentor was recently 

introduced (Backstrom and Danielsson, 1990). It consists of two basic parts: a glass 

capillary inlet channel for organic phase introduction and a segmentor body with inlet 

and outlet channels for aqueous phase delivery and segmented flow stream drainage, 

respectively. The glass capillary inlet tube, push-fitted into a threaded polyvinylidene 

fluoride (PVDF) conical stem, is screwed into the segmentor body made of perspex 
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or PVDF (see Figure 11). The segmentation process normally occurs as a drop of the 

organic phase is formed at the end of the inlet tubing capillary. Controlled by forces 

that involve gravity, interfacial tension and flow field, it falls into the continuous 

aqueous'flow, to the mixing chamber of the segmentor (made of some hydrophilic 

material) and comes out of the outlet channel as a segmented stream. Another 

principle leading to segmentation takes place as a "ripple" forming process. The 

thick aqueous layer formed on the outlet tube walls or on the walls of the mixing 

chamber is destroyed by the flow of the organic phase. Detailed fundamental studies 

have been made on these phase segmentation processes (Kuban et al., 1990). 

C. Extraction conduit--Mass transfer of the analyte between the segments of the 

two phases takes place in this component. There are four factors to consider in the 

selection of an extraction conduit: (a) The surface-wettability of the material used is 

of primary importance. In a typical system where the analyte is extracted into the 

organic phase, a PTFE extraction coil is suitable. The organic phase preferentially 

wets PTFE thus forming a film along its walls. A glass extraction coil is used if the 

analyte is to be extracted from the organic to the aqueous phase. This provides 

maximum surface contact between the phases for the transport of the analyte across 

the interface. Additionally, this minimizes cross-contamination (dispersion) between 

successive aqueous or organic segments. (b) The length of the extraction conduit 

should allow the extraction to proceed to completion. (c) The diameter of the conduit 

should range from 0.5 to 1.0 mm. (d) Extraction conduits can be linear, coiled, 

knitted or even knotted to effect a more thorough mixing. Convoluted configurations 

with small turn radii as in a Serpentine reactor (Curtis and Shahwan, 1988) severely 

disrupt laminarity of flow and can be potentially more efficient than a simple coil. 
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Auxiliary methods such as immersion in a thermostatic bath maintained at an 

elevated temperature to improve mass transfer or subjecting the coil to vibrations or 

an ultrasonic field, can be utilized to enhance transfer efficiency. However, to 

improve the detectability of analytes at very low concentrations, the addition of a 

preconcentration column is perhaps the most common. The concept of 

preconcentration in FIA systems was introduced by Olsen et al. (1983) with a Chelex-

100 microcolumn in determining trace metals. A miniaturized packed reactor that 

retains the analyte is placed in the sample flow channel. The retained sample is 

subsequently eluted off the adsorbent using an appropriate eluent. This increases the 

sensitivity of measurement of the analyte in very dilute aqueous samples. Other 

methods of preconcentration have been applied to SE-FIA systems (Nord and 

Karlberg, 1983; Bengtssson and Johansson, 1984). 

D. Phase separator--The phase separation process involves the desegmentation of 

the two-phase stream into the individual phases. Following this, one phase leads to 

the detector, the other to waste. In most practical separators, the two-phase system 

cannot be desegmented 100% into pure individual phases. Typically, the efficiency 

of separation is 80-95%. The phase separator should be able to recover as much as 

possible of the desired phase with little or no contamination from the second phase 

and not induce a major amount of dispersion (band broadening). 

The two major types of phase separators are: density-based separators, and 

affinity-based of which membrane separators constitute a special subclass. 

The density- or gravity-based separator consists of a minichamber where the two 

phases are allowed to settle and separate. The desired phase is drawn out either from 

the top or from the bottom. This was introduced by Bergamin et al. (1978) in one of 

the first SE-FIA applications. Improved designs of this type were used in 



determining cadmium in urine (Burguera and Burguera, 1983) and nonionic 

surfactants (Whitaker, 1986). 
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The second type of separator is constructed of two different materials of very 

different surface-wettability characteristics and takes advantage of their different 

affinities for the two phases. These are often referred to as T -shaped continuous 

phase separators and operate somewhat similar toT -segmentors (see Figure 12). In a 

glass T -fitting, the short arm of the tee and one half of the long arm are lined with 

PTFE. As the segmented stream enters through the short arm, the more hydrophobic 

phase flows out through the PTFE lined outlet. Depending on the relative densities, 

the phase separation is also usually aided by gravity with proper orientation. 

Membrane separators are presently the most widely used in SE-FIA and 

constitute a special class of affinity-based separators. The typical membrane 

separator is made from microporous Teflon (0.7-0.9 mm pore diameter). With a 

biphasic segmented flow, the organic phase entering the separator passes through the 

membrane and proceeds to the detector. The aqueous phase is drawn out to waste. 

The pressure necessary to force a liquid through a microporous membrane barrier is 

directly dependent on the wettability of the membrane material by the liquid. Thus 

an organic solvent like chloroform flows easily through a microporous PTFE 

membrane while water does not; the reverse is true for a cellulosic membrane. 

Several membrane separator units capable of continuous operation have been 

designed, a separation chamber of minimum volume and dispersion being the goal 

(Kawase et al., 1979; Nord and Karlberg, 1980; Imasaka et al., 1981; Fossey and 

Cantwell, 1982; Ogata et al., 1982a). Other varieties include dual membrane designs 

(Fossey and Cantwell, 1983; Gluck, 1988), cylindrical and annular designs 

(Backstrom et al., 1985; Curran and Marden, 1989) and separators designed for 
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integrated FIA conduits (Sahlestrom and Karlberg, 1986b). The general problem 

with membrane-based phase separators, however, is that microporous membranes are 

highly susceptible to fouling by microparticulate matter present in real samples. This 

greatly affects their lifetime and performance. Moreover, adsorptive attachment of 

surfactants to an initially hydrophobic membrane generally causes a gradual loss of 

hydrophobic character and phase-separating ability. 

In order to overcome such problems, Dasgupta and Lei (1989) applied the zone 

sampling technique for phase separation. The extractant segment is isolated from the 

sample stream by a zone sampling valve. As the sample loop gets completely full of 

the desired phase, the valve switches to the inject mode. The contents of the loop are 

injected into a miscible carrier flowing to the detector. This method provides the 

advantage of performing further chemistry to the analyte before detection. 

In some cases, phase separation was not applied (Kina et al., 1978; Imasaka et 

al., 1981; Canete et al., 1988; Gluck, 1988; Lucy and Cantwell, 1989b). An 

interesting approach was presented by Sahlestrom and Karlberg (1986a) where both 

the segmentation and phase separation process is eliminated. The aqueous stream 

together with the injected sample flows through an extraction module containing a 

membrane, with an organic recipient stream flowing in the other side. Analyte 

transfer occurs across the membrane as the organic stream leads directly to the 

detector. Its biggest drawback was the low extraction efficiency due to the restricted 

area contact. In an earlier paper, Kiani et al. (1984) performed solvent extraction 

using a hydrophobic microporous membrane wetted by the solvent, the pressure of 

the aqueous phase maintained at any pressure greater than that of the solvent. Acetic 

acid was extracted from water into hexane using a Celgard 2400 film. Due to the 

absence of dispersion and coalescence, this technique produced reasonable observed 
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extraction rates. When considered in the context of a hollow microporous 

hydrophobic fiber extractor, the volumetric extraction rate in a given equipment is 

likely to be significantly larger than that encountered with conventional extractors. 

Another unique FIE system places the detector within the loop of an injection valve 

(Canete et al., 1988). An organic segment is loaded into the loop and detector cell. 

The flow direction is reversed for a pre-selected number of cycles while the 

absorbance of the organic segment is continuously monitored. Its applications are 

limited to processes that do not require any chemical reactions after extraction. 

E. Detector--A good flow-injection detector should have the following attributes: 

small volume, low noise level, fast and linear response over a wide concentration 

range, and high sensitivity. Other additional features include the detection limit and 

the detector contribution to the peak width. Optical detectors are frequently used in 

SE-FIA due to the optical properties induced by reaction with a suitable substance. 

Absorbance, fluorescence, atomic absorption and emission detectors are in common 

practice. Gas chromatography, high performance liquid chromatography and 

amperometric detectors have been used. 

2.2 Theory of SE-FIA 

2.2.1 Film Formation 

The most critical point to consider in solvent extraction flow injection analysis is 

the concept of the formation of a film along the walls of the tubing in the extraction 

line. This phenomenon provides additional surface contact (aside from the actual 

liquid-liquid junction of the segment ends) between two immiscible liquids for the 

transport of analyte across the interface to take place. The liquid of higher affinity to 

the tubing material forms the film, e.g., the organic phase in PTFE tubing and the 
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aqueous phase in glass. This mechanism was originally investigated by Snyder and 

Adler (1976a and 1976b) in air-segmented flow streams. These principles were 

applied by Nord and Karlberg (1984) to describe and quantify film thickness in 

liquid-segmented systems. The equation is as follows: 

dr = 0.67 Jt dt ('ur1 1 y ) 2/3 

where df = film thickness (em) 

dt = inner diameter (em) 

v = flow velocity ( cms-1) 

'Y) = viscosity (poise) 

y =surface tension (dyne cm-1). 

(1) 

Although this particular equation did not accurately predict absolute film 

thickness values for liquid-liquid segmented systems, the quotient Y)ly could be useful 

in approximating and comparing film-forming properties for different solvents. High 

viscosity with low interfacial tension or high flow velocity produces a thick film. 

2.2.2 Dispersion 

In flow analysis where laminar flow is assured at practical flow rates, dispersion 

can be defined as the spreading of the sample into the carrier and vice versa. 

Extensive reviews have been written on this subject (Painton and Mottola, 1983; 

Horvai and Pungor, 1987). In 1957, Skeggs introduced air segmented flow wherein 

the laminar flow pattern was broken up by regular air bubbles in a fluid stream. Zone 

broadening was still observed, primarily caused by the adherent film on the tube wall 
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(see Section 2.2.1). Snyder and Adler (1976a and 1976b) have given comprehensive 

treatments of this process. 

Dispersion in a liquid-liquid segmented stream can be a more complex process. 

Sample zone broadening is not only confined to the stationary film, but also involves 

a portion of the analyte getting partly mixed into the incoming segments by diffusion 

and convection. To illustrate, one can take a typical system where the original phase 

of the analyte is aqueous and the extracting phase is organic, and that the latter forms 

the film. The analyte in the aqueous segment can either migrate to the film region or 

directly travel to the neighboring organic segment. If the analyte initially enters the 

stationary film region, its linear velocity decreases. Yet it eventually migrates to the 

succeeding organic segments coming in contact with the film. The longer time the 

analyte leaves the film region, the greater the extent of dispersion (Karlberg, 1988). 

Experimental studies of this aspect have been carried out by Nord and Karl berg 

(1984). They conclude that dispersion decreases with thinner film formation. 

2.2.3 Extraction Mechanism 

2.2.3.1 The Nord et al. (1987) Model 

It is assumed that in a straight tube solvent extraction flow injection set-up, 

laminar flow occurs. The cross-sectional profile is parabolic with the linear velocity 

being zero at the walls while the flow in the center of the tubing is twice the mean 

linear velocity. The difference between the local flow velocities drives the liquid in 

the segments into a circulating "toroidal" flow. Small eddies are also formed within 

the segments improving the mixing within. 

The model involves a species X being extracted from an aqueous segment to the 

organic phase, with the organic forming the film. It is assumed that there is even 
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distribution of the analyte within the aqueous segment at the start of the extraction 

process. Eventually, diffusion zones (defined to be the regions in both aqueous and 

organic segments adjacent to the liquid-liquid junction where the transport of species 

X take place) are formed (see Figure 13A). Their thickness is affected by the amount 

of convective mixing in the segments. In the aqueous segment, X is more 

concentrated in the bulk region (marked off by broken lines) than in the diffusion 

zone. The opposite holds true for the organic segment where the concentration of X 

is greater in the diffusion zone than in the bulk region. In order to describe the actual 

extraction process, one should take into consideration the mass transport of species X 

from the bulk to the interface in the aqueous segment, and the transport from the 

interface to the bulk of the organic segment. 

From a kinetic standpoint, the extraction process is assumed to be first order. 

See Figure 13B. The diffusive mass transfer constants of X to and from the diffusion 

zones for the aqueous and organic phase are respectively represented by k1 and k4. 

Both are defined as Dft;.Z where D is the relevant diffusion coefficient and t;.Z is the 

thickness of the diffusion layer. Consequently, the greater the convection, the smaller 

the t;.Z value and the greater the k1 and k4 values. The rate constant for transfer of X 

from the aqueous diffusion zone across the liquid-liquid junction to the organic 

diffusion zone is k2. The rate constant for backward transfer is k3. The concentration 

of the analyte in the bulk regions of the aqueous and the organic phase are 

represented by [X]aq and [Xlorg• respectively. While the analyte concentration in the 

interface is symbolized by [Xlaqi and [Xlorgi· The interfacial area/volume ratio is 

SN. The flux across the individual interfaces can be described by 



01 = k1 ([X]aq- [X]aqi) 

02 = k2 [X]aqi - k3 [Xlorgi 

03 = k4 ([Xlorgi - [Xlorg)· 

At steady-state conditions, 
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(2) 

(3) 

(4) 

(5) 

Working through the equations will eliminate [Xlaq' [X]aqi and [Xlorgi· For the 

case when Vaq = V org• where the volume of both phases are equal, this gives 

1 - (1 + 1~) [Xlorg!C = exp [ -tc (S/V) k1 k4 (k2 + k3)/ 

(k1 k3 + k1 k4 + k2 k4)]. (6) 

The distribution constant,~ is equal to k2/k3. Residence time in the extraction 

conduit, from phase segmentation to phase separation is represented by t0 while C is 

the initial concentration in the aqueous phase. When the mass transport to the 

interface (k 1 and k4) is fast compared to the transport across the interface, several 

terms can be eliminated. 

1 - (1 + 1~) [XJorgiC = exp [ -tc (S/V) (k2 + k3)]. (7) 
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Although this simplified model does not take into account all the possible kinetic 

aspects of an extraction, it can be concluded that the ratio between the interface area 

and phase volume (SN) is very important. 

When applied to an experimental flow system, the following significant points 

are made: (a) The extraction rate is greatly improved by increasing the SN ratio. By 

decreasing the inner tubing diameter, maximum surface contact between phases can 

be achieved thereby increasing the probability of the analyte to cross. (b) Mass 

transport to and from the interface increases with flow rate (directly related to flow 

velocity) likely due to an increase in the convective constituent of intrasegmental 

mixing. (c) Extraction rate is also increased by decreasing the segment length, not so 

much because of an increase in the phase boundary area, but rather largely attributed 

to eddies formed at points on the tubing wall. The number of such points increases 

with the number of segments per unit extraction conduit length. 

2.2.3.2 The Lucy and Cantwell (1989) Model 

The basic assumptions concerning the flow hydrodynamics in a straight tube are 

similar to that of the earlier model (see previous section). In coiled tubes, however, 

the role of a secondary flow is taken into consideration. Centrifugal force is 

developed as a result of the helical geometry of a coil. It acts most strongly on the 

fastest moving regions of the flow at the tube center. This portion of the fluid is 

transported radially outward and replaced by fluid flowing tangentially along the 

wall. This secondary flow makes intrasegmental mixing in coiled tubes more 

efficient so that mass transfer is increased. This process can be correlated with the 

dimensionless velocity parameter De2Sc, where 
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(8) 

in which De and Scare the dimensionless Dean and Schemed numbers, d1 is the 

inner diameter of the tubing, u is the average linear velocity of the fluid, m is the 

kinematic viscosity, D is the diffusion coefficient of the solute, and de is the coil 

diameter measured at the tube axis. 

Like the previous investigations performed in straight tubes, extraction is treated 

as a first-order process and is assumed to be governed by mass transfer to and from 

the aqueous/organic interface. The integrated form of the extraction rate expression is 

In [Aw,_,of(Aw,_,o- At,o)] = koosdt 

where Aeq,o and At,o are either the steady-state absorbances or the peak areas 

due to the analyte in the organic phase at equilibrium and at time t. The observed 

extraction rate constant, kobsd is a function of both the mass transfer within the 

individual segments and the interfacial area (S). It is related to the SN (where V 

represents the volume of the segment) ratio as 

(9) 

kobsd = (SN)~ (10) 
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where~ is the overall log mean mass transfer coefficient and has the units of 

velocity, and its reciprocal is often viewed as the "resistance to mass transfer." This 

coefficient is related to individual mass transfer coefficients by the expression 

~ = [(11f3aq) + (l/f30 Ko) + (1/f3J] -1 (11) 

where f3aq and f30 refer to mass transfer coefficients to the interface through the 

aqueous phase and away from the interface through the organic phase, respectively, 

K0 is the distribution coefficient of the solute and f3i refers to the transfer coefficient 

across the interface itself. In the absence of surface-active solutes the 1/f3i term can 

be neglected. In SE-~ K0 is usually large such that f3oKo is much larger than f3aq 

and the organic phase acts like a "sink" for the solute. Thus the extraction rate is 

governed by mass transfer within the aqueous phase only 

~ = f3aq. (12) 

Since the solute leaves the aqueous phase through both the ends and sides of the 

aqueous segment, f3aq can be treated as the sum of the products of aqueous phase 

mass transfer coefficients, one for axial mass transfer to the ends and one for radial 

mass transfer to the sides of the aqueous segment 

f3aq= f3aq,axial (SendsfSseg) + f3aq,radial ( SsideiSseg). (13) 
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From experimental data, some of the general trends are observed: (a) The 

extraction rate is enhanced by a high SN ratio, best achieved with a small tubing 

diameter. (b) Extraction rate also increases with decreasing segment length. Similar 

to the earlier model, the increase in S accompanying a decrease in segment length 

accounts for only a minor fraction of the increase in kobsd . Lucy and Cantwell 

explain this phenomenon in terms of f3aq· When the segment length is sufficiently 

reduced that the ends of the segment are on the order of a tube diameter apart, they 

interact hydrodynamically to increase the radial velocity component of the circulation 

within the segment. In effect, f3aq increases as convective intrasegmental mixing 

increases. (c) Increasing the flow rate increases the extraction rate with respect to 

time, brought about by the increase in intrasegmental mixing. Although a 

corresponding increase in the thickness of the stationary film is also expected, the 

mass transfer rate is not affected since the rate-determining mass transfer process 

occurs in the non-film-forming aqueous phase. (d) Based on equation 8, a tighter coil 

(smaller de) increases the secondary flow and eventually, increases mass transfer. 

This effect is more pronounced in long segments than for short segments due to the 

smaller velocity differential short segments experience in a coiled tube. Unlike in 

long segments, the axial flow profile in short segments is less than parabolic. Hence, 

the centrifugal forces are more uniformly distributed across the tube. 



Type of phase separator Determination Principle Detection Special Features References 

Density or gravity Molybdenum in Thiocyanate method Phot. Historical interest Bergamin et al., 
plants (with Fe and Sr) 1978 

Cadmium in Complex formation AA New designs of Burguera and 
unne with dithizone phase separators Burguera, 1983 

Cafft': ne in Intrinsic UV Phot. Historical interest Karlberg and 
pharmaceuticals absorption Thelander, 197'<\ 

Vitamin B Oxidation to thio- Fluo. Karlberg and 
(thiamine) chrome with ferricyanide Thelander, 1980 

Codeine in Ion-pair formation Phot. Karlberg et al., 1979 
acetylsalicylic acid 

Extraction Ion-pair formation Phot. Johansson et al., 1980 
constants 

T-shaped 
Polycyclic organic Intrinsic fluorescence Fluo. Multiple extraction Shelley et al., 1982 
compounds in oils 

Figure 7. FIA manifolds incorporating 
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Type of phase separator Determination Principle Detection Special Features References 

Polycylic organic Fluorescene Fluo. Optimization of Rossi et al., 1982 
compounds in oils multiple-extraction 

systems. Also with 
membrane separator 

Perchlorate in serum Ion-pair formation AAS Continuous extraction Gallego and 
and urine with Cu(l) and separation of the Valcarcel, 1985 

organic phase in an 
aqueous carrier bound 
for the detector 

Anionic surfactants Ion-pair formation Phot. Design of a membrane Kawase et al., 
with Methylene Blue separator 1979 

Cationic surfactants Ion-pair formation Phot Design of a membrane Kawase, 1980 
separator. Discussion 
on segmenter design 

Lead and cadmium Complex formation Phot. Hydrophobic paper Klinghoffer et al., 
with dithixone membrane separator. 1980 

FIA scanning mode 
Membrane 

Phot. Studies on the Kawase et al., 
performance of a 1979 
membrane separator 

Figure 7. continued & 



Sample/matrix 

Pharmaceutical 
preparations 

Coffee, tea, 
Coca Cola 

Plant material 

Pharmaceutical 
preparations 

Pharmaceutical 
preparations 

Water 

Water 

Water 

Water 

Shale oil 

Vegetable oils 

Pharmaceutical 
preparations 

Water 

Analyte (s) Organic solvent 

caffeine chloroform 

caffeine chloroform 

molybdenum isoamyl alcohol 

codeine chloroform 

thiamine chloroform 

anionic surfactants chloroform 

cationic chloroform 
surfactants 

Cd,Pb carbon 
tetrachloride 

gallium isoamyl alcohol 

polynuclear DMSO/pentane 
aromatic comp. 

free fatty acids toluene 

procyclidine chloroform 

heavy metals MIBK 

Figure 8. Selective list of practical 
applications based on the SE-FIA principle 
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Reference 

Karlberg and 
Thelander, 1978 

Fiastar Application 
Short Notes, 1988 

Bergamin et al., 
1978 

Karlberg et al., 
1979 

Johansson et al.. 
1980 

Kawase et al., 1979 

Sahlestrom and 
Karlberg, 1986 

Kawase, 1980 

Klinghoffer et al., 
1980 

Imasake et al., 1981 

Shelley et al., 
1982 

Ekstrom, 1981 

Fossey and Cantwell, 
1982 

Nord and Karlberg, 
1983 
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Sample/matrix Analyte (s) Organic solvent Reference 

Dramamine diphenyldramine, cyclohexane Fossey and Cantwell, 
tablets 8-chlorotheophy II ine 1983 

Urine cadmium chloroform Burguera and 
Burguera, 1983 

Water heavy metals trichlorotrifluoro- Bengtsson and 
ethane Johansson, 1984 

Water lithium dichloromethane Wu and Pacey, 1984 

Water perchlorate MIBK Gallego and Valcarcel, 
1985 

Biological steroid sulfates, 1,2-dichloroethane Maeda and Tsuji, 
samples bile acids 1985 

Blood serum terodiline n-heptane Johansson et al., 1985 

Meat nitrate, nitirite MIBK Silva et al., 1986 

Water nonionic 1,2-dichloroethane Whitaker, 1986 
surfactants 

Wastewater anionic surfactants MIBK Gallego et al., 1986 

Nasal spray phenylephrine chloroform Lucy and Cantwell, 
hydrochloride, 1986 
pheniramine maleate 

Urine lead MIBK Burguera et al., 1986 

Beer bittering isooctane Sahlestrom et al., 
compounds 1986 

Water orthophosphate benzene/MIBK Motomizu and 
Oshima, 1987 

Water copper chloroform Atallah, 1987 

Figure 8. continued 
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CHAPTER III 

EXPERIMENTATION 

From the previous chapter it should be evident that the basic foundations of SE

FIA are well-established. Theoretical concepts have been investigated and various 

creative techniques have been suggested. The intent of this particular study is to 

extend the work of Dasgupta and Lei (1989) on SE-FIA utilizing a single extractant 

segment instead of the usual multitude of segments to determine a cationic surface 

active agent by ion-pair extraction. In this type of a system, a long extractant 

segment, averaging about 16 em in length, is injected into the sample stream. The 

next extractant segment comes into the system considerably after the previous 

segment has been isolated and detected. Therefore this configuration probably does 

not involve a wetted-film bridge between segments prevalent in the majority of SE

FIA systems. Other special features of this study include an improved automated 

phase separator design, the use of a three-way valve for a segmentor, the use of a 

novel preconcentration conduit and the application of a specially lined pump tubing. 

3.1 Initial Considerations 

The most common cationic surfactants present in wastewater are the QACs. 

They normally exist in the complex form with anionic surfactants in real samples. 

Initially, one should take into consideration an isolation step such as passing the 

sample through an anion-exchanger to free the quaternary ammonium ion. This study 

presumes that the sample had undergone this step and now exists in the free ionic 

form. 
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3.2 Reagents 

Reagent grade bromothymol blue (Eastman Kodak, Rochester, N.Y.) and 

tetrabutylammonium hydrogen sulfate (Aldrich Chemical Co., Milwaukee, WI) are 

used without further purification. The concentrations used for both solutions range 

from 1 x 10-6 M to 5 x 10-4 M using distilled demineralized water for dilution. The 

dye solution is adjusted to a pH of 8.5-8.8 with dilute sodium hydroxide. Technical 

grade chloroform is used for extraction. To prevent any formation of air bubbles, all 

solutions and solvents are sonicated for approximately 10 minutes. 

3.3 Preliminary Experiments 

The classic chemistry of bromothymol blue-quaternary ammonium ion-pairing is 

investigated. The extraction procedure used in this section is as follows. In a 

separatory funnel, 10 ml of the extracting solvent is added to 50 ml of aqueous 

solution consisting of 25 ml of the sample and 25 ml of the dye. One milliliter of 

0.01 M sodium phosphate (Na2HP04) is added to maintain the pH. Mter a shaking 

time of approximately 1 minute, the two phases are allowed to separate. The organic 

layer is draineu Af and analyzed for its absorbance properties using a Perkin-Elmer 

559A UV NIS Spectrophotometer. All determinations are carried out in duplicate or 

triplicate. Experiments performed include the determination of the wavelength of 

maximum absorption (An,3x) of the ion-pair in the organic phase and its molar 

absorptivity. The stoichiometric ratio of the ion-pair is also investigated. Optimum 

extraction conditions such as the pH and the solvent are determined. The quantitative 

efficiency of the extraction process is calculated. 
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3.4 Apparatus 

3.4.1 Pump and Conduits 

Peristaltic pumps (Minipuls-2, 4-channel head, 10 rollers, Gilson International) 

are used for pumping in all the systems. Standard polyvinyl chloride pump tubing is 

used to draw the ion-pairing agent and the sample solution for system 1. Viton 

fluoropolymer tubing (Cole-Parmer, Chicago, IL) is used with pump 2 in the second 

system and a special PVC tubing lined with heat-shrink PTFE is utilized for pumping 

the sample in system 3. Chloroform is drawn into the system during phase 

segmentation and separation by air. Pressure regulators (C.A. Norgren Co., Littleton, 

CO) are used to control the flow rates. The conduits for all the systems unless 

otherwise specified are 0.86 mm i.d polytetrafluoroethylene (PTFE) tubings of 

standard wall thickness (Zeus Industrial Products, Raritan, N.J.). At sites 1 and 2, 

0.46 mm i.d. PTFE tubing of 1 m long are used as restriction coils to impose a slight 

back-pressure for the prevention of bubble formation during segmentation and 

injection. 

3.4.2 The Segmentation Process 

A 12 V, 25 psi three-way valve (Lee Co., Westbrook, CI) is used for a phase 

segmentor. It has three ports: the common (COM), the normally open (NO) and the 

normally closed (NC). Inside the valve, the channels are arranged in a Y 

configuration (see Figure 14). The NO port serves as one of the arms, and under 

normal circumstances, flows freely into the COM port. When the valve is actuated, 

the NC port is connected to the COM port while the NO port is disconnected. The 

aqueous ion-pair solution comes through the NO to the COM port. To introduce an 
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organic segment, the peristaltic pump that draws the aqueous phase is stopped, the 

valve is simultaneously turned on to open the NC port and allow the organic solvent, 

to go through the COM port. The segment length is dependent on the air pressure and 

the span of time the valve is on. The system is automated by a double pole 12V relay 

(see Figure 15). The relay coil is energized via the programmable timer output. It 

should be pointed out that the NC and NO terminology unfortunately has the opposite 

meanings in electronics (Figure 15) versus fluidics (Figure 14). In electronics, an NO 

implies no electron flow unless the device is activated. In one channel, the NC 

terminal is connected to the power input of the pump. The NO terminal leads to the 

three-way valve in the other channel. At pre-programmed intervals, the timer applies 

voltage to the relay coil to stop the pump and simultaneously actuate the valve for a 

preset period. 

3.4.3 The Extraction Conduit 

The extraction conduit for the first system is made out of PTFE. For systems 2 

and 3, a modified preconcentration column is installed instead. A nonionic resin 

(Amberlite XAD-2, Mallinckrodt Inc., Paris, KY) is finely pulverized ( <500 microns) 

and packed in a heat-pliable tubing such as polyethylene (0.066" i.d., Clay-Adams, 

Inc., N.Y.) or Tygon (1/8 o.d., 1/32 wall, Norton Performance Plastics, Akron, OH). 

Enclosed in a piece of glass tubing to limit its expansion, it is subjected to 170°-

2000F heat in an oven (Precision Scientific) for 20 seconds to a minute. Mter 

cooling, the tubing is removed from the glass casing. The excess unbound resin is 

pushed out by blowing air into the tubing. As a result, a permanent layer of heat

embedded resin is left along the inner walls (Gosnell et al., 1986). This design not 



only preserves the segment but also allows versatility in terms of length and 

configuration. 

3.4.4 The Phase Separation Process 

3.4.4.1 The Phase Separation Scheme 
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The scheme for isolation involved the aqueous stream bearing the organic 

solvent segment flowing through an entrance port, the sample loop and then out of an 

exit or waste port. The phase separation process is carried out by means of an 

electropneumatically actuated six-port loop type rotary PTFE valve (type 5701, 

Rheodyne Inc., Cotati, CA) (see Figure 16). A pair of conductivity sensors (S1 and 

S2) are placed on the entrance and exit ports to detect the filling of the loop with the 

organic segment. A simultaneous increase in resistance on both sensors, through a 

logic circuitry (CVC, see Sec. 3.3.4.3) would switch the valve to INJECT position. 

The isolated organic segment is injected into an organic carrier stream leading to an 

absorbance detector (Spectromonitor III, LDC/Milton Roy, Riviera Beach, FL) set at 

430 nm. 

3.3.4.2 The Conductivity Sensors 

The conductivity sensors are constructed from fine steel wires (32 ga., C.O. 

Jelliff Corp., Southport, CI) embedded along the inner walls of the ports (see Figure 

17). The PTFE tubing is initially etched with active sodium (Chemgrip, Norton 

Performance Plastics, N.J.). The sensors are sealed to the tubing with graphite epoxy 

(Dylon, Dylan Industries, Berea, OH), slowly cured for 3 days to prevent any 

porosity. 
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3.3.4.3 The Conductivity Valve Controller (CVC) 

The electronic schematic diagram of the CVC is in Figure 18. The resistance 

across each pair of sensors acts as an arm of a bridge circuit. A variable 50 K 

potentiometer in each bridge provides a "sensitivity adjust" control and determines 

the probe resistance at which loop filling is sensed. As soon as the resistance of the 

probes exceeds this value, the voltage comparator output switches. This causes the 

drive transistor to activate a relay to the NAND gate. The logic gate will only 

respond if inputs from both sets of probes are high. This indicates the filling of the 

loop with the organic segment. The logic gate output is fed to an opto-coupler, which 

in tum activates a relay that controls the switching of a pair of pneumatic valves 

connected to the six-port valve. With the actuation of these valves, the direction of 

air pressure is shifted in the opposite direction hence propelling the six-port valve to 

switch. Simultaneously, a delay circuit of an adjustable period switches on and the 

valve is maintained in the INJECf position for this preselected period, thus allowing 

complete injection of the segment. 

3.5 System 1 

The sample and the dye are peristaltically pumped into the manifold and merged 

through a PTFE T-fitting (see Figure 19). Mixing occurs in a 0.7 m long knotted 

mixing coil. Segmentation takes place as the aqueous ion-pair solution flows into the 

three-way valve (V1) that, at a programmed time interval, injects a segment of the 

organic phase into the aqueous stream. This process was discussed at length in the 

previous section (Section 3.4.2). The extraction of the ion-pair takes place within the 

extraction conduit, its dimensions variable with the experiments performed. The 

phase separation of the organic segment is accomplished in a six-port valve (V2) 
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automatically controlled by the eve. This was discussed in detail in the preceding 

section (Section 3.4.4). The isolated extracted is carried to the absorbance detector set 

at 430 nm. The signal output is transcribed on a strip-chart recorder (Omniscribe, 

Houston Instruments). One meter length of 0.46 mm i.d. PTFE restriction coils are 

placed at sites 1 and 2, as indicated in the figure. 

3.5.1 Experiments 

Some preliminary experiments are carried out basically to determine 

approximately how much is being injected to the carrier stream. The main 

experiments are devised to determine the effect of several important primary 

parameters to the extraction efficiency of the whole system. The following are 

investigated: SN ratio, residence time, extent of adsorption, and extraction conduit 

configuration. 

3.6 System 2 

In order to increase the sensitivity of the previous system, several modifications 

are imposed. The sample is drawn by a second pump (pump 2) positioned after the 

waste port of V2 (see Figure 20). This prevents any sample loss that can be attributed 

to adsorption along the pump tubing walls. As a result, the organic phase during 

segmentation is drawn by the same pump rather than pushed by air. The length of the 

mixing coil is increased to 1 m in a Serpentine II configuration (Curtis and Shahwan, 

1988). The preconcentration conduit is utilized to enhance the sensitivity of the 

manifold. Phase separation and detection is retained as in system 1. 
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3.6.1 Experiments 

Most experiments are performed to determine the effect of two preconcentration 

conduit designs. The first is made out of polyethylene tubing using lengths 16.4 em 

and 24.3 em in a linear and coiled configuration, respectively. The second design 

consists of 2 m of Tygon tubing in a coil arrangement. Injection frequency 

experiments are conducted on both designs to determine their respective lengths of 

time to reach saturation. 

3.7 System 3 

System 3 adopts the same sample introduction technique as that of system 1 

where the sample is made to flow through the pump tubing at pump 1. A special 

pump tubing with a non-reactive inner surface is used to aspirate the sample solution 

(see Figure 21). Pump 2 is discarded while all other processes from system 2 are 

retained. 

3.7.1 Experiment 

The efficient phase segmentation process from system 1 is acquired without 

yielding to unnecessary adsorption. The Tygon preconcentration conduit is retained 

from system 2 to increase sensitivity. Finally, the detection limit of the system is 

investigated. 



3.8 Fluorescent Ion-Pair System 

3.8.1 Preliminary Experiments 
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Seven fluorescent dyes are investigated on their basis of stability and feasibility 

as an ion-pairing agent. All the dyes are obtained from Aldrich Chern. Co., 

Milwaukee: 1-naphthoic acid (96% ), 2-naphthoic acid (99% ), 1-naphthalene-sulfonic 

acid (80% ), 2-naphthalene-sulfonic acid (90% ), 1-hydroxy-2-naphthoic acid (99% ), 

2-hydroxy-1-naphthoic acid (98%), and 3-hydroxy-2-naphthoic acid (90%). The last 

three compounds are further purified by recrystallization. Excitation and emission 

scans are performed using the Shimadzu Recording Spectrofluorophotometer RF-540 

to determine their respective Aex's and Aem's. Those dyes that showed stability and 

strong fluorescent properties are subjected to the standard extraction procedure 

described in Section 3.3. 

3.8.2 Experiments with System 3 

The final choice of fluorescent dye is applied as ion-pairing agent to system 3. 

The best dye is spectrophotometrically scanned for its absorbance properties (AmaJ 

as well. The optimum pH condition for extraction is also determined. And finally, 

the detection limit of system 3 is once more investigated. 



lEGEND 

Aqueous Phase 

Organic Phase :.w= 

69 

LOAD MODE 

NC 

NO 

COM --+ 

INJECT MODE 

Figure 14. Three-way valve 



+ 12 v 

TIMER 

--

+ 12 v 

a· PUMP 
NO NC 

NO NC 
3-WAY 
VALVE 

Figure 15. Electronic diagram of the 12V 
relay 

70 

1 15 v 



TO 
WASTE 

LEGEND 

- Organic 
5egment 

===: Organ·rc 
Carrier 

ORGANIC CARRIER 

S2 

S1 

SEGMENTED STREAM 

TO 
DETECTOR 

NORMAL 
(LOAD) 
STAGE 

= 5egmented ORGANIC CARRIER 
5tream 

SEGMENTED STREAM 

PRE
INJECTION 

STAGE 

Figure 16. Phase separation scheme in V2 

71 



TO 
WASTE 

ORGANIC CARRIER 

SEGMENTED STREAM 

TO 
DETECTOR 

PRE
INJECTION 

STAGE 
VALVE WILL SWITCH 

TO INJECT MODE 

ORGANIC CARRIER 

S2 

SEGMENTED STREAM 

Figure 16. continued 

INJECTING 
STAGE 

72 



TO 
WASTE 

WILL 
RETURN TO 
THE NORMAL 
STAGE AS 
SOON AS THE 
REMAINING 

ORGANIC 
PHASE 
IN THE LOOP 
IS TOTALLY 
OUT OF THE 
LOOP 

ORGANIC CARRIER 

. 51 

TO 
DETECTOR 

SEGMENTED STREAM WILL 5WITCH BACK 
TO LOAD P051T I ON 

ORGANIC CARRIER 

52 

SEGMENTED STREAM 

Figure 16. continued 

POST
INJECTION 

STAGE 

73 



to eve 

32 Ga STEEL 
WIRES 

PTFE TUBING 

to eve 

Figure 17. Conductivity sensors 

GRAPHITE 
EPOXY 

74 



+5 VDC 

50K 

= 

50K 

= 

+5UDC 

~ +12 VDC 

),+'~ 

"+12 VDC 

....,___-""""·-~:.~ 2N2222 

ECG858t-1 

5uF 

+ 

2 

< 
<: 2~0 <;. ..J 

l 

NC NC NC 

l +5 VDC 

~ 1K 

+5L'DC no 
I 1 

+121/DC --
3 

"' 
RS 275-240 K1 I 

67 sl 71 6 I .___ ____ _..T 

,+'~ ,'\/li'v-~1]~ wfis '1045 

I
2 I ~-t .. LI 4 

1330 31 
= = NC 

.1 uF 

= 

Figure 18. Electronic diagram of CVC 

75 



AIR at 
2 psi 

SAMPLE---4------~--~ 

OYE---4------~--~ 

PUMP 

12V 
re 1 oy 

AIR at 
,...--------., 3-S psi 

Chloroform 

Y1 

TIME11 

Chloroform 
Carrier 

EXTRACTION 
CONDUIT 

DETEClOR 

Y2 

0 ••• 
0 

Co nd uctiv ity 

f 
Valve 

REST~ICTOR Controller 

RECORDER 
WASTE 

Figure 19. Schematic flow diagram of 
system 1 

76 



AIR at 
.-------. 3- S psi 

Chloroform 

WASTE +--..._--+-----------' 

PUMP 2 V1 

Chloroform 
Carrier 

MIXING 
COIL V2 

PRECONCENTRATION 
DYE ---+---+---.---.. CONDUIT 

PUMP 1 

12Y 
reiHy 

SAMPLE 

TIMER DETECTOR 

RESTRICTOR 
2 

RECORDER 
WASTE 

Figure 20. Schematic flow diagram of 
system 2 

0 ••• 
0 

Conductivity 

Valve 

Controller 

77 



AIR at 
2 psi 

AIR at 
r---------. 3- S psi 

Chloroform 

Y1 

Chloroform 
Carrier 

SAMPLE--~------r-~ MIXING 
COIL 

PRECONCENTRATION y 2 
CONDUIT 

DYE--~------~--~ 

12V 
relay 

PUMP 
with 
special 
tubing 

TIMER 

RECORDER 

DETECTOR 

RESlRICTOR 
2 

WASTE 

Figure 21. Schematic flow dia£Tam of 
~ ~ 

system 3 

0 ••• 
0 

Conductivity 

Valve 

Controller 

78 



3.9 References 

Curtis, M.A. and Shahwan, G.J. LC. GC 1988, 6, 158. 

Dasgupta, P.K. and Lei, W. Anal. Chim. Acta 1989, 226, 255. 

Gosnell, M.C.; Snelling, R.E.; Mottola, H.A. Anal. Chem. 1986, 58, 1585. 

79 



CHAPTERN 

RESULTS AND DISCUSSION 

4.1 Preliminary Experiments 

Bromothymol blue, otherwise known as 3,3'-dibromothymol-sulphonephthalein 

or 4,4'-(3H-2,1-benzoxathiol-3-ylidene)bis[2-bromo-3-methyl-6-(1-

methylethyl)phenol]S,S-dioxide has a chemical formula of C27H280 5Br2S and a 

molar mass of 624.4. Its equilibria are as shown (see Figure 22). The most widely

used is the pH transition interval between pH 6.0 (yellow) and 7.6 (blue). The 

absorption maximum of the yellow colour lies at 435 nm and that of the blue at 620 

nm (Bishop, 1972). 

4.1.1 Determination of Amax 

Applying the standard procedure described in the previous chapter (Section 3.3), 

extraction is performed using two different sample (tetrabutylammonium ion, NBu4+) 

concentrations: l0-5 M and 5 x 10-S M. The concentration of the dye (bromothymol 

blue, BTB) is deliberately in excess at 5 x 10-4M while the whole process is executed 

with a 0.01 M Na2HP04 buffer adjusted to pH 8.5-8.8. Although the aqueous 

solution is blue, interestingly, the extract is yellow and a strong absorption peak due 

to the monoanion at 410 nm (yellow) is observed. The averaged absorbance values 

after corrected for blanks are 0.295 + 0.034 A.U. for samples at l0-5 M and 1.326 ± 

0.045 A.U. for samples at 5 x l0-5 M. The absorbance ratio (0.22) corresponds 

approximately to the concentration ratio (0.2). 
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4.1.2 Determination of Extraction Efficiency 

To determine the extraction efficiency, three sequential ion-pair extractions are 

carried out. Twenty-five milliliters of [BTB] = 5 x 10-4M and 25 ml of [sample] = 5 

x 10-5M are extracted into 10 ml of chloroform. The organic layer is drained and 

measured (corrected for blank) for absorbance determination. A second extraction is 

performed using the remaining aqueous solution with another 10 ml of chloroform, 

the organic extract measured for absorbance. The same procedure is carried out with 

a third extraction. The initial extract exhibits an absorbance of 1.338 A.U., 0.094 

A.U. for the second extract and 0.016 A.U. for the third extract. By subtracting the 

ratio of the second extract over the first extract from 1 (1 - (0.094 I 1.338)), the 

fraction extracted is obtained (0.93). The same treatment is performed between the 

third extract and the second extract, obtaining an extracted fraction of 0.83. By 

averaging the two values, 0.88 + 0.05 is calculated. A second trial is carried out, 

obtaining an average extracted fraction of 0.88 + 0.08. Hence, an extraction 

efficiency of 88% is determined for the system. Based on the assumption that the 

sample and the dye form an ion-pair in a 1:1 ratio and after accounting for the 

volumetric ratio, the extracted ion-pair concentration should be 1.10 x 10-4 M (see 

Figure 23). The absorbance of an aqueous solution (1.25 x 10-4 M) of the dye 

existing as a monoanion ion is determined. From the spectra obtained (1.455 A.U.), 

the calculated molar absorptivity of the ion-pair at 430 nm is 11640 assuming that the 

value does not change if applied to a chloroform medium. Using this value on the 

experimental results obtained, an average of 1.14 x 1 o-4 M is extracted into the 

organic layer. This value comes close to the theoretical value calculated from the 

extraction efficiency. 
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4.1.3 Confirmation of Optimum pH 

Using similar conditions as the previous experiments, extractions are carried out 

at the following pH's: 3.5, 8.5, 10.0, 12.0. The absorbances are 2.01 + 0.191, 2.18 ± 

0.117, 2.15 + 0.138 and 1.30 + 0.048 A.U., respectively. Although these absorbances 

are higher than desired, they are well within the measurement range of the 

spectrophotometer. Moreover, the highest extraction efficiency observed is still at 

pH8.5. 

4.1.4 Confirmation of Stoichiometric Ratio 

Most of these experiments seem to point out the fact that bromothymol blue and 

quaternary ammonium ion react in a 1:1 ratio. At the optimum pH, the monoanionic 

form of the dye is readily extracted in the form of the ion-pair with the positively 

charged surfactant. In highly alkaline conditions, the extraction efficiency decreases 

due to the tendency of the dye to remain in the aqueous solution as the dianion which 

is not extracted. Moreover, the encouraging results from the mathematical treatment 

of the data in Sec. 4.1.2 are based on the assumption of a 1:1 stoichiometric ratio. 

4.1.5 Comparison of Extracting Solvent 

The performance of chloroform as an extracting solvent in the bromothymol 

blue-quaternary ammonium ion-pair system is compared with that of ethylene 

dichloride. Under the same extracting conditions, chloroform exhibits an absorbance 

of 2.23 A.U. and ethylene dichloride, a slightly lower 2.05 A.U. Ethylene dichloride 

also tends to give a high blank value during extraction. Hence, chloroform is taken as 

a more appropriate extracting solvent for this particular ion-pair system. 
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4.2 Instrumental Design 

The initial SE-FIA manifold is similar to that used by Dasgupta and Lei (1989) 

for the determination of alkylbenzenesulfonate by ion-pair extraction with a cationic 

dye, methylene blue (see Figure 24). In that study, a sample stream containing LAS 

( dodecylbenzene-sulfonic acid) is merged with a small flow of the methylene blue 

reagent. Following a knotted mixing conduit, a six-port valve (Vl) is used to 

introduce a chloroform segment into the mixed stream. The stream then flows 

through an extraction conduit, through the sample load port of another six-port valve 

(V2), to waste. When the loop of V2 is completely filled with an organic extractant 

segment, it is switched to the INJECT position and the segment containing the 

extracted ion-pair is borne by the organic carrier stream into the detector located 

immediately downstream of V2. 

In this work several modifications to the previous system are made. Relative to 

the more complex six-port valve, a three-way valve provided clean and reproducible 

segments without sacrificing segment and organic: aqueous interphase integrity. As 

the organic phase is pneumatically injected, its flow rate is controlled by a pressure 

regulator. The chloroform carrier stream at V2 is controlled in the same way. 

Phase separation could have been simply carried out with the use of a timer, 

programmed to control the switching of V2 at a predetermined time for the segment 

to fill its sample loop. The problem with this procedure is that the flow generated by 

a peristaltic pump is not temporally invariant. Pulses occur due to the temporary 

expansion of the pump tubing when two rollers compress the tubing simultaneously. 

Such expansion momentarily changes the flow rate of the liquid. Therefore the 
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sampling of the extractant segment would not always occur at the same exact location 

in each segment. 

Dasgupta and Lei (1989) also described an automated intelligent zone sampling 

arrangement for isolating an aqueous extractant segment injected into a flowing 

organic stream. A six-port valve is provided with conductivity probes inserted in the 

load and waste ports. When the aqueous segment flows into this valve and 

completely fills its loop, the conductivity across the probes increases markedly. This 

change in conductivity is used to switch the valve to the inject mode and hold it in 

that position for a user selected period to complete the injection. 

The present system involves the reverse case: instead of the organic phase being 

the original sample matrix, the analyte is extracted into the organic phase from the 

aqueous phase. Hence, a nonconducting organic segment must be isolated by the 

valve for phase separation. There are problems in implementing the previous 

arrangement in the present case. The former operated on the condition that the valve 

will switch only if the probes detect low resistance or high conductivity across them. 

This occurs only when the aqueous conducting liquid totally fills up the sample loop. 

Even during the pre- and post-injection stages where a portion of the conducting 

segment is in contact with either of the probes (but not at the same time), high 

resistance is still maintained. For the current system, the probes can be programmed 

to switch only if it detects high resistance or low conductivity across them. 

Unfortunately, as soon as the incoming organic segment gets in contact with the first 

probe, the resistance between the probes increases. The valve prematurely switches 

without the loop being filled with the desired segment. 

The positions of the probes are altered. The pair, together, is placed about a 

millimeter apart from each other immediately after the waste port probe of the valve. 
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In this case, it is hoped that the valve will switch after the loop is completely filled 

with the non-conducting medium, the front end of the segment touching the pair of 

probes in the waste port. While the valve does initially switch, note that an organic 

carrier fluid is used to propel the isolated organic segment. During post-injection 

stage, the nonconducting carrier that nevertheless occupies the loop even after 

injection is complete is flushed out through the waste port. This activates the sensing 

circuitry to switch the valve once more, this time falsely. 

Additional circuitry is then utilized. Another delay system is installed to 

overcome the problem during the post-injection stage. As soon as the valve switches 

back to the loading mode, after a predetermined time (the length of time just before 

the remaining carrier gets in contact with the probes in the wash port) the second 

delay circuit takes effect. It ignores any inputs from the probes for a pre-selected 

length of time to allow the entire carrier segment to get flushed out. However, the 

attainment of this automation process is difficult. Initially it takes an appreciable 

number of cycles before the system settles down. And during this process, if the 

valve switches even once, the aqueous medium is undesirably introduced into the 

carrier stream. This creates very pronounced noise in the detector output that takes at 

least ten minutes to stabilize back to the baseline. 

A simpler set-up is proposed. A pair of probes each are placed on the entrance 

and exit port of the sample loop. With the use of logic gates, a new circuitry is 

designed which will switch the valve only if both pair of sensors experience a high 

resistance signal. This is the current system developed used in this study and is 

discussed in greater detail in the previous chapter. 

The first conductivity sensor design consists of a pair of platinum wires oriented 

perpendicularly to the tubing. It is found that a considerable amount of "dark current" 
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is generated, occasionally read by the circuitry as a signal. This is replaced by a pair 

of fine stainless steel syringe needles in the same orientation as the former. Silicone 

adhesive is used for reinforcement. There is difficulty in boring holes through the 

walls of PTFE tubing and more importantly, subsequently sealing the aperture. Due 

to the inert property of the material, adhesives do not normally bond well. This 

model worked for a very limited time until leaking occurred. For a sturdier design, 

metal male fittings are used. The metal fittings are concave at the ends, oppositely 

screwed within a PTFE female fitting with an 0-ring in between. Because of the 

widening ends of the male fittings, part of the conducting liquid does not get washed 

out thus causing problems in detecting the desired segment. Flat-ended male fittings 

and a Kel-F female fitting are used instead. The rubber 0-ring easily deteriorated due 

to its reaction with the organic segment. A small hollow cylinder carved out of PTFE 

is utilized to replace the 0-ring in separating the two male fittings within the female 

fitting. However, this set-up still managed to lodge some conducting liquid within 

the joints. An entirely new design is proposed. Two stainless steel thin-walled tubes 

of about 10 mm in lengths are placed 3 mm apart interconnecting PTFE tubes. There 

is again difficulty in sealing the joints with conventional adhesives. This results to 

leaking and occasionally introduces bubbles. This leads to the sensor design 

described in the previous chapter in which thin wires are embedded on the side of the 

walls of the tubing where flow is not disrupted. Graphite epoxy has proven to 

effectively seal the apertures as long as the outer surface of the PTFE tubing is 

etched. · 

The present sensors used in this study satisfied the following requirements the 

other designs above failed to fulfill. These are (a) durability, (b) undisturbed flow of 
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the liquid through the sensors, and (c) immunity to small phase or air bubbles present 

within the flowing liquid. 

4.3 Experiments with System 1 

4.3.1 Variation with Injection Delay Time 

The CVC has an adjustable delay time that allows variation of the length of time 

the delay is maintained. This experiment is devised to estimate a reasonable length of 

time for an isolated segment to get totally injected into the carrier stream. The 

following conditions are utilized: sample concentration is 1 x 10-5 M , dye 

concentration is 2 x 10-5M, length of the linear extraction line is 2.29 mat 0.86 mm 

inner diameter, length of mixing coil is 0.75 m, length of loop at V2 is 120 mm, 

injection frequency is 0.5 min-1 and the pressure of the carrier stream at V2 is 5 psi. 

Twenty-one, twenty-eight and thirty-five seconds are the injection delay times 

investigated. The results are 0.164 + 0.004, 0.169 + 0.006 and 0.179 + 0.002 A.U., 

respectively. By increasing the length of the extraction line to 3.21 m, increasing the 

pump speed to 310 and decreasing the pressure at V2 to 1.5 psi, a similar experiment 

is carried out. The results are 0.35 A.U. for 21 sees, 0.369 ± 0.003 A.U. for 28 sees 

and 0.377 + 0.002 A.U. for 35 sees (see Figure 25). The injection delay time could 

be taken further and higher absorbance would normally be expected. But at these 

delay times, it is safe to assume that the segment is almost completely injected. To 

further increase the delay time would be impractical and would decrease the sampling 

rate. From this point on, all other experiments were carried out in even higher 

pressures and 35 sees is taken as the standard injection delay time. 
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4.3.2 Pressure Variation at V2 

The significance of the pressure exerted on the carrier stream at V2 is directly 

related to the flow rate with band broadening as the main concern. At different 

lengths of the linear extraction line and injection delay times, peak heights at 3 psi 

and 1.5 psi are compared. Two out of three data sets indicate that 1.5 psi yield 

significantly higher peaks than their 3.0 psi counterparts. This points out that at 

higher flow rates, the injected sample profile is disturbed. This in effect causes more 

band broadening than longer residence times. 

4.3.3 Investigations on the Effect 
ofSN Ratio 

4.3.3.1 Variation of Extraction Conduit Diameter 
at Constant Residence Time and Flow Rate 

Studies have shown that the interfacial surface area to volume ratio in both 

straight (Nord et al., 1987) and coiled (Lucy and Cantwell, 1989) extraction conduits 

has great significance towards the rate of extraction. In this set of experiments the 

tubing diameter of the linear extraction conduit is varied. This alters the interfacial 

surface area (S) keeping the same volume of the segment. Thirty-six seconds and 

forty-six seconds for residence times are investigated using a sample concentration of 

1 x 10-5 .Manda dye concentration of 2 x 10-5M. The results for the first condition 

(flow rate: 1500 J.tl/min; injection frequency: 0.5 min-1) using conduit diameters 16 

ga (1.35 mm), 20 ga (0.86 mm) and 24 ga (0.56 mm) are 0.265 ± 0.005, 0.310 + 

0.002, 0.352 + 0.003 (see Figure 26). At 46 sees (flow rate: 1000 ~-tllmin; injection 

frequency: 0.5 min-1), the results are 0.064 + 0.002 for 15 ga (1.5 mm), 0.132 + 

0.001 for 20 ga (0.86 mm) and 0.234 ± 0.003 for 26 ga (0.46 mm) inner diameters 

(see Figure 27). In both experiments, maximum extraction is observed at the smallest 
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diameter used, where the interfacial surface area is at its highest. Contact between 

phases is maximized, allowing greater mass transfer. Convective mixing within the 

segment is also enhanced due to the increased flow velocity in a small tubing 

diameter as compared to that of a bigger diameter of the same residence time and 

flow rate. 

4.3.3.2. Variation of Segment Length at 
Constant Flow Rate and Tubing Diameter 

By varying the segment length (see Figure 28), the volume of the segment is 

primarily altered. The operating conditions used are flow rate: 1000 J-tl/min; 

extraction conduit diameter (linear): 0.86 mm; injection frequency: 0.5 min-1; 

sample concentration: 1 x 10-5M; dye concentration: 2 x 10-5M. For segment 

lengths 10.0, 13.0, 19.5, 24.0, 29.0 em, the corresponding absorbances are 0.517 ± 

0.012, 0.457 + 0.021, 0.308 + 0.003, 0.256 ± 0.004, 0.201 + 0.001. The shortest 

segment, having the smallest volume, has the highest extraction yield. This could be 

better explained in terms of a corresponding increase in the radial velocity 

component. When the segment length is sufficiently reduced, the ends interact 

hydrodynamically enhancing the convective mixing in the segment and thus increase 

the mass transfer coefficient. Moreover, the analyte tends to be more concentrated in 

a smaller volume of the extractant phase. Segment length in this particular system is 

limited by the length of sample loop (in this case, 7 em) and the distance of the 

sensors from the valve. 



4.3.4 Investigations on the Effect of 
Residence Time 

4.3.4.1 Variation in Length of Linear Extraction Conduit at 
Constant Conduit Diameter, Segment Length and Flow Rate 
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The following lengths of extraction lines, 3.21, 3.71, 4.21, 4.71, 5.21 and 6.21 m, 

have been utilized to vary residence times (see Figure 29). The linear extraction 

conduit diameter is kept at 0.86 mm, the segment length at 16 em, the sample 

concentration is 1 x 10-5M, the dye concentration is 2 x 10-5M and the flow rate at 

1500 JJ.l/min. The results are 0.438 + 0.004, 0.473 + 0.004, 0.503 + 0.007, 0.567 + 

0.007, 0.555 + 0.007, 0.551 + 0.011 A.U., respectively. The plot obtained illustrates 

that increased residence times give higher extraction yields up to a maximum point 

where the yield levels off. This indicates the completion of the extraction process 

wherein·any increase in residence time would not bear any effect on the efficiency. 

At these specific conditions, maximum efficiency should be achieved within a 

residence time of 2.0 min by calculation from the data shown in Figure 29. 

4.3.4.2 Variation in Flow Rate at Constant Length of 
Extraction Line and Segment, and at Constant 
Conduit Diameter. 

Two experiments are initially performed, one using a standard 2.21 m long 

0.86 mm tubing and another, using a smaller 0.46 mm tubing of the same length. 

Both conditions exhibited similar trends. For the first experiment that uses the larger 

diameter tubing, ([sample]= 1 x 10-5M, [dye]= 2 x 10-5M, injection frequency= 

0.5 min-1), the results for flow rates 465, 741, 1200, 1500, 1818, 2143, 2400 JJ.l/min 

are 0.174 + 0.005, 0.247 + 0.001, 0.310 + 0.008, 0.360 + 0.006, 0.393 + 0.01, 0.463 + - - - - - -

0.019 and 0.308 + 0.023 A.U., respectively (see Figure 30). In the second experiment 

that utilizes a smaller diameter tubing ([sample] = 1 x l0-5 M, [dye] = 2 x 10·5 M), 
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the results for flow rates 667, 1000, 1304, 1622, 1714, 1818 ~1/min are 0.191 + 0.004, 

0.239 ± 0.001, 0.252 + 0.002, 0.303 + 0.005, 0.304 ± 0.006, 0.300* A.U.(see Figure 

31 ). Extraction efficiency clearly increases with higher flow rates. Since the conduit 

diameter is held constant, the flow rate is directly related to linear velocity. By 

increasing the linear flow velouty, convective mixing and the thickness of the 

wetting film (see Sec. 2.2.3.2) is increased. The former accounts for the increased 

extraction efficiency. However, past a maximum point, the residence time is greatly 

shortened resulting to the incompletion of the extraction process. Moreover, the 

segment frequently breaks down at very high flow velocities. 

A third experiment is performed using the smallest available diameter, 0.3 mm 

diameter with a length of 2m. At flow rates 213, 484 and 690 ~1/min, the system 

yields 0.099 + 0.001, 0.137 + 0.004 and 0.158 + 0.003 A.U., respectively. Although 

these may not appear to be high flow rates, the actual flow velocities in this small 

diameter tubing are relatively large. Further increase in overall flow rate is not 

possible due to difficulty in maintaining the integrity of the segment. Thus a 

maximum is not reached. 

4.3.5 Investigations on the Extent of Adsorption 

The effect of phase ratio is markedly significant in typical SE-FIA systems requiring 

a series of segments to represent a sample. For a situation where the injection 

frequency is high enough such that there is more than one extractant segment in the 

conduit at any given time, the sample segment volume available for extraction is 

directly given by 

* 1 data point only 
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0/f- v (14) 

where 0 is the sample flow rate, f is the extractant injection frequency and V is the 

extractant segment volume. Making the sample segment increasingly longer cannot 

result in a linearly proportionate increase in the amount of the sample extracted. 

Diffusion of the analyte to the extractant must become increasingly inefficient 

(Dasgupta and Lei, 1989). 

In order to study the effect of phase ratio, a comparison of different injection 

frequencies should be performed. One would normally expect an increase in 

efficiency for less frequent injections (or increase in injection time intervals). Past a 

certain point, it would also be expected that efficiency should remain constant due to 

limitations imposed by the diffusivity of the analyte. However, in the present system 

the segments are so spaced apart that the diffusion between two organic segments is 

negligible. From the results of the two experiments performed, it is concluded that 

instead of the wetted-film bridge phenomenon, adsorption is the primary process 

taking place. Either there is a thin stationary film along the walls of the extraction 

conduit or the tubing material itself acts as the adsorption site. In either case, the 

analyte, as it flows through the tubing is adsorbed on the film. Therefore as the 

injection time interval increases, more ion-pair molecules accumulate on the film 

waiting to be extracted as soon as the incoming organic segment collects them. Thus 

an increase in efficiency is observed. At a certain level, the film should experience 

saturation where efficiency should level off. Utilizing a 3. 71 m linear extraction 

conduit ([sample]= 1 x 10-5M, [dye]= 2 x l0-5 M), at injection frequencies 0.50, 
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0.40, 0.33, 0.28, 0.25, 0.22, 0.20 and 0.18 min-1, the absorbances are 0.473 + 0.005, 

0.616 + 0.003, 0.677 + 0.004, 0.798 ± 0.004, 0.815 ± 0.009, 0.885 + 0.022 and 0.912 

+ 0.038 A.U. From the plot obtained (see Figure 32), it is evident that at higher 

injection frequencies saturation is closely being approached. In a second experiment 

([sample]= 1 x 10-5 M, [dye]= 2 x 10-5M), a 4.5 m linear extraction conduit is 

utilized. The results are 0.213 + 0.008, 0.463 + 0.016, 0.575 + 0.017, 0.733 + 0.018, 

0.894 + 0.005, 0.966 + 0.002, 0.955 ± 0.005 for 0.63, 0.33, 0.25, 0.20, 0.17, 0.14, 

0.13 min-1 injection frequencies (see Figure 33). With an injection frequency of 0.14 

min-1, maximum adsorption appears to have been reached. Efficiency also appears to 

decrease beyond this point; however, the results for the last two injection frequencies 

overlap within a 95% confidence limit. Hence, it is not possible to conclude if the 

difference is significant. 

4.3.6 Investigations on the Effect of Different Extraction 
Conduit Configurations 

4.3.6.1 Coiled versus Linear Configuration 

As mentioned earlier, increasing flow rates result in increasing extraction yields 

due to a more effective convective mixing. Patterned configurations such as coiled 

extraction lines take advantage of this phenomenon as it introduces a secondary radial 

flow brought about by centrifugal force (see Section 2.2.3.2). At a constant length of 

extraction conduit and flow rate ([sample]= 1 x 10-5M, [dye]= 2 x 10-5 M, injection 

frequency = 0.5 min-1 ), it is determined that a coiled extraction conduit in comparison 

with a linear configuration give better yields. For a 3.21 m extraction conduit and at 

1500 ~-tllmin flow rate, the results are 0.438 + 0.004 and 0.483 + 0.003 A.U. for the 

line and the coil, respectively. This represents a 9.15% increase in efficiency. For a 
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length of 3. 71 m and the same flow rate, the line and the coil exhibited 0.472 + 0.004 

and 0.550 + 0.003 A.U. correspondingly, a 14.1% increase. 

4.3.6.2 Coil versus Other Configurations 

It has been reported by Curtis and Shahwan (1988) that small-radii 

configurations (such as the Serpentine I and the Serpentine II) effecting sharper turns 

and flow reversal, have proven to give better mixing. The Serpentine II and the 

crisscross configurations are both tested and compared to the coil. There is difficulty 

in maintaining the organic segment due to the lodging of some of its portions at the 

turns. At an extraction conduit length of 3. 71 m ([sample] = 1 x 1 o-5 M, [dye] = 2 x 

10-5M, flow rate= 1500 f.ll/min, injection frequency= 0.5 min-1), the crisscross 

configuration gives 0.548 + 0.01 A.U. and the Serpentine II, 0.551 ± 0.008 A.U. 

These values are fairly close to the absorbance value exhibited by a coil of the same 

length (see previous section). It is possible that a difference is not being perceived 

because extraction is nearly complete in both the coil and the other configurations. In 

any case, overly frequent segment breakage in the latter configurations make them 

impractical. 

4.4 Experiments with System 2 

4.4.1 PTFE versus Polyethylene Preconcentration 
Column 

The objective of this experiment is to determine the increase in efficiency the 

preconcentration column provides against an ordinary system with an equivalent 

length of PTFE. A 16.4 em polyethylene preconcentration column is installed in the 
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pre-existing 3.26 m extraction conduit in system 2, utilizing a 0.12 min-1 injection 

frequency. The result for the polyethylene column is 0.201 + 0.007 A.U. (at a sample 

concentration of 2 x 10·6 M, dye concentration of 4 x 10-6M and a flow rate of 1250 

J.tl/min). The PTFE tubing exhibited 0.1-l2 + 0.007 A.U. This represents a 41.55% 

gain in sensitivity. 

4.4.2 Linear Preconcentration Column versus 
Coiled Preconcentration Column 

The efficiency of a coiled 24.3 em preconcentration column is compared with an 

equivalent length of a linear preconcentration column. Using a shorter injection 

frequency (0.14 min-1) and a sample concentration of 2 x 10·6 M (dye concentration 

of 4 x 10-6M, flow rate of 1200 J.tl/min), the linear and the coiled preconcentration 

columns provided absorbances of 0.155 ± 0.001 A.U. and 0.183 ± 0.003 A.U., 

respectively. This represents an 18% increase in sensitivity for the coiled 

preconcentration column. 

4.4.3 Variation in Injection Frequency Using the 
Coiled Preconcentration Column 

This experiment is similar to that of Section 4.3.5 devised to investigate the point 

of maximum adsorption of the extraction conduit, in this case, the coiled 

preconcentration column of 24.3 em in length. Utilizing the following injection 

frequencies: 0.3, 0.23, 0.19, 0.16, 0.14, 0.12, 0.11 min-1 (sample concentration= 2 x 

10-6M, dye concentration= 4 x 10-6M, flow rate= 1200 J.tl/min), the absorbances 

obtained are 0.048 + 0.003, 0.074 + 0.001, 0.087 + 0.001, 0.129 + 0.007, 0.179 ± - - - -
0.006, 0.201 + 0.004, 0.205 + 0.006 A.U. respectively. From the graph obtained (see 

Figure 34), saturation is evidently being approached. 



4.4.4 Variation in Injection Frequency Using a Coiled 
Tygon Preconcentration Conduit 
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Since polyethylene tubing is not available to us in lengths exceeding 12 inches, 

another heat-pliable material is investigated. Tygon tubing is chosen so that it could 

be made into a long preconcentration conduit (2m) instead of a short column. No 

separate extraction conduit is necessary. The point of maximum adsorption of the 

conduit is investigated by varying the injection frequency. For injection frequencies 

0.3, 0.19, 0.14, 0.12, 0.11, 0.09, 0.088, 0.08 and 0.075 min-1 (sample concentration= 

2 x 10-6M, dye concentration= 4 x 10-6M, flow rate= 1132 f..ll/min), the 

absorbance values are 0.066 + 0.001, 0.076 ± 0.002, 0.095 ± 0.004, 0.107 + 0.004, 

0.131 + 0.008, 0.147 + 0.003, 0.167 + 0.006, 0.176 + 0.009 and 0.186 + 0.013. The 

plot (see Figure 35) illustrates a slow approach to maximum adsorption despite the 

long injection frequencies. Longer time intervals are not further tested for practical 

reasons 

4.5 Experiments with System 3 

4.5.1 Determination of Detection Limit 

Performing injections in a practical time interval such as every 4.33 minutes, the 

detection limit of the whole system is determined. Different sample concentrations 

are used with an excess concentration ( 4 x 10-6 M) of the dye reagent. The results for 

sample concentrations 0, 2 x 10-6M, 7 x 10-7 M, 2 x 10-7 M, 7 x 10-8 M, 2 x 10-8 M 

are absorbances of 0.0024 + 0.0001, 0.0737 ± 0.0018, 0.0308 + 0.0013, 0.0079 ± 

0.0001, 0.0029 + 0.0005, 0.0024 + 0.0001 A.U. By multiplying the standard 

deviation of the blank (0.0001) by 3 and adding it to the blank value, the absorbance 

detection limit is calculated (0.0027). The lowest concentration that exceeds this 
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value is 7 x 10-8M, we take this to be the limit of detection of the system (see Figure 

36). 

4.6 Fluorescent Ion-Pair System 

To take further advantage of the sensitivity of the present SE-FIA systems used 

in this study, several fluorescent dyes are investigated for potential ion-pairing 

agents. Anthracene sulfonate is known to work as a fluorescent ion-pairing agent for 

QACs (Modin and Schill, 1967). Seven compounds of similar structure are tested: 1-

naphthoic acid (1NA), 2-naphthoic acid (2NA), 1-naphthalene-sulfonic acid (1NSA), 

2-naphthalene-sulfonic acid (2NSA), 1-hydroxy-2-naphthoic acid (1H2NA), 2-

hydroxy-1-naphthoic acid (2H1NA) and 3-hydroxy-2-naphthoic acid (3H2NA). 

4.6.1 Determination of "-ex and "-em 

Aqueous solutions (5 x 10-4M) of the fluorescent compounds are adjusted to a 

pH of 12.0-12.6. Emission and excitation scans are performed on each of the 

solutions. Table 1 lists the results and the physical manifestations of the aqueous 

solutions before and after scanning. All the dyes exhibit a purplish-blue fluorescence 

under ultraviolet light with the exception of 3H2NA which gives a green 

fluorescence. Both 1H2NA and 2H1NA, originally in colorless solutions, turned 

brown after irradiation. This transformation is attributed to the oxidation of their 

phenoli~ group. 1NA, on the other hand, shows very weak fluorescence properties. 

4.6.2 Feasibility of Ion-Pair Extraction 

The other remaining dyes are further tested by performing the standard 

extraction method used earlier in section 3.3. Lower concentrations are used to avoid 
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fluorescence quenching: 2 x 10-6M for the sample and 5 x 10-6M for the dye. Both 

2NA and 2NSA exhibit high blanks due to their inherent solubility in organic solvents 

(Weast, 1968). 3H2NA yields an extract with a relative fluorescence intensity of 8.0 

(on the same scale, pure chloroform gives an intensity of 0.0) and a blank value of 

1.1. 1NSA exhibits a fluorescence intensity of 10.25 and a large blank value of 7.9. 

The same experiment is repeated using different concentrations: 5 x 10-6M for the 

sample concentration and 1 x 10-5 M for the dye. The results for 3H2NA and 1NSA 

are 3.2 and 4.3 for the extracts and 0.57 and 2.1 for the blanks, respectively. The 

blank values for 1NSA are very high to obtain an acceptable detection limit once 

applied to an SE-FIA system. Hence 3H2NA is decidedly a more appropriate ion

pairing agent. However, the Aex and Aem of 3H2NA appear to be concentration

dependent (see Figure 37). In the present study, instead of using an online flow

through fluorometer to detect the compound, the former absorbance 

spectrophotometer set at the uv region is retained. 

4.6.3 Experiments with System 3 

3-Hydroxy-2-naphthoic acid, with formula weight 188.18 has the structural 

formula shown (see Figure 38). Unlike its isomers (1H2NA and 2H1NA) that have 

been tested previously, 3H2NA has a tendency to form dimers, protecting its phenolic 

group from oxidation. It is virtually insoluble in water at neutral pH but soluble in 

chloroform. Its dissociation constants are pK1 = 2.5 and pKz = 12.5. 

4.6.3.1 Spectrophotometric Scan of 3H2NA 

A sample concentration of 5 x 10-5M and a dye concentration of 5 x 10-4 M is 

employed on system 3, while the flow rate is kept at 1130 Jll/min. Concentrating on 



the uv region, the isolated extract is subjected to different wavelength settings for 

maximum signal. The highest absorbance exhibited is 0.361 ± 0.005 A.U. at a 

wavelength of 250 nm determined by point by point measurement with the flow

through detector. 

4.6.2.2 Determination of Optimum Extracting pH 

99 

Three different pH conditions are investigated: 8, 10 and 12, the detector set at 

250 nm. At micromolar concentrations ([sample]= 2 x 10-6M, [3H2NA] = 4 x 10-6 

M), 1130 f..tl/min flow rate and 0.23 min-1 injection frequency, the absorbances 

obtained are 0.150 + 0.003, 0.213 + 0.003 and 0.184 + 0.007 A.U., respectively. The 

results clearly indicate that pH 10 is the proper condition for extraction. 

4.6.3.3 Determination of Detection Limit 

Much like the earlier experiment in determining the detection limit of the system 

(see Section 4.5.1), different sample concentrations are used against a fixed dye 

concentration of 4 x 10-6M. At an injection frequency of 0.23 min-1 the results 

obtained for sample concentrations 2 x 10-6M, 7 x 10-7 M, 2 x 10-7 M, 7 x 10-8 M, 2 

x 10-8M, 7 x 10-9M and 0 are 0.283*, 0.250 + 0.003, 0.220 + 0.001, 0.206 + 0.001, 

0.190 + 0.001, 0.176 + 0.001 and 0.144 ± 0.001 A.U., respectively (see Figure 39). 

Based on the unusual shape of the plot obtained, no definite conclusions can be made 

concerning the detection limit. The system appears to show impressive sensitivity 

but deviations from an expected linear plot are too great. More work is necessary in 

the future to fully elucidate the potential of this system. 

*1 data point only 
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[sample]= 5 x to-5 M 

[dye]= 5 x to-5 M 

Assume 1:1 stoichiometric ratio 

5 x to-5 M x 2.5 (volume of sample)= 1.25 x 10-4M 

1.25 X 1 o-4 M X 0.88 (extraction efficiency) = 1.10 X 1 o-4 M 

(theoretical amount extracted) 

Determination of Emax 430 nm 

101 

Based on absorbance of an aqueous solution of BTB (1.25 x 10-4M): 1.455 A.U. 

Emax = 1.455 I 1.25 X 10-4M = 11640 

To compute for actual amount extracted 

1st Trial 

1.338 I 11640 = 1.15 X 10-4M 

2nd Trial 

1.308 I 11640 = 1.12 X 10-4M 

Average amount extracted (experimental): 1.14 x 10-4 M 

Figure 23. Calculation of average amount extracted 



Figure 24. Schematic flow diagram for the 
detennination of methylene blue active 

substances -0 
N 
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117 

I I I I f 

0.28 I-
c -

0.26 I- -

-. 0.24 I- -
::J 
<t: 
~ 0.22 I- Ill -
u c 
~ 

..0 Ill 
~ 
0 0.20 I- -
(/} 

..0 
<t: Ill 

0.18 1- -
Ill 

0.16 I- -

Ill 
0.14 I- -

I I I I I 

0.0 0.5 1.0 1.5 2.0 -6 x10 

Concentration (M) 

Figure 39. Calibration plot of system 3 using 3H2NA 



Table 1 
Characterization of Fluorescent Dyes 

Dye 

1-Naphthoic 327 

Acid 

2-Naphthoic 300 

Acid 

1-Naphthalene 308 

Sulfonic Acid 

2-Naphthalene 300 

Sulfonic Acid 

1-Hydroxy- 350 

2-Naphthoic 

Acid 

2-Hydroxy- 330 

1-Naphthoic 

Acid 

3-Hydroxy- 370 

2-Naphthoic 

Acid 

357 

357 

330 

337 

416 

425 

500 

118 

Relative 
Emission 
Signal 

0.69 

14.50 

13.75 

16.50 

7.38 

18.75 

2.75 
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CHAPTERV 

CONCLUSION 

The work presented in this thesis presents a new approach to performing solvent

extraction-based determination in continuous flow systems. Perhaps its most 

important contribution is the feasibility of a fully automated instrumentation system 

ideal for unattended applications where high reliability is desired and detection can 

only be accomplished with phase separation. Some attention is given to the scheme 

and simple design. It provides good reproducibility in the isolation of the organic 

segment without contamination from the aqueous phase. Considerable efficiency can 

be achieved by controlling the length of the sample loop and the distance of the 

sensors from the ports. Moreover, in particular applications dealing with surface

active agents such as this, this conductivity-based model shows advantage over the 

more popular membrane separators. 

Significant effort is also devoted to the study of the extent of adsorption in the 

systems investigated. As emphasized earlier, this process breeds from the uniqueness 

of the single extractant segment concept in SE-FIA. Adsorption can be controlled by 

increasing injection intervals (or decreasing injection frequencies) to reasonable 

lerrgths of time without totally sacrificing sample throughput. In systems 2 and 3, 

adsorption is taken advantage of by the choice of material used for the extraction 

conduit or column. It is the basis of the marked increase in sensitivity and low 

detection limit (7 x 10-8M) of the latter system. 

Experiments performed in system 1 illustrate the practical significance of the 

primary parameters to the overall extraction efficiency of the system. Residence time 

has a direct effect on the extent of the extraction process. This is best manifested 

120 
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during the variation in length of the extraction conduit. Given sufficient time or 

conduit length for the extraction process to complete, relative constancy of efficiency 

is achieved regardless of any further increase in residence time. Convective mixing 

(whether between phases or within the segment) plays a major role in the efficiency 

of the system. This is proven by increasing flow rates and reducing segment lengths. 

The same factor applies in utilizing different conduit configurations (coil, Serpentine 

II and crisscross) where additional forces such as the tangential secondary flow and 

flow reversal enhance convective mixing. Small conduit diameter increases the area 

of contact between phases and the flow velocity within the conduit as well. The latter 

also relates directly to improved convective mixing. From these investigations, these 

parameters can be easily manipulated to provide the appropriate efficiency and 

applicability accordingly for different practical purposes. 

Bromothymol blue is an excellent choice for a photometric ion-pairing agent. 

Extraction efficiency with the tetrabutylammonium ion is almost quantitative at pH 

8.5. The stoichiometric ratio is decidedly 1:1 and the monoanion form exhibits a 

fairly high molar absorptivity. 3-Hydroxy-2-naphthoic acid, on the other hand, needs 

further study. Other fluorescent dyes should also be investigated as possible ion

pairing agents. Finally, it is recommended that real wastewater samples should be 

tested on the systems described above, employing an online anion-exchanger before 

the ion-pairing process. 
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