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ABSTRACT 

Methods for sample preparation of the s-triazine herbicides and their degradation products 

in environmental water samples using supported liquid membrane (SLM) has been 

developed. The herbicide compounds were selectively extracted from the flowing donor 

solution into a porous polytetrafluoroethylene (PTFE) membrane impregnated with n­

undecane, di-n-hexylether alone or with 25% 6-undecanone and 50% of n-undecane. After 

diffusion through the hydrophobic membrane the s-triazine herbicide compounds were 

irreversibly trapped into acidic acceptor phase of lower pH. The Effects of different 

experimental variables governing the efficiency of the extraction process have been 

thoroughly studied and optimized. These include the pH of both the donor and acceptor 

solutions, donor flow rate, ionic strengths and the analyte trapping conditions. 

Furthermore, the conditions for attaining maximum enrichment factor from the membrane 

extraction have been investigated. 

Selectivity of the membrane technique developed was compared with one of the 

most frequently used technique for sample preparation of organic pollutants, solid phase 

extraction (SPE) in off-line mode. It was observed that the chromatograms obtained using 

the SLM methodology were cleaner, indicating the good selectivity of the extraction 

method. The liquid membrane serves as a barrier for interfering compounds, and neutral 

molecules may not be enriched. The limit of detection for the extracts using SLM 

technique was also comparable to that of the SPE. The possibility of determining the 

extraction efficiency, and thus the enrichment factor, from the donor waste was also 

investigated. The results obtained from both the acceptor concentrate and the donor waste 

agreed well, which in turn indicated efficient penneation through the liquid membrane 

thereby giving minimum memory effects. 
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The applicability of the method for extraction of the compounds o f s-tri az ine 

herbicides from water samples containing complex matrices was studi ed by spi king analyte 

sample solutions both in reagent water and ri ver water. The resulting chromatograms were 

not differing much, which also refl ects the selectivity of the membrane extraction 

developed. 

Water samples collected from Southern Ethiopian lakes were pre-treated and 

extracted in the same manner. There are a number of agricultural fi elds in this region 

where herbicides are periodically applied . Thus, the lake waters certainly contain 

considerable quantities of these residues and degradation products. The water samples, in 

which the phosphate buffer was dissolved to obtain neutral pH, were extracted at high 

donor flow rate, 5.0 mLimin, for 10 h. Low quantities of atrazine and terbutryn were 

identified in Awassa Lake, while only atrazine could be seen in the extracts from Chamo 

Lake. In both cases the concentration range of these compounds were estimated to vary 

from 0.02 to 0.05 Ilg/L. None of these herbicides or other s-triazine compounds could be 

detected in the extracts of the water samples collected from Abbaya lake. 

A mixture of the parent compounds and the degradation products of the s-triazine 

herbicides were also successfully extracted in the liquid membrane system containing 

carriers, e.g., trioctyl phosphine oxide (TOPO). Low detection limits were obtained for the 

aqueous samples spiked in river water, water containing humic acid and also in urine. 

Effects of the flowing donor channel, while the acceptor concentrate collected, on analyte 

permeation was studied in detail and better analyte results were obtained than the stagnant 

donor system particularly for the more polar compounds. 
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1. INTRODUCTION 

The human environment contains countless complex chemical and biological systems that 

can be transferred from a particular environment to another by natural processes and by 

man. For example, the different water bodies in human environment including lakes 

rivers, underground and surface waters, certainly contain numerous different compounds 

including various dissolved organic and inorganic pollutants, different minerals, salts, etc. 

originating from industrial wastes, agrochemical processing, municipal discharges and 

natural processes, e.g., decay of plants. The presence of these and several varieties of their 

transformation products in widely different concentrations lead to a complicated chemistry. 

The general deterioration of the environment thus indicates the need of continuous 

assessment according to certain monitoring programmes. 

The use of chemical pesticides for different purposes such as forestry management, 

railway, protection against infections with parasites transmitted to humans by insects, and 

against insects and weeds in agriculture, is very common all over the world today. 

Considering pesticide use for agricultural purposes, it has been a known fact that their 

effective use has improved the quality and quantity of food, and advances in pesticide 

technology have increased the ability to sustain and improve the health and well-being of 

the ever-growing human population. Unfortunately these chemicals are potential pollutants 

having deleterious effects on human health and environment [1 , 2] when their 

concentrations are higher than certain limits. In this connection, Pio and Hall [3] put the 

following general statement: "pollution exists when the concentration of the substances are 

large enough to interfere with the normal use of the environment and the well-being of 

biota, especially man". 



Not only pesticides, but also th 01 ent in \' hich they ar bing di 

chemical substances with which they are somet imes mi d ha e th ir ov n t icity [4). 

There are many pathways for exposure: in drinking wat r from contam inat d wel l in food 

from household pesticide use, and from res idues on plants as they are picked, or machin ry 

as they are being handled or repaired, from pesticide drift as it is being sprayed, from spills 

during transport and from dermal exposure during mi xing and application [5). Faml 

workers within agricultural sectors, mixers, loaders, applicators, and others who directly 

handle agricultural chemicals are, therefore, at the highest risk for pesticide-related illness 

[6]. 

Most of the pesticides released to the environment are known and reported to be 

toxic, and the toxicity aspects have received considerable attention. Considering the water 

quality, for example, stringent regulations have, in the recent years, been issued by the 

legislation authorities [7] . The current European Union (EU) directive dictates that the 

concentration of individual pesticides should not exceed a maximum admissible 

concentration of 0.1 !lg/L in drinking water for a single pesticide and 0.5 !lg!L for a total 

pesticides concentration. Similar regulations have been set in the United States, by 

USEP A; for example, 3 !lg/L for atrazine and 4 !lg/L for simazine [7, 8]. 

Often, the residues of the pesticides in the environmental samples and their 

degradation products produced by a combination of hydrolytic, photochemical and 

microbial processes are found in various complex matrices at very low concentration 

levels. The nature of the samples mainly requires the use of pre-concentration and clean-up 

techniques to bring about the concentration of the compounds of interest to detectabl e 

levels by the conventional analytical systems [9]. To this end numerous sample 

preparation techniques, besides the traditional solvent extraction ha e been developed. 
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The applications of these technologies that are commonly and frequ ntl y used in 

environmental analysis will be discussed in section 1.3 . 

In the present work supported liquid membrane (SLM) technjque has been 

employed for sample preparation of natural water samples from various lakes located in 

the southern region of the rift valley of Ethiopia. One of the most commonly used 

herbicide family, s-triazines and their degradation products in the lake waters, were 

extracted and successfully determined. Selectivity of the membrane extraction for these 

compounds has been evaluated by comparing with the solid phase extraction under similar 

experimental conditions. 

1.1 Herbicides: Classification and Fates in the Environment 

1.1.1 Background History of the Herbicides. Herbicides, (from Latin herba - means 

herb, plant and - cida means killer, murderer), is a chemical product which can be used to 

destroy or inhibit the growth of weeds, or unwanted plants at a given time and space. 

Weeds, besides drastically reducing the crop yields and quality, harbour insect pests, and 

serve as alternative hosts for crop-infesting fungi [10]. 

Herbicides have been in use since the mid-nineteenth century. Up to Word War II, 

a variety of inorganic acids and salts, e.g., iron sulphate, SUlphuric acid, sodium chlorate, 

arsenicals and copper sulphate, were applied to control unwanted weeds. In 1930s the first 

organic chemical herbicide, 4,6-dinitro-o-cresol (DNOC) was introduced [11]. DNOC was 

used as an insecticide before its herbicidal effect was discovered. The introduction of 

DNOC was followed by the appearance, in the 1940s, of the substituted phenoxy acids, 

e.g., chlorinated phenoxyalkanoic acids, and the substituted ureas in 1951. These acidic 

herbicides are still among the most commonly used herbicides, with an estimated 
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production of 34 x 10 kg/year in A in the mid I O. The tri In am il y of h rbicide 

which are the second largest group us d today ha al 0 appear d in th I 50 , and inC 

then many other classes of compounds have been added for use a herbicides [12]. 

The control of weeds by means of herb icides has provided many b nefit . Fr eing 

agricultural crops from weed competition results in higher food production reduced 

harvesting costs, improved food quality and lowered processing costs, contributing to an 

abundant supply of low-cost, high quality food [13]. ot only are billions of dollars saved 

through increased production and improved quality, but also costs of labour and machinery 

for weed control reduced, livestock is saved from the effects of poisonous weeds, irrigation 

costs are reduced and insect and disease control costs are decreased through the removal of 

host weeds. 

Additional benefits due to appropriate herbicide use result as millions of people are 

relieved of the suffering caused by allergies to pollens and exposure to poisonous plants. 

Recreational areas, roadsides, forests and parks have been freed of noxious weeds. 

Herbicides have reduced storage and labour costs and fire hazards for industrial storage 

yards and warehouse areas. Modem herbicides even benefit the construction industry, 

where chemicals applied under asphalt prolong pavement life by preventing weed 

penetration 0 f the surface [11-13]. 

1.1.2 Environmental Fates of the Herbicides. The fate of herbicides in the environment 

is influenced by many chemical, biological and physical factors. The principal transport 

and dissipation pathways include the following processes outlined and briefly discussed 

below. These processes can occur simultaneously although the environmental fates of most 

herbicides are controlled primarily by one or two of them. 
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Sorption . The retention or sorption of herb icide by or anic and mineral oil , sed iment 

constituents or aquifer materi als is one of the most important facto rs in deciding the 

environmental fate a particular chemical [11 ]. The degree to which a herbi cide is r tained 

determines its concentration in the soil solution, and thus the amount that is avail able to be 

leached. Proposed sorption mechanjsms would incl ude cation- and amon-exchange, 

hydrogen bonding, ligand exchange and non-polar van der Waals interaction. Sorption is 

most often quantified in terms of the distribution coefficient, KJ, willch is the ratio of the 

herbicide concentration in the solid, or sorbed phase, to that in the solution phase [14]. 

The amount of herbicide sorbed by a given soil is influenced by the properties of 

both the soil and the herbicide. Important properties related to tbe retention ability of the 

soil include clay mineralogy, organic matter content, soil pH and iron and alurillmum oxide 

content, which in tum affect the cation and anion-exchange capability [14]. Important 

properties of a herbicide include charge, polarity, size and flexibility. The charge is 

frequently influenced by the soil pH because many herbicides are iomzable [15]. 

Leaching. In this context leaching may be defmed as the transport of chemicals in the soil 

profile, as a result of the action of perco lating water [11]. Tills occurs through two distinct 

mechanisms; diffusion and mass flow. Diffusion results from random molecular motion 

and occurs from areas of illgh to low concentration. Movement of herbicides through 

dispersion, which results from the effects of di fferential mixing and pore water velocities 

in the soil matrix, is usually included with the effect of diffusion . Transport by mass flow 

occurs through the movement of water in which the herbicide is dissolved or by the 

movement of suspended soil or sediment to which the herbicide is sorbed. 

The degree to which a given herbicide is leached is significantly influenced by its 

sorption to soils and sediments . Therefore, factors of the soi I and herbi cide that affect 
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sorption also have an influence on the degree to which the herbicid i leached [15 ]. 

However, other factors related to the movement of wat r through th oil al 0 influ nce 

this process. Important contributing factors includ the amount and int nsity of 

precipitation or irrigation, the soil texture, the tillage system and the soil topology. 

Runoff. Runoff can be defined as water and any dissolved or suspended matter it contains 

that leaves a plot of land, field or small-cover watershed in the surface drainage [16]. 

Processes that influence herbicide leaching also influence the degree to which a herbicide 

is subject to runoff loss. Those factors that encourage the leaching of a herbicide generally 

reduce its loss in runoff and vice versa. Specific factors known to influence the amount of 

herbicide lost to runoff include rainfall timing and intensity with respect to herbicide 

application time, herbicide application rate, herbicide solubility in water, terrain slope, 

vegetative cover and soil texture [16, 17]. Factors related to the sorption of herbicides, 

such as mobility and persistence also influence its runoff susceptibility. 

Volatilization. The susceptibility of a herbicide to transport through volatilization has 

received much attention, due in part to the realization that herbicides in the vapour phase 

may be transported large distances from the point of application. Volatilization loss in 

some herbicides can be as high as 80 - 90% of the total applied herbicide within several 

days of application. The processes that control the amount of herbicide volatilized are the 

evaporation of the herbicide from the solution or solid phase into the air and dispersal and 

dilution of the resulting vapour into the atmosphere [18]. These processes are infl uenced 

by many factors including herbicide application rate, wind velocity, temperature, soil 

moisture content and sorption of the compound to soil organic and mineral surfaces. 
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Properties of the herbicide that influence olatility include apour pr ur v ater 

solubility and chemical structure [19]. 

Degradation or Transformation. Degradation or transform ation of a h rbicide by so il 

microbes or by abiotic means has a significant influence not only on the fate of the 

herbicide in the environment but also on the compound effici ency. Herbicides that are 

readily degraded may have a reduced environmental impact but their herbicidal effects 

may be compromized. 

The degradation of a herbicide by soil microbes is primarily an enzymatic process 

in which cellular or extracellular enzymes break down the herbicide into smaller molecules 

that may be used by the organism as an energy or nutrient source. Microbes may also 

influence the degradation of a herbicide through change in soil pH or other soil properties 

[11 ]. 

Degradation of a herbicide by abiotic means may be divided into chemical or 

photochemical pathways. Herbicides are subject to a wide array of chemical hydrolysis 

reactions with sorption often playing a key role in the process. CWoro-s-triazines, for 

example, are readily degraded by hydrolysis (20). The photochemical degradation of 

herbicides is dependent on the ability of the herbicide to absorb light at a wavelength 

between 285 and 400 nm (21). Light below these wavelengths is generally absorbed by the 

earth's ozone layer and does not reach the surface. Light above 400 nm does not have 

sufficient energy to alter chemical bonds and thus does not photo degrade herbicides. 

Considerable work is being conducted to investigate the possibility of utili zing 

photochemical reactions to degrade waste herbicides [22]. 
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Plant or Animal Uptake. For some herbicides uptak and accu mulation by a pi nt pis 

is an important dissipation pathway and mor 0 er it is the de ir d outcom fi r the targ t 

weed species. The principal point of entry for soil-applied herbicid s in s dling and adult 

plants is usually the root system, although thjs may be complicated by olatilization of the 

herbicide and subsequent absorption through above-ground plant organs [11]. Fo li age­

applied herbicides must enter the plant through the leaf cuticle or the stomata. Successful 

penetration through the cuticle requires several complex steps and is sigruficantly more 

complicated than uptake through the plant root system [23]. Distribution of the herbicide 

throughout the plant after uptake is primarily dictated by the mode of action of tbe 

herbicide. Some plants, e.g., com, have the ability to detoxify a herbicide after uptake. 

The extent to which a herbicide is accumulated in living organisms is known as 

bioaccumulation. If a compound is transferred in the food chain, with a concurrent increase 

in concentration, it is called biomagnification [11]. Uptake and accumulation of a herbicide 

by a living organism is controlled largely by the stability of the herbicide compound in 

water. Herbicides that tend to bioaccumulate and biomagnify are those compounds that are 

not readily soluble in water. Other properties that give an indication of the tendency of a 

herbicide to bioaccumulate or biomagnify include the octanol - water partition coefficient 

(Kow) and the soil sorption coefficient (:K!). The octanol - water partition coefficient 

indicates lipophilic nature of the herbicide and thus its tendency to accumulate in fatty 

tissue. The soil sorption coefficient relates to the extent to which a compound will be 

retained by the soil and thus potentially removed from the food chain. It should be noted, 

however, that even herbicides that are strongly bound to the soil might be transported to an 

aquatic system by runoff and become available to bottom feeding fish or benthjc organisms 

[11-13). 
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1.1.3 Major Classification of Herbicides. Herbicide ar cia ified by se eral m thod . 

The major ones are the following: (1) selecti e and non- I ct i e ba d on their action on 

the weeds; (2) pre-emergence and post-emergence based on the ba is of their application ' 

and (3) the chemical classification. 

1. Selective and Non-Selective (Total Killer). Many materials are conveniently classified 

according to the properties of the active ingredient as either selective or non-selective. 

Selective herbicides are those that kill some members of a plant population with little or no 

injury to others. An example is alachlor, which can be used to kill grassy and some broad­

leafed weeds in com, soybeans and other crops. Non-selective herbicides are those that kill 

all vegetation to which they are applied. Examples are paraquat and glyphosate that can be 

used to keep roadsides, ditch banks and rights-of-way open and weed-free [13, 22]. 

2. Pre-Emergence and Post-Emergence. These are application methods and the 

classification here is based on the properties of the herbicide chemicals. Some herbicides 

are effective only when applied to the soil and adsorbed into the germinating seedling, and 

therefore are used as pre-emergence herbicides, e.g. , trifluralin [22]. Others, such as diquat, 

exert their herbicidal effect only on contact with plant foliage and are strongly inactivated 

when placed in contact with soil [12, 13]. However, the distinction between pre- and post­

emergence is not always clear-cut. For example, atrazine can exert its herbicidal action 

either following root absorption from a pre-emergence application or after leaf absorption 

from a post-emergence treatment, and thus it can be used with either application methods. 

This may be an advantage in hjgh rainfall areas where a post-emergence treatment can be 

washed off the leaf onto the soil and nevertheless can provide effective weed control. 
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3. Chemical Classificatioll of Herbicides. Based on the chemical tru tur h rbi cid 

used today can be classified into the following ten di fferent groups. The e are: 

phenoxyacid herbicides [24-26]; (2) substitut d urea and urac il herbi cide [27-30] ; 3 

bipyridinium herbicides [31]; (4) dinitroaniline herbi cides [11 , 32, 33]" (5) amid s [1 8 33]­

(6) carboxylic and benzoic acid herbicides [12, 22, 34, 35] ; (7) carbamate herbicides [11 , 

36-39]; (8) phenols and diphenyl ether herbicides [22, 40-44] ; (9) heterocyclic nitrogen 

containing herbicides [11-13, 25, 45-48] ; and (10) miscellaneous herbicides [11 , 42, 49]. 

Further discussion on the properties of each group of these compounds is presented In 

Appendix. 

1.1.4 Symmetrical Triazines and Their Degradation Products. Symmetrical triazines 

(s-triazines) are one of the largest classes of agrochemicals produced and the most 

commonly used herbicides for pre- and post-emergence weed control for variety of crops 

including green vegetables. A report on world pesticide market [50] indicates that about 

30% of all herbicides produced are triazines . They are synthesized by substituting 1,3,5-

triazine (or symmetrical, s-triazines) in the 2-, 4- and 6- positions. Their properties are 

determined mainly by the substituents at 2-position, generally chlorine (the general name 

ending with - azine), methoxy- (ending - tone) and methyl(alkyl)thio- (ending - tryn). The 

4- and 6-positions are usually substituted with various aminoalkyl groups [45]. 

Gelleral Properties of s-Triazilles. Triazine herbicides are solids, with a low vapour 

pressure at room temperature and have water solubilities in the range 5-750 mg/L. The 

water solubility and other physico-chemical properties of s-triazine deri vatives are 

primarily determined by substituents in the 2-position [51 , 52]. The properti es of chloro-s­

triazines considerably differ from those of the other two groups, whereas the methylthio-
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and methoxy- deri vatives behave very sim il rl y. ub titu nt in p iti n 4- nd - rt 

substantially smaller effects on the derivativ pr perti e . 

As can be seen in Table 1.1, s-triazine herbicid ar v ak ly ba i ub tan . Th 

basicity increases with the order of substituents in 2-postion; i.e. I < 

Other substituents have less effect on basici ty. However the size and d gree of branching 

of the N-alkyl groups at 4- and 6- positions have di stinct but less pronounced ffects. For 

example, tertbutylamino derivatives are the most basic representatives of the -triazine 

series with a common C-2 substituent. In both cases, increasing basicity parall els 

increasing the electron-donating power of the substituents . 

A remarkable stability of the s-triazine deri vati ves can be explained by the 

electronic configuration of the heterocyclic ring which resembles that of benzene to a 

certain extent. Both ring systems are stabilized by delocalization of their n-electrons which 

are spread over all the six atoms in the ring systems. A partial localization of electrons in 

the vicinity of nitrogen atoms is due to its greater electronegativity. As a result, the 

aromatic character of s-triazine is less pronounced than that of benzene. 

+ 
CH 

-/ ,, -
N N 

..... !------;~~ I + I + 

Fig. 1.1 The n-electrons in the s-triazine ring system. 

HC,,--- _/CH 
N 

The chemical behaviour and physical properties of the s-triazi ne derivatives are 

also greatly influenced by the delocali zation effect in combination v ith inducti e and 

mesomeric effects exerted by the substituents at C-2, C-4 and C-6 positions. The relati e 
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Table 1.1 . Selected physical constants and substituents of the s-triazine herbicides [9,45] . 

Substituents 

Common name 

RI R2 R3 

Simazine CI NHC2Hs NHC2Hs 

Atrazine NHC2H S NHCH(CH3)2 

Propazine NHCH(CH3)2 NHCH(CH3)2 

Terbuthylazine NHC2H s NHC(CH3) 3 

Cyanaz ine NHC2Hs NHC(CH3)2CN 

Simetone OCH3 NHC2Hs NHC2Hs 

Atratone NHC2Hs NHCH(CH3)2 

Prometone NHCH(CH3) 2 NHCH(CH3) 2 

Terbumetone NHC2H s NHC(CH3) 3 

Secbumetone NHC2Hs NHCH(CH3)C2H s 
--- -- --- -- -

Rl 

NAN 
RJl~R 2 3 

Solubility in Melting 

water (ppm) point,OC 

(20 - 25°C) 

5 225 - 227 

33 175-177 

8.6 212 - 214 

8.5 177 - 179 

171 166.5 - 167 

1650 

750 91 - 92 

130 123 - 124 

620 86 - 88 

12 

Absorption Density, pKa 

maxima, nm g/cm3 va lue 

AI A2 

222 263 1.302 1.65 

222 263 1.187 1.68 

221 268 1.1 62 1.85 

223 263 1.188 1.94 

1.29 1.0 

222 

217 4.2 

219 1.088 4.2 

1.08 1 4.6 

1.105 4.4 
----------



Table 1.1 Contd ... 

Substituents Solubility in Melting Absorption Density, pKa 

Common name water (ppm) point,OC maxima, nm g/cmJ value 

RI R2 R3 (20 - 25°C) Al A2 

Simetryn SCH3 NHC2H5 NHC2H5 1.02 4.0 

Ametryn NHC2H5 NHCH(CH3)2 185 84 - 86 222 1.190 4.1 

Desmetryn NHCH3 NHCH(CH3)2 580 84 - 86 221 1.172 4.0 
, 

Aziprotryn N3 NHCH(CH3)2 50 95 1.4 

Dimethametryn NHC2H5 NHCH(CH3)CH(CH3h 50 65 l.098 4.0 

Metoprotryn NHCH(CH3) 2 NH(CH2)30CH3 320 68 - 70 1.186 4.0 

Prometryn NHCH(CH3) 2 NHCH(CH3h 48 118 - 120 223 1.150 4.3 

Terbutryn NHC2H5 NHC(CH3)3 58 104 - 105 223 1.115 4.3 

Dipropetryn SC2H5 NHCH(CH3)2 NHCH(CH3)2 16 104 - 106 4.3 
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electron deficiency of the ring carbon atoms mak s them su ceptibl to nu I ophi Ii att k 

which is pronounced when electron-withdrawing substitu nt such chlorin ar attach d 

to the carbon atoms. On the other hand, when the lectron den ity of the carb n atom 

increased by electron-releasing substituents such as amino group, th rat of attack IS 

impeded. These facts are clearly reflected by the high reactivity of cyanuric chloride (a 

precursor to the synthesis of all s-triazine herbicides), and the possibility of a stepwise 

substitution of its three chlorine atoms. Table 1.2 provides the important attacking reagent 

at the C-2 substituted chlorine of the s-triazine. 

Herbicidally active dialkylamino-s-triazines behave as weak bases in aqueous 

solution. Protonation occurs preferably on the ring nitrogen atoms as has also been shown 

by ultraviolet [53] and nuclear magnetic resonance [54] studies. In general , these 

compounds have low solubilities in water; the 2-chloro-s-triazines being less soluble than 

the 2-methylthio and 2-methoxy analogs. Ward and Weber [55] investigated the aqueous 

solubility of these compounds over a wide pH range and indicated that aqueous solubility 

is practically independent of the pH of the solution. However, an increase in solubility is 

observed at pH values where strong protonation occurs [45], e.g. , between pH 5.0 and 3.0 

or lower for 2-methoxy and 2-methylthio-s-triazines, and at pH 2.0 or lower for 2-chloro-s­

triazines. 

Structural modifications of the substituents at either the 2- or the 4- and 6- positions 

of dialkylamino-s-triazines significantly affect solubility at all pH levels. Generally, 

increasing solubility is associated with increasing electron-donating capacity of the 

substituents at C-2, and decreasing size and branching of the N-alkyl groups in the 4- and 

6- positions [45]. Differences in molecular geometry, and therefore in molecular polarity, 

can account for the higher solubilities of 4,6-asymmetrically substituted 2-chloro-s-
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triazines such as atrazine compared to that of symm tri all y ub titut d comp und u h a 

simazine and propazine, Table 1.1. 

Degradation Products of s-Triazine Herbicides. The -tri azine herbi cid underg 

different kinds of reactions such as hydrolysis at C-2 position N-deaLkylation at C-4 and 

C-6, and photochemical degradations at all the ring carbons. The processes governing these 

degradations can be either chemical, photolytic or microbial , or a combination of them . 

The C-2 position, in particular, is a susceptible site for nucleophi lic attack, and this 

effect is much pronounced for the 2-chloro-s-triazine family of herbicides. A number of 

chemical systems that can readily replace chlorine are summarized in Table 1.2. Among 

these, the extremely reactive group of quaternary nitrogen compounds, e.g. , 

trimethylamine, are very important intermediates for further reaction with other 

nucleophilic agents to obtain the respective end product more readily than direct reactions 

with the 2-chloro-s-triazine itself. Most studies revealed that both in acidic and basic 

conditions a hydrolysis takes place to give the hydroxy product [56-58] . 

In natural waters containing sediment [59] , humic and fulvic acids [57, 60], both in 

acidic and basic conditions, only the hydroxy product was observed as a major degradation 

product. It is suggested that formation of this product may be via a sediment catalysed 

process. Khan [61] reported that the hydrolysis of atrazine at neutral pH is slow in water 

containing 0.5 mglmL of fulvic acid. Slow conversion of atrazine to the deethylated 

products, < 2.2%, was also noted by Geller [60] with hydroxyatrazine as the major product 

under these conditions. 
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Table 1.2. Nucleophilic reactions affecting the chl ori n t m 0 f - hi r -4 -

bis( alkylamino )-s-triazines. 

R can be H or alkyl group 

Attacking reagent Resultant Attacking reagent Resultant 

substituent substituent 

H+ or OR- -OH N(CH3)3 (N(CH3)3tcr 

SR -SH NH2NH2 -NHNH2 

Alkyl-OR, OR -O-alkyl KCN -CN 

Alkyl-SR, OH- -S-alkyl NaN3 -N3 

Degradation in Higher Plants. The s-triazines are deactivated in tolerant plants by any one 

or all of the following three different biotransfonnation pathways [62], viz., 

benzoxazinone-mediated hydrolysis, N-dealkylation and glutathione conjugation. In the 

following paragraphs a short discussion on these mechanisms will be presented. 

Plants tolerance to 2-chloro-s-triazines is associated with di splacement of the 

chlorine at the 2-position of the heterocyclic ring with a polar substituent. Hydrolysis of 

these herbicides to their hydroxy derivati ves, occurring primarily in the root, has been 

classified as an important mechanism for detoxificati on [63-65]. This reacti on is catalyzed 

by naturally occurring cyclic hydroxanl ic acids, fo und in numerous plants as glycosides 

and known as benzoxazinones [45, 64, 66]. The specifi c benzoxazinone responsible fo r the 

hydrolysis of atrazine and simazine is 2 4-dihydroxy-7-methoxy- l 4,2H-benzoxazin-
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3(4H)-one, abbreviated commonly as DIMBOA. A model compound Fig. I. i II d to 

explain the catalytic detoxification mechanism. Hydroxyatrazine and hydrox ima ine, 

thus obtained, are non-phytotoxic metabolites and they ha not been reported to lind rgo 

further metabolism in plants [62-67]. 

+ -He I 

+ 

Fig. 1.2 Mechanism for detoxification of s-triazines in com. 
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N-Dealkylation of s-triazine herbi cide i al g n r II d 

reaction. However, it has been observed that in corn id , 

chains appears to be only a partial detoxifica ti on reacti on IIl C th -d th I m t b lit 

of atrazine is still phytotoxic [62]. N-dealkylati on of the alky l side chain app ar t 0 cur 

to some extent in all higher plants and is consid red important for ex pl ining th 

intermediate susceptibility of broad-leaved crops [67]. In general, -d aLkylat d 

metabolites are not terminal products in plants . Subsequent conj ugation or further 

oxidation followed by conjugation is needed for complete detoxificat ion of the metabo lites 

in higher plants [62]. 

Laboratory-scale N-dealkylation reaction of the s-triazine was carri ed out by 

heating the compound to 240-250°C. Evolution of olefins as a monomolecul ar them1al N-

dealkylation was noted by way of a cyclic transition state (Chugaev Reaction) [45], Fig. 

1.3. Ultrasonication of atrazine and propazine, suspended in water, also produced the 

corresponding olefins with ratios similar to those obtained in the thermal N-dealkylation 

[68]. Mills and Thurman [69] and others in the same group [70] have recently described 

results of the field dissipation studies for 2-chloro-s-tri azines, and these results are also in 

agreement with this mechanism for the order of substituents removal. 

Glutathione conjugation is another important mechani sm of detox ificati on of 2-

chloro-s-triazine herbicides in tolerant plants. The tripeptide glutathione (y-Glu-Cys-Glu) 

is widely distributed in the cells of several biosystems such as mammals, insects plants 

and microorganisms [71], usually present in its reduced form, abbreviated commonl y as 

GSH. The sulfhydryl group (SH) provided by cystine is the most important structural 

feature in the interaction of GSH with xenobiotics. 
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Fig. 1.3 Mechanism for N-deethylation of s-triazine herbicides containing ethyl moiety at 

4- and/or 6-position(s) of the ring system. 

The glutathione conjugation has been established as one of the major deactivation 

pathway of selected herbicides [67, 72, 73] , after the first report on deacti vation of atrazine 

by com [71] . It should be noted that in biotransformation studies, the term conjugation 

describes the in vivo reaction of a chemically reactive metabolite of a given xenobiotic 

with an endogenous substrate to form a new compound (conjugate) of higher molecul ar 

weight. 

The glutathione conjugates of the s-triazine herbicides in com for example are 

non-phytotoxic [67]. In other plants, this conjugate is cataboli zed further to [om1 a terminal 

product which is non-phytotoxic [62, 67]. 
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1.2 Environmental Water Sampling trategies 

Four basic elements must be considered in olvin ana lyti al pr bl m In n ir nm ntal 

studies: (1) sampling; (2) sample preparat ion ample an 

reporting [74, 75] (Fig. 1.4). 

sample collection } 

r-------L.-----, Sampling 
sample storage 

extraction 

concentration 

isolation 

Sample preparation 
and clean-up 

identification } 
.--___ ---l~ ____ --, Analyte analysis 

quantification 

L-. __ re_p_o_rt_p_r_e_p_ar_a_tl_· o_n __ ---l} Reporti ng 

i . and 4 

Fig. 1.4 Flow diagram of the general procedure for sample processing in environmental 

applications. 

These elements are both independent and system interactive. Sampling In 

particular, and sample preparation for analysis are often the least consider d steps In 

solving analytical problems in spite of the fact that they may be the rno t significant factors 

and the largest sources of error. Results from bad ly taken sample are mainly or ethan 
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no results, since those results may lead to in orr t nd mi pI d 

\ ith m In this thesis, sample preparation and analy i and mpl 

specific applications, will be discuss d in the ub qu nt \' hi l amplin \ ith 

particular emphasis on environmental wat r , i th topi r int r t in th i 

Sampling, in general , can be defin ed a the a t or pro 

n. 

[ li ng 

representative portion of material , in some manner to repr nt a larg r b dy of mat ria l 

for testing or analysis [76]. It is the first step in any environmental analy i , hi ch 

primarily determines the quality of any data produced by analyti ca l sy tem. E act 

sampling procedures should be based on the objectives of the anal y is and th nature of th e 

analytes. Sampling location, time of sampling and the frequency at which samples are 

collected are some factors that must be considered when developing sampling strategies 

[77]. 

The more general objectives of sampling is to collect representati ve samples of the 

whole so that the final results of the chemical analysis represent the entire system that it is 

intended to represent. This requires a detailed plan as how to carry out the sampling 

process. The following list includes some of the necessary criteria for effecti ve sampling 

strategy in environmental analysis [78-80], (can also be used as a checklist during 

sampling). Some of these include: objectives of the data quality; the type of equipment 

required or available; the experience or training of the individual invol ed for th e type of 

sampling required; list of analytes and level of detection ; availability of quality control 

samples; the sampling approach; the data analysis method available; number of amples, 

sites, methods, control sites, etc. 

In addition, it is also necessary to collect appropriate blank ampl . Blank ampl 

are matrices that have no measurable amounts of th analyte o f inter t. Th id al blank 
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will be collected from the same site a the mpl but v ill 

practice, this may not be simple. 

th P lIut t . In 

Sample collection of natural water e m In it pp ar h 

However, natural water is heterogeneous, both patially nd t mp r lI y ri ti n \ ith 

respect to time), making it very difficult to obtain repre ntati e am ple . trati fication 

within oceans, lakes and rivers is common with variation in flow, chem ical compo ition 

and temperature. Furthermore, due to heavy precipitation (snow or raj nfa ll ) and seasonal 

changes, variation with respect to time can also occur. 

Field sampling of natural water for analysis of pesticide res idues is usually 

performed using either grab sampling or continuous sampling techruques. In grab 

sampling, a single sample increment is taken at a specific site. Such samples represent only 

the conditions at the time of collection, and should not be used as the sole basis for a 

decision about pollution abatement. However, some sources are quite stable in 

composition, and may be represented well by single grab samples. The quality of grab 

sample can be improved by collecting a series of smaller samples in a single container. The 

mixing of the collected sample averages the variation in sample composition. These types 

of samples are called composite samples . When a time factor is being taken into 

consideration, grab samples are collected in suitable intervals, chosen according to the 

expected changes. In general, composite samples reflect the average characteristics during 

the sampling period, and in most cases a 24 h period is a standard [79]. 

Continuous sampling, on the other hand, is a collection procedure where sampl s 

are constantly withdrawn from the source or parent population and accumulat d for 

collection at a later time [81]. In principle, a continuous sampling IS a technjque that 

should give representative sample of the whole. This statement e p cia ll true for 

flowing waste water when the pumping rate is proportional to the lrean1 flov . Ho>,; e er 
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this technique generally requires large nt In r nd it highl 

demanding. The instruments performing uch ampling r 

being collected should be very stable parti cul arl y h n I ng r mpling p ri din 

An example of a continuous sampling ha b en d mon trat d u ing upp rt d 

liquid membrane extraction technology, see also section 1.6. The ampling m thod ha 

been evaluated using 2-methyl-4-chlorophenoxyacetic acid [ 2] other pheno yaceti e ac id 

and structurally related herbicides [83] for a sampling p riod of24 hours Fig. 1.5. 

ACID 
w 

E 

B 

i 

A 

Fig. 1.5 Set-up for integrated field sampling: A - samp ling compartment· B - peristaltic 

pump; C _ confluence point of the sample stream; D - mi xing coil ; E - membrane s parator; 

and W - waste [82]. 

The sampling procedure of the set-up is as fo llows: vater am ple from the 

1· . t (A) about 10 em below the surfac i pumped u ing a p ri t IIi pump samp mgpom , 

2 



with standard PVC manifold pump tubin t th nnu n pint 

compartment (A) consisted of the sampling tub imm r d in 

by nylon net with 100 !-lm mesh size. The drainin tub i (i 

kept at a constant depth . The sample was then mix d v ith appr pri at 

the reported studies, in a mixed coi I (D), and wa tran ported thr 

. Th 

It th 

ugh th 

mp ling 

urr Lin d 

lr m nd 

id in 

m mbrane 

separator (E), and finally to the waste (W). Further de cripti on of the apparatu and ari us 

dimensions including the tubing are given in ref. 82. 

With this sampling methodology, referred to as in tegrated fie ld sampling b sides 

continuously sampling for a specified time, an enri chment of the sample on the other side 

of the liquid membrane takes place simultaneously. Moreover, the sample extracted under 

this condition does not require any clean-up procedure, since the liquid membrane is very 

selective in its action of permeation and also the analytes are separated fro m the possible 

degrading microorganisms in the water [84, 85]. The triple functions of the set-up, viz., 

sampling, pre-concentration and sample clean-up, are straightforward to describe. It should 

be noted that careful selection of the sampling points, where maximum mixing occur, is 

crucial in order to perform optimum samplin~. Multiple point sampling can also be 

performed to optimize the reliability of the sampling technique. The properties of the 

analytes to be sampled should be well known ahead to take precautions fo r the possible 

decomposition since the analytes are necessarily left in the acceptor so lution fo r longer 

time. 
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1.3 Sample Preparation Methods with Application to _ T riaz in Herbicide in 

Environmental Waters 

Sample preparation in analytical separati on and iden ti fica ti n y t m i n Imp rt nt r 

and, in recent years, it has gained relati vely better attent ion. Thi may b b au rr r In 

analytical laboratories often originate fro m poorl y de igned ampl pr parati n t p . 

Furthermore, since most analytical instruments ar incompatib le wi th matrice containing 

large constituents of interferences, and since the amount of pollutants particu larly in 

natural waters, are very low, sample pre-treatment and pre-concentrat ion are una o idable 

tasks. A well-prepared sample is less prone to degradation or associat ion because of the 

absence of various constituents of the sample matrices. Today, there are lots of available 

and emerging techniques for preparation of samples from di ffe rent origins, e.g. bio logical 

environmental, foodstuff and biotechnological mixtures. The major requirements fo r such 

techniques are simplicity, speed, high recovery, precision and robustness . Due to stricter 

regulations concerning the use of organic solvents, such technique should use a minjmum 

quantity of solvents. The need for handling hazardous chemicals and reducing labour 

require that these systems be on-line connected to the analytical instruments. These and 

other additional aspects of sample preparation technology have been reviewed by several 

workers [77, 86-91]. In tills thesis some of these techniques that are re le ant to 

environmental analysis will be discussed in some depth with special attention to their 

applications for sample handling of the s-triazine herbi cides. 

1.3.1 Liquid-Liquid Extraction. Liquid-Liquid Extracti on (LLE) i a cia ica l ampl 

preparation method where the extraction sample is di stribu ted or parti tioned betv een t 0 

immiscible solvents in willch the analytes and matri ce ha e di ffe rent olubiliti . an II 
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reviews are available in the general literatur on n u In g 

87, 92] . Extraction is performed by vigorou haking f th nt in r 

separatory funnel, so as to create the possibility for I rg r 

solvent and the sample. During the process the analyte ar tran ~ rr d fr m th 

phase to the organic phase. Efficient phase separation can be achie ed by allo. ing th 

extraction system to stand before collecting the organic pha e which i typica ll y don 

r 

using a suitable drying agent, e.g., anhydrous a2S04. Further cl an-up an or 

concentration steps are the usual practices before introduction into the analytical 

instruments. 

LLE has an advantage in a great variety of extraction systems. It has been 

thoroughly studied theoretically, optimized and widely tested in practice and thus offers 

many possibilities for a fme-tuning of the extraction efficiency and selectivity by variation 

of the experimental conditions. These include adjusting of the pH of the aqueous phase, 

changing the organic solvent and using ion-pairing or derivatization reagents. The 

distribution coefficient can also be increased by addition of salt to the aqueous phase or by 

repeated extractions [92, 93] . Other advantages of LLE as a sample preparation technique 

are the simplicity of the method and requirement of minimum instrumentation and 

materials. 

There are, however, several disadvantages with conventional LLE, which include: 

(i) the use of a relatively large quantity of organic solvents that are toxic not only to the 

individuals involved, but also to the environment. Since most of the analytical grade 

solvents are expensive, their use will increase the cost of analysis. (ii) It i also labour 

intensive tedious and time-consuming because the extracts mainly requi re manual , 

handling and further pre-concentration. (iii) Formation of em ulsion is often a probl m 

even though this can be removed by filtering through a plug of gla 001 [ b 
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centrifugation, refrigeration, salting out or by addi ti n 

[75]. (iv) There is also a risk of loss and contamin ti n 

m Ilium 

it i 

Due to these inherent limitations of the t hni u mu h impr 

made to use it in a more flexible way. However som Impr 

and one of these is the micro-LLE, which is a mini tu ri ed 

[94, 95]. For instance, micro-LLE has been applied to the extracti n f 

Iv nt 

n 

n ILL 

mL [ gr und 

water samples into 1 mL hexane to determine atrazine and acetan ilide compound [ ]. 

Another development is the on-line coupling of LLE with flow inj ect ion fo r extract ion of 

water samples [92, 97]. In this application, the water sample was segmented by extraction 

solvent and passed through a 6 m extraction coil. After pass ing a phase separator the 

extract was further passed on-line, via a complicated interface to gas chromatography 

(GC) for concurrent solvent evaporation injection. The possibility of coupling segmented 

flow extraction to a high-performance liquid chromatography (HPLC) was also 

investigated for extraction of the phenoxy acid herbicides and organophosphorus 

insecticides [98]. The drawback of the approach is the phase separation. Microporous 

membrane liquid-liquid Extraction (MMLLE) is a better approach since the aqueous and 

organic phases are separated by a support. See also section 1.6. 

Sample preparation of s-triazine herbicides from environmental water samples 

commonly used dichloromethane [99] as extraction solvent. This is recommend d by the 

US environmental protection agency, EPA, for LLE of triazines (upto I L \l ater sample 

and pH adjusted to 7) [100]. Its replacement by a mix ture of ethyl ac tate and c c lohe ane 

(1:1) was recently recommended for toxicological and eco logica l rea on [Il l 

Furthermore, LLE as sample preparation technique for the -triazine h r icid In 

environmental waters has been documented in various papers. The parent mp und of all 

classes of s-triazines were extracted from natural ater amp le and the 
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separated and detected using G -NPD 

103], HPLC-UV (HPLC with ultra i 

ilh nilr g n ph ph ru 

[I 4] 

spectrometry) [105 , 106]. The degradati on pr du t -tri In 

from soils and sediments in a mixture of water-m th luti 

by concentration of the aqueous extract prior to HP L nal 

limit, < 100 ng/L, was reported by Grandet et al. [10 ] f, r th 

]. 

p 

, 1 

~ ilh m 

tr I d 

d 

ti n 

triazines and their metabolites in drinking water after LL . The n n- mm tri 1 tri azine 

metribuzin, has also been extracted from soil into methanol - O. 1 M a 12 4: 1 / 

followed by a solid phase extraction, SPE, pre-concentrati on tep [ \ 1 ]. 

1.3.2 Solid Phase Extraction. Solid phase extracti on (SPE) is a method for sample 

preparation that concentrates and purifies analytes, onto a so lid phase fro m so lutions 

containing complex matrices, followed by elution of the analytes '.; ith a so l ent 

appropriate for instrumental analysis [Ill]. The principle of trace en.richment in PE is 

based either on analyte adsorption on active carbon, graphjtized carbon black and organic 

polymer [112-115] or on analyte partition between the sample so lution and ch mica lly 

modified HPLC phases, such as C8 or CI8 [11 6-11 9]. The so lid phases used in PE are 

packed in tubes, small columns or immobilized in membrane di sks [9]. The use of the 

latter is increasing, as the membrane disks permit higher sample fl o'.; rates and the dang r 

of extraction of impurities from polymer tubes and [ri ts is eliminated [9]. 

Extraction of trace quantiti es of analytes in arious sampl comp nent b P 

involves the following steps [52, 111 , 11 6]: ( \) Sample pre-treatment - thi m In lude 

dilution of the sample to reduce viscosity, pH adju tm nt fil trat i n t . It ma al 

required to minimize analyte-matrix interaction. 2 olumn acti at i n -

prewetting the column material causes opening of th h dr arb n hain thll in r a ing 
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its surface area, which is followed by conditi mn \ ith m II ILi m HP gr 

water. (3) Sample loading - perco lati on of th ampl ptimum 

Interference elution or washing - remo val of pot nti a l int r r nt ILimn 

with solvents of various strengths depending on the natur al 

elution or desorption - removal of the enriched analyte with a 01 ent hi h i mp tibl 

with the final analytical system. 

Selection of the appropriate desorption so lvent i th e criti ca l tep in th P of -

triazine herbicides from environmental sources. Various so lvents and thei r mi xture ha e 

been tested for use with C18 phase, e.g. , ethyl acetate, hexane and light petrol urn [ 120] , 

mixtures of light petroleum with toluene at rat ios of 2: 1 [112] and 1: 1 [ 12 1], 

dichloromethane with methanol (6:4) [113] or with acetoni tri le (6:4) [114], pure 

acetonitrile [122] and methanol [123]. The highest recovery (close to 100%) has been 

obtained for ethyl acetate [120, 124-126]. 

Selective separation of the analytes from samples of varying origin can be achieved 

by using proper sorbents which can yield maximum recovery under given experimental 

conditions. Today, different sorbents are available to be used in reversed-phase, normal 

phase, ion-exchange or size-exclusion mode. Common sorbents fo r SPE and various 

separation modes are summarized by Hennion [87] and Thurman and M ills [Ill] ; see also 

Table 1.3. 

The separation has been employed both off- and on-line coupled to the analytical 

instruments [93, 127]. With off-line applications small di sposab le cartridge ( 10 to 1000 

mg) are normally used. Before introduction to the L -sy tern th e o lume of organi c 

solvent used for analyte desorption must be reduced . When th L -system i conn ct d on­

line to the SPE, the mobile phase can be used for elution of the analyte fr 111 the orbent. 
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Table 1.3 Common sorbents used in so lid pha tr ti n [ I I I ]. 

Separation Sorbent Structure pplicati nand lution olvent 
mechanism 

Reversed Octadecyl -(CH2)17CH3 lar nd kl I r n-p p 
phase Octyl -(CH2)CH3 ana lyt .g. P P [ nd 

Ethyl -CH2CH3 her icid fr m n tur I \ at r' 

Cyclohexyl -(CH)2- analyte In rgan ic I nt . 

cyclohexyl 

Phenyl -(CH2)3-phenyl 

Graphatized Aromatic carbon Non-polar to re lati Iy polar 

Carbon throughout analytes e.g. , polar pesticid s In 

organic so lvent. 

Copolymers Styrene-divinyl- Non-polar to medium polar In 

benzene organic so lvent fo r elut ion 

Normal Cyano -(CH2)3CN Analytes 
. . 
In aqueous or orgaru c 

phase Amino -(CH2)3NH2 solvents e.g., drugs and 

Diol -(CH2)OCH2CH metaboli tes in body fluid s. 

(OH)CH2OH 

Silica gel -SiOH Isolation of low to moderately 

Florisil Mg2Si03 polar species from non-aqueous 

Alumina Ah0 3 so lutions. 

Ion- Amino -(CH2)3NH2 Cationic and alllolll c organIcs, 

exchangers Quaternary amine -(CH3)3~CH3 e.g., phenols phenoxyacids, 

Carboxylic acid -(CH2)2COOH anil ines tc. and pH adj ust d 

Aromatic -(CH2)3-phenyl- H20 used fo r elu tion. 

sulphonic acid S0 3H 

Size Wide pore -(CH2)3CH3 They con ist weak cati on and 

exclusion hydrophic alllon xchang r u d fo r large 

Wide pore ion -COOH biolooica l m Ie ul to b 

exchanger included In the p r ~ r I n 

exchange. 
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The sorbents in most on-line applicati on ar p k d in 

(10 - 20 rnrn long with LD. between I and 4. mm . 

environmental samples has been described in ral pu 

up for on-line SPE is shown in Fig. 1.6 [30 ]. 

Fig. 1.6 Typical set-up for on-line SPE [88]. 

h 

mil inl I pr lumn 

lumn In 

[ I - I ]. t -

On-line coupling of the sample preparation by SPE to capillary-GC is an altemati e 

approach [133]. GC-analysis is superior to LC-analysis in some aspects, because of the use 

of several sensitive detectors, high column efficiency and high analys is speed. Ho'V ever 

the requirement for introduction of only small sample volumes of non aq ueous so lutions in 

capillary-GC, limits its use in environmental water analysis. The de elopm nt of on­

column injection techniques permitted injection of large olume of the SPE enrich d 

sample to capillary-GC [93]. Retention gap injection technique ha been u ed in e ra l 

pesticide applications in combination with various detecti on ystem - .g. NP D [ I 4] and 

MS [135] - yielding very low limits of detection. 

The idea of the solid phase microextracti on (PM ha been c in d b 

and co-workers using sections of fused silica optical fiber both un at d and at d \! ilh 

liquid and solid polymeric active phases [\ 36]. It wa named PM ~ r th fi r t ti m \! h n 
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the coated fibers were incorporated into a mi r [ nng I ). mpl n with 

SPME is perfonned by dipping the sampling th lut i n 

containing the analytes. The analytes are then th rm II d In th 

injector. The applications of the technique have been do urn nt d in r I publicati n 

[138-141] and in the book on theoretical and practical a pe t of PM [ 14 ] r ntl 

written by the inventor of the technique. 

The application of SPE has many advantages over traditional ample pr paration 

methods for several reasons, including: its ability to pre-concentrate traces of analytes fro m 

very dilute solutions, provided that sufficiently large sample vo lumes are avai labl e cost 

saving in tenns of personnel, less risk of sampling and handling errors low contamination 

risk, increased sample throughput and increased safety. Some drawbacks encountered in 

the SPE techniques have also' been noted by several workers. The major ones are lack of 

selectivity, small breakthrough volumes for polar compounds and clogging of the frits in 

the pre-column. In particular, when SPE is applied for extraction of s-triaz ines several 

factors governing the efficiency are indicated by Pacakova et al. [9]. When plastic 

cartridges are used for extraction [120] there can be a danger of contam ination from 

possible leaching of the column, as the trapped triazines are desorbed by organi c so lvent 

and the final analysis is carried out by GC with electron capture detector (ECD). Thus 

glass micro-columns have been recommended. 

SPE in environmental water analysis has been reviewed by se ral ork rs [ 7 

116, 118, 128, 143]. Its use for trace enrichment of s-triazine herbicides off- and on- line 

in various environmental, biological and food samples is also ava ilab le in li terature [9 52 

143]. The technique has become rather popular in pro iding quantitati e r co ery of 

I S and has been introduced int triazine herbicides from aqueous samp e , 

methods [144] . 
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Residues of s-triazine herbicide comp und h P 

from natural (river, lake and ponds) drinking and r in \ mp l 

have been determined using GC-NPD [145-147] HP L _ 14 14 

149] and GC-MS [150, 151]. In almost all the e ca wat r mpl r nging in lum 

from 200 to 1000 mL have been extracted either with cartridg r m 

are also several works reporting the simultaneous extracti n and del rminati n r th 

parent s-triazine compounds and their degradation product parti cul arl y d ethylatrazin 

and deisopropylatrazine [70, 152-155]. For the degradation product the rec ery I ften 

less than the expected values. The recovery decreased with increasing ampl e o lume [70 

156] particularly in natural waters. This may be attributable to the presence of humic 

substances [52]. The increase in breakthrough volume by increasing the sample flo w rate is 

also very small [150]. To improve the recovery of a SPE process for sample containing 

parent compounds and the degradates, use of a mixed-mode cartridge has been 

recommended. For example, a C18 phase and a strong cation exchanger [1 07], graphiti zed 

carbon black [114, 157], reversed phase material PRP-l with Porapak G [1 22] etc ., 

demonstrated better recovery. Another possibility is the use of a double trap [146], 

containing a LiChrospher RP-18 material in the first column, which retains all lipophilic 

compounds present in the sample and exhibits a very low retention for tri azines and a 

specifically developed reversed-phase material , e. g. , Supelclean En i- 18 in the s cond 

compartment, where the triazines are pre-concentrated and subsequ ntly eluted onto th 

separation column. 

Additional advantages of the automated SPE for sample prepar ti n In 

environmental analysis that were reported in recent r view [9 52] in Iud : h 

the analysis time by 70%, 5% better precision, increa e in ample thr ughput b 

a significant reduction in the exposure of technicians to sol ent fum 
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1.3.3 Supercritical Fluid Extraction. The up r riti I 

when it is above the critical point (i.e. when th pr ur I a 

the temperature is above the critical temperature. Beyond th riti 

of the gas and liquid phases become identical and the di tin ti on b 

nd 

n th t\ ph 

disappears; the substance becomes a supercritical fluid . The fluid i n ith r a g n r 

liquid but possesses properties of both. Viscosity is low and di ffu i ity i hi gh a for the 

gas, while the solvating power is similar to that of liquids. 

Supercritical fluid extraction (SFE) is thus the technique that employs thi fluid 

phase to effect solubilization of solutes. Several advantages have been gain d by making 

use of the supercritical fluid because of the unique physical properti es that these fluid s 

possess. They allow more efficient mass transfer of the solutes from sample matrix than 

the liquid solvents, which can be attributed to the lower viscosity and higher djffusi iti es 

[158]. Their solvent power can also be adjusted, by varying the density i.e. , the pressure 

and temperature, so as to accomplish selective extraction of the analytes, which are mainly 

free from any contaminating solvent. This reduces the need for clean-up of the extracts and 

facilitates quantification of the target analytes. Excluding a clean-up step minimizes the 

analysis time and the number of error sources [159, 160]. Moreover prop r choice of the 

extraction fluid allows conducting the extraction at low temperatures a feature which 

makes SFE particularly amenable to the treatment of thermally liable compounds [15 ]. 

A number of compounds have been used as supercritical fluid in F app li at ion . 

CO2, N
2
0, NH3, SF6, chlorofluorocarbons (CFCs "freons ) and recently ater [5 ]. 

Most of them have some kind of drawback that include: being reacti ic and 

explosive and having high critical temperature and/or pre ure. Th 1110 t fr qu ntl u d 

extraction fluid is supercritical carbondioxide, C0 2. It ha inh rent b n fit u h a I \-
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cost, availability in high purity, low-toxicity and 10 mi ld riti 

and compatibility with detectors [52]. CO2 is an xc II nt tr ti n flui d 

analytes, reasonably good for moderately polar analyt 

analytes is poor. It can be enhanced by addition of m 

commonly used modifiers are ethanol [1 61, 162], methanol [161- 1. 

n iti n 

r 

P I r 

h 

166], and acetone and ethyl acetate [160]. Addition of the modifi r can b d ne either b 

mixing with the carbon dioxide in a gas tank or by using a separate modi fier pump. It can 

also be added directly to the sample in the extraction cell. In thj s case, a stat ic extract ion 

step must be performed to allow the modifier to be di stributed in and contact the sampl 

properly [160, 167]. For many environmental applications low concentrations of modi fi ers 

(-1 %) was observed to be effective [168], since modifiers are also competing for the ac ti ve 

sites of the packing material. Modifiers could also cause increased so lvation or swelling of 

the stationary phase. One more drawback generally noted with addition of modi fie rs is that 

the resulting extracts are dirtier than the extracts with pure carbon dioxide [1 60, 169] , 

which can be attributed to the presence of co-extracted matrix components. Thus, for such 

dirty extracts, additional clean-up step may be necessitated prior to the fmal analys is. 

SFE has been applied to a wide range of samples from numerous areas of 

application. Three important areas of application of analytical SFE are: envirorunental 

analysis, polymer characterization and food analysis [1 70]. Other areas where SFE has 

been less frequently but successfully applied include phannaceuti ca l analysis [1 71], natural 

product research [172, 173] and fuel characterization and classification [170]. According to 

the recent report by Valcarcel and Tena [1 74], environmental analys is i the major area of 

SFE application which comprises about 41 %. 

The technique is primarily applied to solid sample . Liquid ample an al be 

extracted with supercritical fluids, but must first be immobilized on olid rb nt 
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combination with solid phase extraction pr c lumn [ I 

extraction of different pesticide groups from at r I mp . 

used to immobilze liquid samples in flow system for n Ir 

SFE of s-triazines from solid samples ha b en d 

178-181] . The efficiency of the extraction proces dep nd 

- I 

m 

supercritical fluid, and the latter in tum depends on the nuid d n it i . . th -tri III 

herbicides vapour pressure and on the kind and content of m di fi r [ ]. [t ha 

described in several reviews [9, 52, 182-184] that the recov ry for tri azine ith F 

increases with increasing pressure and when methanol is added a a modi fier ' an increa , 

r 

n 

n 

in temperature somewhat decreases the recovery. The modifier must be added dir ct ly to 

the extraction cell and its effect increases with increasing polarity of the olute. The oil 

type and the extraction time exert small effects. 

Sample preparations of s-triazine herbicides in drinking and natural 'Vater ha e 

been reported [103, 185, 186]. Alzaga et al. [103] spiked atrazine and simazine (0.02 - 7 

ng/mL) in drinking water, stirred the content and freeze-dried. The sub-samples (2 - 3 g) 

of the freeze-dried residue were introduced into the 5 mL extraction cell. The final analysis 

was done by GC-NPD and recoveries ranging from to to 98% were obtained depending on 

the extraction conditions. Barnabas et al. [185] reported the s lecti e e traction of 

organochlorine pesticides (OCPs) from urons and triazines in aqueous sampl . The 

aqueous samples were pre-concentrated on solid phase extraction media (mpor di k ) 

prior to SFE. It was found that with C02 only, the OCPs could be quantitati el e tracted 

(recoveries ranging from 85 - 100%) with no significant 10 f the th r h r icid 

compounds. When methanol (10% v/v) - modifi ed O2 v a u d t tra t th h r i id 

from the same disk, quantitative recovery was obtained 7 - 1 and 

86 _ 90% for urons). This selectivity was further enhan ed b th m th d f 
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detection used, i.e., GC-MSD for OCPs and HPL 

herbicides. 

~ r th hi r tri In 

The degradation products along with the parent -tri In 

been extracted utilizing the SFE-technique, separ ti n 

perfonned with GC-MSD [156], GC-NPD [179] and HPL _ 

mp und h 

r v hi h \ r 

[152 I]. n 

example will be considered here, where the sample handlin of atr in 

metabolites, viz., 2-hydroxyatrazine and deisopropyl-deethyl-2-hydroxyatrazine DO 

were investigated using SFE [159]. Addition of methanol was neces ary to obtain 

quantitative recovery for atrazine and 2-hydroxyatrazine. DDHA wa on ly poorly 

recovered, however, under these conditions (20%). Addition of 2% water in methanol v a 

found to increase the recovery of DDHA to 52%. No deleterious ef£ ct was noted on the 

recovery of the other two compounds. 

1.3.4 Membrane-Based Sample Preparation Methods. A wide variety of membrane 

materials can be used for sample preparation, and all are grouped into two categories i.e., 

porous and non-porous membranes. The basic principles of their categorization v ill be 

discussed in section 1.5. Here attention will be paid to the use of porous membranes in 

selective isolation of compounds on the basis of concentration gradient (dialys is) electrical 

potential difference (electrodialysis) and pressure diffe rence (fi ltration) Fig. 1.7. 

Membrane extraction with non-porous membrane, in which case sample preparation is also 

based on concentration gradient, will be separately treated in section 1.6. 
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Fig. 1.7 Schematic representation of the membrane system. 

In dialysis, analytes are separated from the sample matri x by their dif.ti rence in 

size, i.e., the relative sizes of the various molecules largely determine their penneat ion 

across the porous membrane. The mass transfer occurs between the donor and the acceptor 

phase separated by a membrane which allows the selecti ve penetrati on of molecul es of low 

molecular weight thereby preventing penetration of the macromolecul es. The driv ing fo rce 

for the mass transfer process is the presence of the concentration grad ient of the 

transferable solute between the two phases. Variables controlling the efficiency of th 

separation process include the ratio of the flow rates in the channels th rate of ma 

transfer between the two phases, the dimensions of the channels etc. Parameter llch a 

viscosity of the sample and temperature also play sign ificant rol in afti ling th 

efficiency. Depending on the dimensions of the analyte the p re tZ f th m mbran 

must be critically selected, in addition to the ar a and thickne . 

employed membranes are porous networks of syntheti c p P I 

polysulfone and cellulose derivatives. 

3 



Depending on the movement of separated comp n nt in th pt r ph 

sample solution in the donor phase, various dialysis pro 

both the donor and acceptor phases are kept stagnant whi 

di ti ngui h . v\ n 

kn num 

dialysis, analyte molecules are transported from the donor t th a 

equilibrium concentration in both phases is achieved. Tran p rt of m 

when the equilibrium is established, i.e., when concentrati ons in both pha 

until 

v ill ea 

re equal. If 

the acceptor is flowing, the molecules transported are continuously remo ed, and this 

process is known as continuous dialysis. The donor phase can be either stagnant or kept 

flowing continuously or in a pulsed manner. A higher concentration gradient and thu high 

molecular flux may be obtained when the acceptor solution is continuously flow ing and 

such dialysis process has been utilized in sample preparation . In all types of di alysis, the 

concentration in the acceptor phase can never exceed that in the donor. As a result di lution 

will occur. 

The two main application areas of dialysis, for sample preparation, are biomedical 

and food analysis. In the recent paper by van de Merbel [1 87], the contributions covering 

these areas for the last fifteen years have been reviewed. Accordingly, the on-line dialysis 

has been used for determination of free drugs in plasma [1 88, 189], in whole blood [1 90] 

and urine [191], and sugar, organic acids and alcohols in blood plasma [1 92], and amino 

acids [193] in fruit juices. Sample preparation of solid food samples in di alysis mainly 

requires pre-treatment such as homogenization, centri fugat ion and addition of water [187]. 

Samples prepared in this way, including egg [1 94] and chjcken li ver [195] fo r exampl 

were analyzed for drug residues. 

In electrodialysis, selectivity can be enhanced Since mass tran ~ r ba ed n the 

charge of the molecule is introduced in addition to sel ctivity ba ed on . Th ad anta e 

of this technique is that the applied potential over the ion-exchange m mbrane au a n t 
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transport of the analyte to the acceptor chalU1el , unli k th rdin 

diffusion to the donor begins when the . concentration n b th 

equal. Thus, in practice analytes can almost quantitati Iy b 

channel. The limitation in the use of this technique for complex matri 

with the same charge and size as the analytes will equall y be tran 

channel resulting in poor selectivity. On the other hand, charged macromolcul 

pt r 

pt r 

plasma, can irreversibly interact with the membrane causing fouling thereby reducing the 

membrane permeability [196]. Due to these and other factors, e.g. decrease in re 0 ry 

with ionic strength [197], the technique so far is restricted to relatively clean sample. 

On-line electrodialysis has been applied successfully to the det rmination of 

anionic and cationic analytes in aqueous environmental waters, such as ground and 

surfaces waters. Low levels, e.g., sub ~g1L, of phenoxy acid herbicides and ani lines [198] 

quaternary amines (diquat and paraquat) and strong acids (sulphonic acid) [197] have all 

been determined with enrichment factors of typically 10. 

The other mode of sample preparation is filtration. Separation by means of 

filtration membrane is achieved when a pressure difference is applied over the membrane 

by vacuum or a centrifugal force. This represents a traditional off-line application where 

the sample is placed on one side of the membrane (the feed) , and all molecules of 

appropriate size pass to the other side (permeate side) with applied pressure. With on-line 

filtration, on the other hand, the pressure is created when the sample on the feed side is 

pumped through a restricted outlet tubing [187]. Based on the size of the membran pore 

the filtration process can be classified into three categories i.e. hyp rfi ltration .1- \ nm 

ultrafiltration (1-100 nm) and microfiltration (100-1000 nm). 

The performance of the filtration process may be influenced by e ral param t r . 

In addition to the applied pressure, the sample viscosity re i tanc of the m mbran and 
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membrane dimensions such as thickness, area and p r 1Z 

of the analyte of interest [199, 200]. The resistance to th m 

only caused by the membrane itself, but also by the layer ~ rm d n th 

due to the accumulation of compounds that can not pa thr u h th m 

extent of formation of this layer, which is called conc ntration p lari ati 

on the applied pressure across the membrane. Ways of minimi ing f th 

ur 

suggested [201-203] which include use of low pressure, thinner membr n ith 1 rg r 

pores and surface area when ever possible. The filtration membrane al uffi r fr m 

fouling due to irreversible deposition of the sample components on the membran urface 

causing blockage of the membrane pores. 

On-line filtration is extensively applied for the removal of microorgani sms and 

macromolecules from fermentation samples. In these applications it is coupl d to an L 

[201, 204] or GC [205,206] for the final determinations. For complex fermentation broth 

additional sample clean-up using solid phase extraction column is recommended prior to 

filtrate introduction into the analytical system [202, 205]. 

1.3.5 Microwave-Assisted Extraction. Microwave-assisted extraction (MAE) utili zes 

electromagnetic radiation to desorb pollutants from their matrices. The principal ad antage 

of the MAE is rapid extraction since the solutions are heated dir ctly without heating th 

vessel [78, 207]. Thus, the rate of heating using microwave radiation i fa ter than in 

conventional methods, and there is no loss of energy due to unnec ary heatin of th 

vessel, i.e., localized heating can occur [208]. The way in which mi ro, a 

extraction is not fully understood. The main factors to consider include impr 

. . th h ating of 01 ent ab properties of molecules, molecular agItatIOn, e e 

points and, in some cases, analyte selectivity [207). 
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The use of MAE for environmental analy i 

analytes from matrices using organic so lvents appear d in 

microwave oven was used to extract analytes from oi l 

n r th 

methanol and methanol-water for polar compounds and hexan ~ r n n-p 

The microwave oven was operated for 30 s duration and after cooling r p at d 

th 

u Ing 

und . 

times. The recoveries obtained by MAE were comparable with tho e obt ined u ing th 

traditional approaches of Soxhlet and solvent extraction [78]. 

The compounds mainly extracted using microwave oven are polycycli c aromati c 

hydrocarbons (P AHs) from contaminated environmental matrices, e.g. soi I [210 2 11 ], 

sediments [212] and water samples [2l3]. In all the works reported, the experimental 

variables optimized have been indicated, which include type of extraction so l ent, 

extraction temperature, extraction time and volume of the extraction so lvents. For example, 

the typical extraction temperature optimized for PARs is 115°C; extraction so lvents are 

typically hexane, acetone, dichloromethane, petroleum ether, methanol and toluene, and a 

typical extraction time of 15 min. In some cases, the spiked soils were aged for 24 h 14 

and 21 days for comparing the recoveries [211]. It was found that the recoveri es for the 

aged samples usually decreased and there was more spread in recoveries with ageing [78]. 

Dean et at. [207] have described the areas of applications, particu larly empha izing th 

potential of MAE in environmental analysis. 

The MAE technique has also been employed fo r sample preparation of tri me 

herbicide compounds, particularly atrazine and the principal d gradates from oil ampl 

[152, 214]. Molines et al. [214] extracted atrazine d ethylalrazine d i In 

and simazine from 10 g soil with 40 mL of (9: 1) methanol and dichl than at II 0 

for 20 min. Extracts were dried with anhydrous sodium su lphate and con ntr t d fir t t 
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mL, which was followed by further con t t' cen ra Ion to dryn und r 

The residues were reconstituted with 5 mL f th I b o me y 1- ut I th r pri r t 

Recoveries ranging from 89 to 103% at a spiking level of 2 n 

5.3% were obtained. These results were compared with those obtain d b 

liquid extraction method. The authors claimed that the recoverie [rom ar 

good as those obtained by the conventional methods, whil e MAE pro ide ad 

low solvent consumption in combination with a high sample throughput. 

1.4. Sample Clean-up Methods in Environmental Analysis 

nitr n. 

. 1 -

f 

Complex matrices from natural water samples, e.g., surface water, runoff water, oil water 

and waste water, can sometimes be removed by single extraction procedures [215] . In most 

cases clean-up may not be necessary for ground water and drinking water samp les . 

However, the methods most currently used for extraction of pesticides from natural waters 

such as LLE and SPE are non-selective, thus yield extracts that often contain too many co-

extracted and interfering compounds. These compounds should be removed before the 

final separation step particularly when trace level determinations are required e.g., below 

microgram per liter levels [216]. The interfering compounds often generate high 

background peaks at the beginning of the chromatograms [2 17]. 

The need for sample clean-up depends on many factors such as the type of water 

sample, the concentration levels, the separation performed and the degre of electi it in 

the detection mode [76,217]. In this section of the thesis, clean-up introduc d in the P 

sequence, clean-up techniques applied to extracts using adsorption and i -e lu ion 

. I tr t nt methods will be di scussed. chromatography and chemIca ea me 
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SPE with Non-Polar Sorbents. For determination of hydr ph bi p ti id 

procedure can be included in the SPE sequence. This is p r~ nn d 

n-up 

p 

cartridge with a small volume of water modified with organic 

components are eluted from the hydrophobic sorbents, r taining th 

. th m lri 

fact, with such flushing treatment, interferents that are more polar than th anal 

removed [218]. Alternately, polar substances can also be remo ed fr m th 

t. In 

adding some organic solvents to the water sample before percolation through th rb nt. 

Application of this latter technique is also limited to clean-up of non polar compound. 

When clean-up can not be performed after sample app lication and before analyt 

elution, fractionation can be done by coupling different sorbents. ample clean-up of 

chloro-s-triazines has been reported [219] using two columns, the first being pack d " ith 

non-specific graphatized carbon black sorbent for trapping of many compounds, while only 

basic analytes being transferred and re-concentrated into a second cartridge packed with a 

more specific sorbent such as a cation exchanger. 

Polar Sorbents (Adsorption Chromatography). Sample clean-up based on fractionation of 

the extracts using polar LC sorbents such as silica, alumina, Florisil (synthetic magnesium 

silicate) or silica chemically modified with amino group is a widely applied m thod. The 

principle that governs this process is the difference in partitioning of the analyt sand co­

extractives in the polar sorbents. Valls et al. [220] described the possibility of co ll ection of 

seven fractions from the extract of urban waste and coastal waters. In this application the 

extract was dissolved in hexane and percolated through the polar sorbent. t p-eluti n" ith 

. . l't II ws separation into fraction on th ba i f P lari t solvents of mcreasmg po an y a 0 

difference. The analytical procedure contains many steps and is time- n umin . Th 

advantage is its broad screening for the identification of unkno n omp und [ 
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polar sorbents have also been used for sa I I . f mp e c ean-up 0 

in SPE cartridges or columns The most com b . mon or ent 

used for extracts containing various pesticides [22 1-223]. 

been used, the former for non-polar pesticides [221, 224] 

ari u p ti id 

I ri i I h 

iii a g I and lumin 

whil appli ti n 

limited to few pesticide compounds, e.g., organochlorine pe ticid [2 15 ]. 

ul l n 

Size Exclusion Chromatography. Clean-up of extracts using size exclu ion al ca ll d g I 

permeation) chromatography is based on separation by molecular weight. Thi technique 

primarily removes materials of high molecular weight, leaving all the p sti cide and th r 

compounds of similar molecular weight [215). The main advantages of thi s technique are 

that the method can be fully automated and that contaminants such as more sensiti e polar 

pesticides that are accumulated in biological tissues can be separated without being 

destroyed [226]. The application of the technique has been demonstrated by se era I 

workers [227, 228] for removal of animal fats in the determination of planar 

chlorobiphenyls (CBs). The drawback of the technique, particularly when trace organic 

contaminants are extracted from sediments and biota, is the di fficulty to completely 

remove all traces of large molecules, e.g., lipids [229). Since the larger molecules elute 

prior to the smaller contaminants, trace quantities will always be available in the second 

fraction, and this quantity will be significant when larger mass has to be remo ed relati e 

to the concentration of the contaminants [226] . 

Dialysis, with a polyethylene (PE) film, can be used as a stati c IZ e lu ion 

membrane [226]. The PE film was utilized to dialyse the organic extra t in ord r t i late 

the CBs from the fat. The potential of combination of di alysi s [or remo al f int r ~ ring 

h . b t fr m envl'ronmental waters and trace enrichment n a pr - lumn umlC su s ances 0 

packed with CI8 silica for determination of polar pesticides a al In ]. 
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The applicability of the dialysis memb . 
rane, In general d p nd n th m t ri Iud nd 

on the thickness and molecular weight cut off I f h - va ue 0 t e m mb r n 

Chemical Treatment. Extracts separated from animal ti ssues co- .tr t d m I ul .g. 

lipids, can be removed by saponification with 20% potassium hydr xid In th n I [ ]. 

The application of this treatment is, however, limited to chemicall y re i tant ontamin nt . 

Successful application of this technique for clean-up of CBs has been reported [22 ] but 

the more highly chlorinated the CBs are, the more they are prone to loss of ch lori ne 

especially for the reactions at high temperatures, e.g., > 70°C, fo r long time > I h. 

Organophosphorus pesticides are known to be hydrolysed by saponification treatment 

[231 ]. It is therefore essential to note the recovery of each compound to be determined 

under the specific conditions ofthe reaction if this technique is to be used. 

The other harsh chemical method used for sample clean-up IS the use of 

concentrated sulphuric acid. In this treatment, co-extractants and interfe rents are removed 

by dehydration and oxidation reactions. This technique is also limited to few chemical 

groups such as organochlorine compounds without an oxygen bridge [23 1, 232]. The 

reactions of the co-extractants with an acid are more manageable if the acid is adsorbed on 

silica gel. The other drawback of this method is that the columns or cartridges must be 

discarded after one clean-up of the extract. 

Clean-up Using the SLM Extraction. In liquid membrane extraction the sample pr -

concentration and clean-up are taking place at the same time. A multipurpo e u e of the 

SLM methodology including field sampling, trace enri chm nt and clean-up ha b en 

investigated by Mathiasson et al. [82] and Knutsson et al. [83] ecti on 1.2 and Fi g. 1. . 
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Particularly complex samples fro . I m anIma manur 

may consists of several aggressive chemicals such a 

compounds [233] were selectively extracted using the LM t hni 

P ult 

pretreatments such as filtration and centrifu t' I ga Ion no c an-up v a 

final analysis by GC [234]. In the resulting chromatogram th nl 

nd w th t 

ulphur 

u I 

pp nng 

originated from the analytes and the derivatizing reagent indicating that th mp l 

preparation and clean-up can be carried out in a single step using the LM t chn i u 

1.5 Liquid Membranes 

1.5.1 Classification of Membranes. There are many types of membranes and membrane 

processes that can be widely applied in sample preparation. The defi nition gi en to 

membranes may be related to their specific application areas. Still a general definiti on can 

be given: "a membrane is a selective barrier between two phases" [235]. Thus th 

membrane acts as a barrier by restricting the movement of molecules in certain sp cific 

manner. The semi-permeable nature ensures the separation to take place while pre enting 

intimate contact between phases (Fig. 1.7). 

The large variety of membranes can be classified in different ways [236]. Th yare 

commonly classified by origin, (i.e., biological or synthetic), structure application area or 

separation mechanism. In one way or another, all these classifications ar in terrelated and 

in this thesis attention will be given to synthetic organic membranes a thi type i u d in 

most applications of sample preparations [199, 237]. From separation me hani m pint f 

view distinction has to be made between the following structure , 

and non-porous membranes. 
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Porous membranes suffer from less selectivity a any mp un ppr pn 

can be transported through the membra 
ne pores. Thi pr bl m n 

chemical or physical modification of the membranes [23 ]. F r amp l th 

properties of polyethylene membranes can be altered from hydr ph bi t h dr phili 

behaviour by introducing a cationic group, so as to exclude cationi mp und durin 

separation. 

Porous membranes are obtained as a network of a polym r u h a 

polytetrafluoroethylene (PTFE), polypropylene or cellulose derivativ and their tructur 

can further be subdivided as symmetric and asymmetric. Symmetric configuration ha e 

identical geometries throughout the membrane and the resistance to mass transfer i 

determined by the total membrane thickness (typically 10-200 /lm) . Asymm tric 

structures, on the other hand, consist of two layers made from either the same or different 

materials [199]. The top layer, a thin membrane (up to 0.1-0.5 ~lm), is coated on a ry 

dense layer (up to 250 /lm) of rigid porous polymer. The resistance to mass transfer is 

determined primarily by the properties of the thin top layer. The important structural 

parameters in the porous membrane include the pore size, pore size distribution, shap and 

geometry of the pores and surface porosity. 

In non-porous membranes, separation is accomplished when the molecul s or 

group of molecules to be separated are dissolved in the membrane. One exampl i the 

supported liquid membrane. The transport of molecules is determined by phy ical and 

chemical properties of the compounds in the membrane phase which include th ir 

solubility and diffusion coefficient. Hence, the extent of interaction b tv een the m mbrane 

IZ and the compounds is a more important factor to consider than the membrane p r 

molecular weight. Consequently, non-porous membranes can be r gard dar lat i el 

I . Add' arrier molecules to the membrane can Furth r nh n se ectlve membranes. mg c 
lh 
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selectivity of the liquid membrane. The carrier should ha hi h r 

of solutes. 

1.5.2 Transport Mechanisms in Liquid Membranes. The p nn ti n 1 n r 

molecules through a liquid membrane can be reali zed to take place in t pv i mann r 

also depicted in Fig. 1.8. The following five distinct steps are occurring in th pr 

analyte diffusion from the donor bulk to the membrane surface; (ii analyt rption int 

the membrane; (iii) analyte diffusion through the membrane; (iv) desorption of analyte 

from the membrane, and (v) analyte diffusion from the membrane surface to the bulk of the 

acceptor [239]. 

The selective separation and thus permeation in the liquid membrane is influenced 

mainly by the composition of the membrane solvent, and classified as fo llows: 

I 

C --:. lw 

Donor phase 

Membrane 
~i------ Interfacial surface 

... ---- Interfacial layer 

Acceptor phase 

. t 1'on of an idealized concentration profil Fig. 1.8 A schematIc represen a 1 

through the liquid membrane. 
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1. Passive Transport. In this process h· h . 
,w IC IS also call d im pl p rm Ii n r di 

transport, the separation is based on the d·f·c . . . 
I lerence In so lubllit m 

in the membrane phase. They diffuse . t d hr 
In 0 an t ough lh th Ir 

concentration gradient. The analytes are t d · h rappe In t e accept r ph r 

with appropriate chemical species not soluble · th b 
In e mem rane pha . In th 

such reaction, equilibrium is established between the three phase re ulting in di tri uti n 

of solute molecules on both sides of the membrane It · I ·bl . IS a so pos I e to c mp l the 

analyte with a suitable complexing agent dissolved in the donor pha e. fier b ing 

transported through the membrane, the complex should be di ssociated in the acc ptor 

phase, and either the analyte or the complexing agent can be made to react with anoth r 

species to prevent the back extraction [84]. 

2. Carrier Mediated Transport. The most senous problem attendant to the use of 

membrane separations has been insufficient transmembrane flux combined with 

insufficient selectivity [240]. Incorporating a carrier in a liquid membrane proved to offer 

reliable solutions to solving these problems, and thus have attracted the attention of 

analytical chemists during the last two decades. It is a powerful approach fo r selecti ely 

transporting the analytes through the membrane particularly when the transport bas d on 

relative solubility may be difficult to achieve, i.e., with compounds or ions of simil ar 

chemical properties or size. In a typical application, a mobile carrier, which more or Ie s 

selectively binds to the analyte, is incorporated into the membrane liquid . T\i 0 

requirements of the mobile carriers are of paramount importance. First the carrier and it 

complex with the analyte must be soluble in the membrane phase but not in lh adja nt 

phases (usually aqueous). Secondly, the complex formation must be trong n th d n r 

side but weak on the acceptor side, where the carrier releases the analyte [2 ]. hu th 
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selectivity and rate of mass transfer w'll b . 
I e Increased. In pra ti fi m r 

transport mechanisms have been recogniz d' . I . e . sImp e carn r m di t d rt 

carrier transport with chemical reaction I'n th e acceptor c rri r m di t d upl 

transport, carrier mediated coupled Counter transport and prim tran p rt . In th 

following section some qualitative description with specific exampl ill b pr nt d 

[239]. 

(i) Simple Carrier Mediated Transport (or Facilitated Dif/usion). Select i e cam r ar 

dissolved in the membrane, which can form a complex with analytes from th donor bulk. 

In practical applications the complex formation wi ll increase both solubi lity in th 

membrane and speed up the diffusion process. Thus, concentration grad ient across the 

membrane increases as compared to the simple permeation. 

To illustrate the permeation process, an example of alkali metal transport by crown 

ethers through the hydrophobic membrane [241] will be considered. At the donor pha 

boundary, crown ether complexes the metal ion, and together with a counter ion the 

complex diffuses through the membrane. At the membrane-acceptor boundary the crown 

ether releases both the metal ion and the anion, and diffuses back to repeat the cycle. Thi s 

process continues with decreased rate until the condition of steady state is reached. The 

metal ion will be transported against its concentration gradient if the anion concentrat ion is 

higher in the donor phase than in the acceptor. 

(ii) Simple Carrier Transport with a Chemical Reaction ill the Acceptor. Th an I 

transported through the membrane being associated with certain specie 

non-permeating compound in the acceptor phase, because of the ch ml 

place at the membrane-acceptor interface. The transport of acetic acid fr m an 
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phase to an alkaline acceptor phase has been demon trat d u ing tri t Iph hin 

(TOPO) as a carrier [242, 243]. 

(iii) Carrier Mediated Coupled Co-Transport. In such m mbr n th ri ing 

force is provided by the concentration gradient of the co-extr ct d mp und r I n fr m 

the donor phase. For example, when dichromate, Cr20 t i ex tra t d fr midi d n r 

phase [242, 244] with triocthylamine, the complex traverses the m mbr n 

acceptor and gives up two protons, 2H+, in the basic acceptor pha e. Dichr mat i 

simultaneously released and the free amine repeats the process, Fig. 1.9. Thu e tra ti n 

continues until concentration differences of the energy supplying and co- tract d pr t n 

is exhausted. It has been described by several workers [240, 242 244] that ith relati el 

small concentration, or pH, differences a high degree of enrichment can be achi e d. 

Donor phase Membrane Acceptor phase 

2R3N 

Cr20t + 2H+ Cr20t 2~t 

low pH 
(R3NH)2Cr207 

high pH 

Fig. 1.9 Selective extraction of dichromate IOn by coupl d co-tran p rt me h nI m 

through the liquid membrane. 

Th eparati n \I ith thi m h ni m 
(iv) Carrier Mediated Coupled Counter Transport. e 

. I both at the donor-membran nd 
depends on reactions takmg pace 

d the analyte as ociat \ i lh th 
interfaces. At the donor phase boun ary 

rri r t 
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complex that can be transported through the membran p n r ling th th 

carrier combines with another species, supplied from th a lu ti n, t th pt r 

phase boundary and travel back for repeating the cy I . Th dri ing r th u th 

concentration difference ofthe species counter transported t th d n r ph 

Coupled counter transport mechanism with a liquid m mbr n rmu l ti n h 

been widely applied for recovery of copper ion, Cu2 , [242 44 4 ] ith th m r 

usually a liquid ion exchanger, e.g., oxime. Anions such a nitrat [ 4 ] c uld al 

transported across the liquid membrane by forming complex with tetra tyl mm nium i n. 

Decomplexation in the acceptor phase can occur when a very hi gh ch lorid 

has been established [235]. Similar applications for enrichment of amino acid [247] nd 

metal ion [248] concentration by coupled transported have also been reported . 

Donor phase 

NO-
3 

cr 

Membrane Acceptor phase 

f n of complexed nitrate ion by coupled count r tran p rt Fig. 1.10 Membrane separa 10 

mechanism. 

In thi membrane separation pr 
(v) Primary Active Transport. s 

- r 

. of suitable redox chemical r a ti n. 
counter transported by making use 

. f icrate using a counter tran p rt [ 4 ] nd p la ium i n 
system is shown for extractIOn 0 P 
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in a co-transport mechanisms [250] Th . 
. e extraction of pi r t r mpl p r rm 

using a methylenechloride liquid m b . . em rane containing 

phenylenediamine (TMPD) [249] The TMPD ' 'd' . IS OXI Ized to IMP n In 

the donor phase, which forms a hydrophilic ' . . h . Ion-pair Wit plcrat 

through the membrane and at the acceptor-phase boundary th r du d 

ascorbic acid and picrate is released in the acceptor phase. The r du d P 

diffuses back for repeating the cycle. 

1.5.3 Liquid Membrane Configurations. Liquid membranes have been known for I ng 

time as separation tools in industrial processes, e.g., for waste water cleaning and \ at r 

desalination and in food industry [239]. Various aspects of the membrane proce e th ory 

and applications have been described by several authors [235, 251]. The studie of the 

liquid membrane have been performed in three different formats, and thus they are 

categorized accordingly. The three fonnats are: bulk liquid membranes, ernul ion liquid 

membranes and supported liquid membranes (SLMs). In this section the fo rmer p,; 0 v ill be 

presented, and in the section that follows SLM will be dealt with separately. 

(i) Bulk Liquid Membranes (BLM) - BLM is technically a very simple fo rm of th liq uid 

membrane consisting of two aqueous phases and one organjc phase in a stirred contai ner 

[252] or in aU-tube [253]. Due to the thickness of the membrane i.e. the or anic ph e 

h· h 1 transCer rates such membranes are mainly utili z d in tudi f w IC causes ow mass I' , 

transport mechanisms, and thus the practical applications of thi s typ 

attractive. 
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(iiJ Emulsion Liquid Membranes (ELMI ELM /. S ar pr p r mt ing l\\ 

immiscible phases, for example water and '1 Th' , 01 . IS r u It li n mul i n 

droplets, (droplet size about 0.5-10 flm) [23 5], which r iliz d ili n 

surfactant. A water/oil emulsion obtained in thi s way lh In lhir 

continuous phase, usually acting as a donor. For an organ ic liquid m lh 

water-in-oil-in-water emulsion consisting of two aqueous pha and an r nl Ii uid 

membrane is obtained. 

The extraction recovery of the ELM process is normall y very 10 [254] but n 

improved by optimization of the following parameters: the ratio of the thre ph 

surfactant concentration, membrane viscosity, internal phase drop let size, intern I re nt 

utilization, contact time, etc. Therefore, the efficiency of ELM can be inf1uenc d b 

several factors, and production of a stable liquid membrane is largely empirical [254 255]. 

After permeation, the emulsion phase is usually separated from the donor pha b 

sedimentation. De-emulsification is often done by centrifugation and treatm nt 'Y ith a 

solvent [256], which is also followed by density separation from the reagent pha . The 

enrichment factor obtainable is very small (typically 20 times or less [254]) and thi lim it 

its application in trace analysis. However, many applications of the techniqu fo r rec ery 

of different compounds in waste water and in process steams have been r port d [257 

258]. Noble and Way [251] have summarized the use of ELM fo r indu trial proce e.g. 

waste water cleaning and hydrometallurgy. 
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1.6 Supported Liquid Membrane (SLM) E t . x ractIon 

Supported liquid membrane (SLM), which is also called immobi li 

the most utilized format of the liquid membranes and the most flex ibl for tru tur I 

modifications according to various needs. It is commonly prepared by imm bili ing 

water immiscible organic solvent within a microporous fi lm. The fi rst d scripti n of thi 

technique was reported in 1967 by Ward and Robb [259]. Several materi al ha e b en 

tested and used since then for supporting immobilized membranes, e.g., fi lter paper, 

polytetrafluoroethylene filters, polypropyelene filters , PVC-fi lters, cellulose acetate 

membrane, polysulfone membranes and track etched polycarbon fi lters [260]. The main 

application area was in the extraction of metal ions from several matrices. Perhaps that i 

why it was defined [251] in one text as "a SLM is a device for selectively removing metal 

ions from one aqueous phase and delivering them to another aqueous phase". 

Three different geometries are known and applied in various ways. For batchwise 

laboratory studies, the flat sheet in a diaphragm cell is the common materi al [26 1, 262] , but 

its practical application is limited. The second form is a hollow fiber [255, 256, 263], and 

the advantage of this one is that it offers the highest surface area per volume of the sample. 

The final form is the flat-sheet membrane. The practical application of thi s type of SLM 

membranes were found to be simpler, and today most available supports are in this fo nn 

[264]. 

As has been pointed out earlier, SLM extraction technique was frequently utiliz d 

. . d . I t· fetal ions and volatile components until Audunsson [2 4 2 5] 
III III ustna separa IOn 0 m 

d d 
. . ·ronmental analysis for sample handling at the Departm nt f 

emonstrate Its use III enVl 

Analytical Chemistry, Lund University in 1986. Since then and particul arl in th 

very Cast, and has been successfu ll y app lied ~ r 
the technique developed I. 
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extraction of various compounds in complex 
matrices of en Ir 

ongms. 

1.6.1 Basic Principles of the Supported Liqu'd M b . 
I em rane Extraction. lIpp rt Ii lIid 

membrane extraction technique for sample preparation combine tw liqllid-li qlli 

extractions with dialysis. The technique involves the use of a por 1I PTF . 

separating two aqueous solutions. The porous membrane is impregnated by aking in a 

suitable organic solvent. The immobilized membrane is then mounted betwe n tv Oat 

blocks in which grooves are machined, forming a flow channel on each ide of th 

membrane. The whole assembly is connected to the flow system, permitting aqlleoll 

solutions to be independently pumped through each channel. See also s ction 2.2 in 

materials and methods. By proper selection of the working conditions, compounds can 

selectively be extracted from the flowing liquid in the donor compartment into the 

hydrophobic liquid membrane and subsequently extracted into the second compartment, 

the acceptor phase, containing the receiving solution. In a typical application, the analyte 

of interest, usually present in ionic form in the donor phase, will be converted to non-ionic 

species when associated with a suitable reagent, so as to be extracted into the organic 

membrane phase. The species is then transported through the liquid membrane and 

subsequently diffuse to the second aqueous phase. There, the chemical condition hould 

be such that the analytes will be converted into a non-extractable form pr nting th ir r -

1I1C extraction into the organic phase. Analyte enrichment can thus occur 

arrangement, the acceptor phase is stagnant and can trap considerable fract i n 

analytes of interest which were originally present in a large vol ume of the amp l 

pumped through the donor channel [84, 215]. 

57 

in 1I h 

f th 

luti n 



1.6.2 The SLM Theory. The theory of SLM tr ' 
ex action has b n d n d udun n 

[239] and thoroughly discussed by Jonsson et ai, [266] ith n I 

included recently [267]. The important qua t't t' n I a Ive param t r r qu nil utili ~ d 

express the process of extraction in liquid membra ' th ' ne IS e ex tra tl n 

defined as the fraction of the analyte extracted from the flowing d n r ph 

stagnant acceptor phase, and is given by the following equation: 

E =~= CAV A 

n l CIVI 

int th 

1.1 

where nl and nA are the total number of moles of solutes entering the ex tract ion y tern and 

collected in the acceptor channel, respectively, CA is the concentration of analytes enriched 

in the acceptor and VA is the final volume of the enriched sample, CI is the concentration of 

the aqueous sample entering the donor channel and VI is the total volume of th sample 

passing the donor channel. 

E is the measure of the rate of mass transfer through the membrane and at specifi d 

extraction time, flow rate, membrane composition and ionic strength it is con tant. 

Alternately, E can also be calculated from the total quantity of solutes lea ing the 

membrane as waste, using the following formula: 

nl -nw 
E=~--

nl 

1. 

. b f 1 s of analytes in the donor" a te ac ul11ul t d fr 111 th here, nw IS the total num er 0 rno e 

. E th efore be calculated from e perim ntall m a ur d 
beginning of the expenment. can er 
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quantities using both or eithe f h . 
rot ese equatIons. The si ni fican 

Ii n in th 
values of E obtained using equ f 1 

a Ions .1 and 1.2 will be dealt ith I I r in thi n. 

The extent to which the extract d I 
e mo ecules are enriched in th pt r ph I. 

the concentration enrichment fact E ' . or, e, IS given by: 

E=~ e I . 

which together with equation 1.1 leads to 

( 1.4 

or with equation 1.2 

( 1.5 

The rate of mass transfer from the donor to the acceptor, and thus E, is proportional to the 

concentration difference, ~C, over the membrane which can be written as: 

where aD and aA are the fractions of the analytes that are in extractab l unchar eel ~ rm 

in the donor and acceptor phases, respectively. CD is the mean con entrati n in th d n r 

phase and approximately equal to the mean of CI and c, . K and Ko ar lh p rti ti n 

coefficients for the analyte in the acceptor and donor pha e lh 
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extraction conditions are set so th t . 
a ao IS close to uni ty and 

I a mil lu . lU 

~C will decrease as the extraction p d 
rocee s and eventuall y appr 

the following expression for the m . . 
aXlmum concentratIon factor a 

equal): 

1.7 

If Ko is assumed to be equal to K h' h ' h ' . . A, W IC IS t e case If the compoSItIO n of two aq u ou 

phases are similar, then: 

E e(rnax) = (:A) = aD 
I max a A 

( 1.8) 

However, if the ionic strengths of the donor and acceptor phases vary significantly, thi s 

assumption may not be valid. The differences in partition coefficients may contribute 

significantly to the maximum enrichment factor possible [84, 267, 268]. The rat of mass 

transfer is constant only when ~C is constant, i.e. , when aoco » aAC KAIKO' Thus for the 

purpose of reproducible analytical application of the SLM extraction, it is n ce sary that 

aA is very low. This condition is referred to as a complete trapping. 

The conditions for the rate of mass transfer to approach equation I . ral 

parameters should be considered as detailed by Jonsson et al. [266] d 

below. If the steady-state prevails, the mass transfer of the analyte d t rmin d b th 

overall mass transfer coefficient, k, and is given by: 
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1 a I -=-..£.+ aK 
k k -+~ 

D kMKD k K 
A D 

I. 

where kD, kA and kM are the mass t c . ranSler coefficIents in th d n r nd pt r ph 

and in the membrane, respectively. 

For the condition of complete tapping, I.e., a close to z r th la t t rm in 

equation 1.9, representing the mass transfer in th e acceptor pha nd th 

overall mass transfer coefficient, k, is reduced to: 

or rearranging, 

111 
-=-+--
k kD kMKD 

k = kDkMKD 
kD +kMKD 

1.1 

1. 11 

It should be noted that, under these assumptions, phase equilibrium exists across both the 

donor and acceptor phase boundaries and other equilibria are neglected. 

The rate of mass transfer can also be described in terms of the following 0 

permeation conditions: membrane-controlled conditions and donor-controlled conditi n . 

In the former case, the solubility in the membrane of the extractable form of th analyt i 

limited, and thus the mass transfer in the membrane limits the overall re i tance t th r t 

of analyte diffusion. Thus, the rate-limiting step is the diffusion of the anal t mp lind 

through the membrane. The mass transfer coefficient, k, is then prop rtional t k K 

where hM is the thickness of the membrane [266]. 

On the other hand, if the solubility of the analyte in the m m ran r I ti 

large, a considerably high mass transfer rate is typically obtained. The partiti n fi i nt 
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KD, for the membrane/donor interface . 
, as well as the dl ffu ion thr ugh th m 

very high. The mass transfer in the d h ' 
onor p ase IS then rate-limiting ding t th 

controlled condition. This extraction c d't' . 
on I Lon prevaIls when Ko i n i hil 

the mass transfer is mainly membrane- t II d can ro e when Ko < 1. rt h n t th t 

the value of the partition coefficient has '. fi no Slgnl Icant effect on th tr ti n 

long as it is reasonably large i e in donor t II d .. , .. , -can ro e conditIOn. Th r m 

observations that very large partition coefficl'ent (> 10000) s are not fa our bl th 

transfer of the analytes out of the membrane into the acceptor phase, may th n b 

efficient, leading to the phenomenon which may cause the memory effect e al th u ­

section 1.6.5. 

1.6.3 Selectivity, Membrane Solvents and Supports. The selectivity of the LM 

extraction process depends primarily on the ability to transfer the analyte of intere t 

between extractable and non-extractable forms in the requjred sequence \I ithout making 

the same transfer for interfering ions. 

Extraction of basic substance, B, is considered to illustrate the phenom na in 

selective extraction, Fig. 1.11. The sample is in extractable form when it nter the donor 

channel. Given enough time, virtually all basic molecules will be tran ported to the 

acceptor phase and protonated there, BH+. Since the acceptor is kept tagnant v hile th 

donor is being pumped, the total concentration in the acceptor compartm nt vi II e ntuall 

become considerably higher than in the donor. On the other hand int rfering m ul 

that are charged at the experimental donor pH, e.g. , A- and larger m I ul 

extracted into the hydrophobic membrane but instead pass the donor ch nn I t Fi 

1.l1A. Neutral molecules, e.g., N in Fig. 11 , are freely distributed b tv 
n th thr 

phases, and thus their enrichment is unlikely to occur. Mar 
r r pi in th d n r 
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solution by clean washing I ' so ution can further redu 

compounds in the stagnant ac ceptor phase, Fig. l.ll B. 

Basic sample 
~ 

A. Extraction 

Donor phase 

Acidic acceptor 
phase (stagnant) 

B. Washing 

----+ Waste 

Washing 
solution 
___ "::"'~----lI------N----~ ---~ Waste 

Donor phase 

Acidic acceptor 
phase (stagnant) 

th n ulr I 

Fig. 1.11 Schematic representation of the SLM extraction of basic ample: 

extraction step, in the presence of acidic and neutral substances ' and (B) - " a hing after 

extraction. 

The selectivity can also be tuned by various means. For example b 

the donor and acceptor pH, closely related classes of compound 

separated. It has thus been possible to discriminate between aromati min 

aliphatic amines (pKa ~ 10) [264]. In addition, by changing the mp iti n r I rit 
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the extraction solvent, it is also possible to increase th 
th xlr ti n t m 

[269]. Polar compounds are less efficiently extracted in a n 

thus to minimize extraction of polar molecules, the membr n 

by a more non-polar one. 

n 

The membrane solvent, which is immobilized in the p rum pi 

significant role both in increasing the analyte permealion and ~ r lh 

extraction process. The conditions or requirements for choosing lh m mbr n liquid h 

been described elsewhere [264]. Here only some general qualitali e a p ill b 

presented. 

1. The solvent of choice should be as insoluble as possible in the aqueou luli n in 

contact. When impregnated, a large surface area of thin film should come in contact 

with the flowing large volume of the donor sample solution . Even a sli ght olubi lit 

would result in loss of solvent and thus membrane leakage. 

2. Solvents of low viscosity are always preferred, as the mass transfer of the analyt In 

the liquid membrane is inversely proportional to the solvent viscosity. Ho e er hi hI 

volatile solvents should be avoided. 

3. Partition coefficients of the ana1ytes in the solvent of choice ha e to be hi gh n ugh 

while those of the potential interferents should be as low as po ibl. 

To fulfil the third requirement, the substance chosen as a m mbran 

match in polarity with the ana1ytes of interest. In SLM appli ali n 

nl h ul 

P I r nd 

h d' hexylehter [270-273] -und an n [ 4], 
moderately polar solvents suc as I-n-

n n-
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polar solvent, n-undecane [265 275 276] d . , , an also mlxtur di -Il -h 

undecane [269, 277] have been employed Oth . er membran nl lu 

mixture with either n-undecane or di-n-hexylether are 

tetradecanol [277] and chlorotetradecane [278] a d t f h , n mos 0 t em r 

instability or insufficient extraction. The main drawback with m mbran 

polarity, particularly in environmental water analysis, is the decrea e in 

time [279]. However, addition of reagents, e.g. , trioctyl phosphine id 

lh r n 11 -

r In 

1-

high 

it nd Ii 

t a 

moderately polar membrane solvent enabled extraction of polar compound [2 2 ] nd 

improvement in extraction efficiencies [280). The possibility of employi ng oth r r ag nt 

in the membrane seems a promising procedure for furth er improv ing elect i ity and 

extraction efficiencies in environmental and biological applications. 

The choice of support material is also equally important in the SLM ex tractio n 

process. Way et al. [260] have discussed the conditions for selection of the membrane 

support materials, and reported the following generalization : [239] ' the ideal upport 

should be very thin « 10 !lm), should have high porosity (> 50%) a mean pore iz of Ie 

than 0.1 !lm and a narrow pore size distribution". Furthermore, the membrane support 

should be stable and easy to handle. A smooth surface of the support is also de ir d to 

minimize fouling of the membrane surface. 

Several membrane materials have been tested as support [264 27] In L 

extractions and only few resulted in good performance. Membranes with PTF 

(type: FGLP, Millipore or TE35, Schleicher & Schuell) [273] were fo und uit bl and u d 

. . . . 1 d' the works presented in thj s thesis. 
m m ost applicatlOns mc u mg 
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1.6.4 Donor Flow Rate Dependence of h . 
t e ExtractIOn Effici ncy. lh 

SLM extraction process depends on b 
anum er of paramel r [ 4 In lu 

the flow rate, dimensions of the memb h 
rane c annels phy ic I and h 

the phases, etc. The influence of the d fl 
onor ow rate on the xtra Ii n n 

quantitatively described by the following . (' . . equation IgnorIng mem ry 

complete trapping, i.e., UA = 0, in the stagnant acceptor phase) [ 4 , 2 ]. 

where Do is the diffusion coefficient of the analyte in the donor phase. ~ i qu I I 

Fo/(Lw), where Fo is the volume flow rate of the donor phase, and Land ware th I ngth 

and width of the donor channel (i.e., the free membrane surface), respecti Iy. ~ h uld not 

be considered as the linear velocity; it is rather the volumetric flow di id d by th 

membrane area. It can be realized that the extraction efficiency, E, is a function of th thI 

independent parameters, ~, DO/hD and K·kM. The latter two parameters charact ri th 

mass transfer process in the donor phase and in the membrane, respecti ely. 

From equation 1.12, it can be seen that the extraction efficiency decr a ith 

increasing donor flow rate. Thus, the most efficient extractions are obtained at I \ d n r 

flow rates, Fig. 1.12. In practical applications, particularly in environmental al r an 

where the analytes of interest are found at trace level, it is much de irabl t 

concentration enrichment factor, i.e. , the quantity of analytes accum ulal d in th a 

phase during a fixed extraction time, rather than the extraction effi 

larger available sample volume than with low flow rates. 
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Fig. 1.12 Extraction efficiency Ed ' hm 
, ,an ennc ent factor, Ee, (arbitrary units) as a function 

of reduced flow parameter, ~ [85]. 

The concentration enrichment factor obtained is related to the donor flow rate by 

the fo llowing expression: 

( l. 13) 

where, VI is the total sample volume pumped at the donor flow rate Fo during time t. From 

equation 1.13 and Fig. 1.12, it is seen that the concentration enrichment factor increa 

with the donor flow rate for a given time. The decrease in E is then com pen ated for b th 

increased amount of the analytes allowed to pass through the system. 

With limited sample volume, however, the extraction hou ld preferabl b 

performed under conditions oflow flow rate to increase the extraction effic ien if ana l te 

adsorption and dispersion in the flow system is not hamperin b the effi ien . 

the same sample several times can compensate the effect due to ad rpti n and di p r i n 
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during the passage. The analyte d' . lsperslOn effect can al b minimi II 

increasing the volume that may pa thr h ss oug the membran fl r h 

alternate pushing and pulling of the ' same sample wIll prolong th th 

analytes with the membrane' maximum fr t' , ac IOn can be extra ted fr m mpl m II 

volumes. 

Jonsson et at. [266] have descn'bed , uSing model calculation 

multiple passages of the same sample portion. Accordingly \' f th t t' . , e ex rac \ 

during the first passage is E, a fraction l-E of the total analyte amount remain in th uti 

of the donor channel. When this is extracted, (I_E)2 of the initial amount remain , Thu 

the overall extraction efficiency, En, after n passages is : 

En = l-(1-E)" 1.l 4 

It is also possible to increase the extraction efficiency of the limi ted amount of sample b 

using membranes of small channels [266, 273]. 

1.6.5 The Memory Effect. The values of E given in equations 1,1 and 1,2 abo e might 

not always be equal, since E in equation 1.1 indicates the amount of analyt s collected in 

the acceptor phase, while the value obtainable in equation 1.2 measures how mu h of th 

analyte enters the membrane phase. IfE in equation 1.2 is designated as E' one can d fin 

the recovery, R, as: 

E 
R=­

E' 

If E = E', no analyte is lost in the process, and the reco ery i I 

1.1 

<Y< but if < I \,: hi h 

has been observed in most cases [243, 278, 279] , then certain am unt f th an I 
m 
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either be adsorbed onto the apparatus or I ft· , h e In t e membr n h I tt r ph n m n n 

causes what is termed as 'memory ef'Cect ' h' h ' 
11 , w IC con lItut li mi l ti n I Ih 

extraction technique. It is due to incomplete transfer of analyt 

acceptor phase. In sequential automated extraction systems Ih m m ry 

causes a reduction in recovery but also leads to the carry-o r f~ t , 

partitioning of the analytes between the donor and membrane pha e i 

m Ih 

nl 

ry Imp rt nl in 

determining the memory effect since membrane solvents giving v ry hi gh partili ning 

coefficient might also give high memory effect, see also section 3,3, 

Washing the membrane system between each extraction can minimize the memor 

effect [275, 278]. Conditions that enhance the extent of breaking of the complexes and ion-

pairs, formed in the membrane with the analyte of interest, favour the trapping of the 

analytes in the acceptor, thereby lowering the memory effect. Thus, the composition of the 

acceptor solution, particularly when carriers are employed, plays an important rol In 

lowering the memory effect. 

1.6.6 Microporous Membrane Liquid-Liquid Extraction. Microporous membrane 

liquid-liquid extraction (MMLLE) is a two-phase extraction where an aqueous phase and 

an organic phase are separated by a hydrophobic membrane in a flow system similar to th at 

used for SLM [281]. In MMLLE the organic solvent is the acceptor phase, \I hich 

subsequently soaks the membrane material. During sample extraction the acceptor can be 

either stagnant of moving. The driving force for the mass transfer to the tagnant a ptor 

is the attainment of distribution equilibrium between the two pha e , 
ith m In 

acceptor phase, the mass transfer is better than the stagnant acceptor 

molecules are removed continuously with a fresh solvent. 

Inc th tr I d 
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A simplified theory related to the SLM equati n d n 

derived, which considers the influences of different e p rim nt I 

extraction efficiency [281] The instrum t t' . . en a Ion In MMLL imil r t til t In 

except that the enriched extract in the fonn t hn ' , er ec lque end up in nt. 1hi 

behavior suggests interfacing it to either gas chromatography or n rm I-ph I"iP 

systems. In SLM, samples are enriched in aqueous solutions, whi h mak it 

with reversed-phase HPLC system Therefore MMLLE b I . , can e een a a c mp m nt 

the SLM extraction, permitting membrane-based sample ex traction to b 

further classes of compounds. 

t nd d t 

1.6.7 Comparison of the SLM to Other Sample Preparation Methods. ampl 

preparation by means of supported liquid membrane offers a number of ad antage 

compared to other extraction methods used in trace analysis. Tilis has been ex ten i Iy 

discussed by Jonsson and Mathiasson [84, 85], and their co-workers [30, 23 2 2]. 

Various particular advantages of the SLM technique and some related problems ha e been 

dealt with by Barcelo and Hennion [215] in their recent book. 

The principal advantage of the SLM technique is the use of minimum organIc 

solvent. This makes it a cost effective and environmentally fri endly technique. utomati n 

of the entire process also improves reproducibility and results in more conomi c ana l 

since sample preparations are usually the largest source of error in analy i a 'II ell a th 

most time consuming and tedious part of analysis. High enrichment fac tor can b btain d 

in SLM extraction [267, 276] since very high phase-volume ratio e.g. e 

one, can be handled, compared to classical LLE where ratios lar er than 

to handle. The possibility of emulsion formation is also eliminat d b 

between the various phases. 
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The usual problems encountered· SPE 
In such a 0 rl din mp titi rp i n 

and clogging can be avoided or reduced using SLM t . 
ex ractl n. 

been demonstrated for trace enrichment of I h I 
su p ony ur a [ 7 1] nd tri In 

herbicides from environmental water samples w·th SL·M . 
I ex traction P 

extraction columns are used. 

The more flexible nature of liquid membrane extraction all ov tun i ng ti it 

by changing the organic solvent, changing or modi fy ing the e tract i n pr 

carriers in various modes, adjustment of the pH in the donor and acc pt r ph nd 

changing the support materials. The use of organic solvent is also mini mum < I mL . In 

addition, since the permeation process is by analyte dissolution in the membran ch n 

breakthrough does not occur, so long as the driving force in the accepto r pha e i veil 

controlled. 

The extraction time required for secunng max imum concentrat ion factor i 

relatively longer, and this can be one limitation to liquid membrane extracti on [30 215 , 

282]. The highest flow rate attainable so far reported with the larger dimension membrane 

is 7.5 mLimin [272], while in SPE using cartridges and membrane disks sample c n be 

percolated at 50 mLimin. 

Comparison can also be made with dialysis, since both dialysis and the li quid 

membrane techniques are similar in some ways [84]. However, separation in dial I I 

mainly based on SIze while in liquid membrane particul ar clas es of ana l t ar 

. hm t a easily b achi d ith liquid selectively extracted. Concentration ennc en c n 

membrane extraction, particularly in trace level analysis. In di aly i ho ar 

essentially diluted. 
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1.6.8 Applications in Environmental and Otb M . . er atnce . Th . I hni u h 

actively developed and applied to variety of sample 
nl 

origins during the last ten years. Effici ent sample cl n-up ppli 

documented in the literature [234, 271 , 272, 275, 283-2 5] b id lh 

concentration to bring about enrichment [234, 248, 267, 27 2 1 2 

very crucial for detecting and quantifying potential pollutant urring I 

n 

n 

1 \ 

concentrations in the complex matrices [84, 85]. Reviews [84, 2 ] and a 

covering wide areas of applications of the technique are avai lable. 

k [2 1 ] 

Environmental Applications. The SLM technique has been found suitable for 1 cti e 

extraction of environmental pollutants of acidic and basic nature. Low concentrati n of 

various pesticides in environmental waters, including phenoxyacids [82] sulphonylur a 

herbicides [268, 271], phenoxyacids and some structurall y related herbicide .g. 

bentazone and dicamba [83], chlorophenols [275], aromatic surfactants [275] ub tituted 

anilines [286], and variety of alkylthio-s-triazines [276], chloro-s-triazine [270] and 

methyoxy-s-triazines [272] have successfully been extracted and analyzed. Final 

determinations for most of these extracts have been carried out with reversed-ph a HP 

either in off-line or on-line mode [288]. 

Sample pre-concentration of amine [289] and carboxylic acid [2 ] in ir and rain 

water was also performed. The aqueous extracts obtained fro m th impinger ampling 

further concentrated with SLM unit. The final separation of the e tra t d mpl 

. fi d ' GC and ion chromatographic s parati n f< r arb ammes was per orme usmg , 

An 1· t' t the SLM system was employed fo r b th ca . Th on- me connec Ion 0 

d b . tr ducing an extractant tri t Iph phin 
carboxylic acids were extracte Y ill 0 
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(TOPO), in the liquid membrane to improve the effi cienc 
f th , tr ti n pr 

284] . 

Heavy metal ions in environmental waters and th r matri h 

successfully been extracted using the SLM technique [2 2 2 ]. In m th 

applications, various reagents have been utilized for sample enrichm 

complex matrices. By ion-pair formation with 8-hydroxyquinoline 

[248], and di-2-ethylhexylphosphoric acid (DEHPA) [287 290] in th d n r ph 

extraction of various toxic metals such as Cu, Cd, Co, Ni, Zn and Pb ha b en carri d ut. 

Stronger complexing agents, e.g., diethylenetriaminepentaacetic acid (DTP In th 

acceptor breaks the complex formed in the donor phase. In these application v a 

used for the final analysis of the extracts. More recently the possibili ty of using ion-pair 

chromatography [291] and potentiometric stripping analysis (PSA) [292] for determinat ion 

of the metals have been described. In another application, two SLM units v ere eria ll 

connected in an automated system, and chromium was extracted in its two oxidat ion tates 

from natural water samples [293]. For extractive separation of chromium as r(Ill) and 

Cr(VI) in the respective units, the ion-pair complex formation was effected u ing D HP 

in the first unit and methyltrioctylammonium chloride (Aliquat 336) in the second. 

Biological and Biomedical Applications. There is a high demand fo r eparat ion nd 

identification of various constituents in biological samples. The sample pr paration u ing 

SLM technique has been shown to satisfy some of these needs. Very c mpl mpl 

. , b ic drugs have been effici nt l matrices such as blood plasma contammg as 

. , [84 288] The chromatograms obtain d fr m 
resulting in an excellent selectIVity , . 

d 

. . I th of the aqueous solution e c pt that th p k In 
plasma are essentially IdentIca to ose 

the former case are lower, reflecting the protein binding of th dru 
). (mpl 
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preparation of various drugs in SLM that ' fi II 
IS U yautomat d and nn t d t 11 int Ilig nt 

sample processor, ASTED (Automated S t' I T equen la rac nn hm nt h , 

successfully been utilized with HPLC I' I' n an on- me [27 nd 

electrophoresis (CZE) in an off-line modes [274, 285]. A por u h II " fi 

membrane with 1.3 J!L acceptor volume was also developed fo r imi l r appli 

combination with capillary liquid chromatography [295]. The ub equ nt f 

couple the SLM system to CZE via a micro liquid chromatographic co lu mn [ ] r 

lu m 

ti n In 

in a satisfactory clean-up and enrichment for determination of low concentrati on 4 M [ 

drugs in blood plasma. The SLM unit was also connected on-line to G fo r app li cation 

where amines were determined in urine samples for the purpose of a se ment f 

occupational exposure [265]. 

Extraction of amino acids constitutes one important area of SLM application In 

biological analysis, The inherent chemical properties, zwitterion fonnation of ami no acid 

makes their extraction a complicated process [288). It is necessary to either deri ati ze one 

of the functional groups [297] or to use an ion-pairing reagent. Using the second approach, 

extractants such as di-2-ethylhexylphosphoric acid (DEHP A) [29] and 

methyltrioctylammonium chloride (Aliquat 336) [247] have been utili zed and sati factory 

extraction efficiency and enrichment were obtained, In the former case, th analyte er 

extracted from moderately acidic solution to the more acidic acceptor and the dri Ing 

force is the concentration gradient of protons. In the latter case analyte " re J tra t d 

from basic donor to a neutral acceptor solution of hi gh chloride concentrat i n " hi h 

served as a driving force for the extraction process. In both cases ana l te ar e tr t d 

t rt echaru'sm where proton and chloride ion a counter co- ranspo m , 

" " 't t the analytes section 1.5 . Th p ibiliti f movmg m the duectIOn OppOSl eo , 
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extraction of amino acids have also been described by makin 

equilibria involving, e.g., crown ethers [299, 300]. 

u mpl 

The other parallel development in liquid membrane appli 

technique. Since its first report in 1998 [281] for extraction of I 

ti n I th 

lh 

samples, it has received importance in environmental analy i a v II . 

cationic surfactants [301] and vinc1oz01in fungicide [302] in natural v 1 r h 

recently described, the determinations of which were perform d by normal-pha 

sample clean-up and enrichment of organotin compounds in complex m tri c 

HP 

utilizin 

n 

MMLLE, by off-line derivatization with tetraethyl borate (NaBEt4) has been rep rt d [ ]. 

The extracts were analysed by GC-MS in selected ion monitoring (S1M) mode. and hi 

at. [304, 305] reported the combination of SLM and MMLLE for sampl pr paration f 

variety of permanently charged, ionizable and non-polar compounds at trace Ie I In 

natural water samples. In both cases reported, the extraction systems wer on-lin 

connected to the reversed-phase HPLC. In the latter case, for example the h Ie 

extraction and analysis systems were controlled by means of four syringe pump conn ct d 

to the liquid ends of the membrane units. During the SLM extracti on, the MMLLE e, tra t 

was analyzed; the SLM extract was also analyzed during the MMLLE extraction [ ]. 

This enabled processing of22 samples per 24 hours. 

1.7 Scope ofthe Present Study 

S . 'd h 1 ng been known in Ethiopia. E ten i appli mall-scale herblcl es use as 0 

. I I 'n the outhem rift all 
also noted in a number of agricultural sites, partlcu ar y I 

h are known for their I rg r lak 
of the country. On the other hand, t ese areas 

h 

d ch year The agricu ltural farm 
many hundred tons of fish are harveste ea . 

itu t d in I 
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proximity to these lakes have significance ' d ' 
, In pro uctl on of I rg 

maize. Smaller quantities of cereals and other d pro ucts are al 

household uses and domestic markets In th . . ese region th 

nowadays, a variety of pesticides have been recommended [ 

during each plantation season, for the purpose of controlling in ect w d and h r 

thus to promote crop production. 

The residues of these pesticides can certainly enter the e lake by r inn 

r 

flood, leakage, seepage through soil, by wind and from nearby ri ver , etc . Thu th at r 

bodies of these lakes are inevitably bound to contain considerable quantiti r th 

pesticide residues, sufficient to affect the quality of water of these lakes . Know ledg of th 

level to which these residues are accumulated in the water bodies is very important. Th i 

calls for the use of certain analytical system for sample processing and quantification of 

their amount so as to enable one to study the various possible effects they may cau e. 0 

far no systematic studies on monitoring of the pesticide residues and/or their degradat ion 

products have been carried out. 

The main objectives of the present work are thus : 

1. to develop a method that can be employed in routine analysi s of the ba ic herb icid 

e.g., triazines, using supported liquid membrane technology; 

2. to apply the technique to the determination of specifically recommend d -tria in 

herbicides used in the lake regions of the Southern Ethiopia; and 

. . h 'b'l'ty of further application of the supported liquid m m ran 3. to mveshgate t e POSSl 1 1 

technique for selective extraction of the degradation product f th 

herbicides along with the parent compounds. 
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2. MATERIALS AND METHOD 

2.1 Standard and Working Solutions 

100 mglL stock solutions of all the s-triazine herbicides studied Tabl r prep r d 

in acetonitrile. The same concentrations of the degradati on r pr p r d 

follows; deethylatrazine and deisopropylatrazine acetonitril d th 1-

deisopropylatrazine in reagent water, and the hydroxy products of atrazi ne pr pa in and 

terbuthylazine were first dissolved in small volume, ca. I mL, of 1.0 M H I and th 

resulting solutions were diluted to the final volume with acetonitrile [I 15, 307]. olut ion 

of the phosphate buffer, pH 7.0, were prepared from NaH2P04.H20 and a2HP04.2H20 

[308]. Standard solution of humic acid was obtained by di ssolving 40 mg of the olid In 

200 rnL reagent water, and filtering through Millipore unit. This stock so lution was u ed to 

prepare a working solution of the required concentrations. 

Standard solutions containing the s-triazine herbicides of interest were obtai ned by 

diluting the stock solution in reagent water. A series of solutions fo r calibration in the 

concentration range of 0.1 to 2.0 mg/L, at five points, were prepared e ery \J eek fro m the 

10 mglL standard solution. The working aqueous solution of 0.5 mgIL was obta ined ith r 

by diluting the 5.0 mg/L standard aqueous solution [272, 276], or 2.5 mL of the tock 

solution in acetonitrile to the final volume of 500 mL with reagent ater [2 hich 

resulted in 0.5:95.5 volume ratio of the organic to aqueous composition. Th re ultin 

solution, in the latter case, was also observed suitable for extraction of the comp und , and 

no effects of eroding the membrane solvents was noted. Lower concenlrati n t nd rd nd 

. . . d fr the 10 mg/L standard olu ti nand 
workmg solutIOns were obtame om 

m 

aqueous solution, respectively. All stock, standard, aqueous and e tra t d 
luti n \ r 
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stored at O°C when not in use for analysis. 

acetonitrile for several months. 

tandard luti n w r 

Analytical-grade organic solvents were utili z d D r Imm 

In 

iliLing int th 

membrane support, and the ones employed for application f th pr nt in thi 

thesis were di-n-hexylether, n-undecane and 6-undecanone. gr 

was used both for mobile phase and for dissolving the standard . 

M sodium acetate was mixed with the mobile phase to be used in n i 

0.035 M KHZP04 for gradient system. Most of these chemicals were of an I 

grade and purchased from Merck, while the standards of the herbicid 

Promochem (Wesel, Germany). Carriers included in the membrane 01 ent uch a 

diphenyl sulfoxide (DPSO), dibenzyl sulfoxide (DBSO), trioctyl phosphine 0 id 

and triphenyl phosphine oxides (TPPO) were all from Sigma Chemicals ( t. Lou i 

USA). All solutions were prepared from analytical-grade reagents in high purit v at r 

obtained from a Milli Q-R04 unit (Millipore, Bedford, MA, USA). 

2.2 Experimental Set-up 

The membrane holder consists of two circular polytetrafluoroethylene (PTFE bl ck Fi . 

2.1 , with a diameter of 120 mm and a thickness of 8 mm, and with machin d gr lik 

Ar h· d . I (depth 0 25 mm width 1.5 mm and length 250 mm gi 111 C Ime ean spIra . , 
a ttl 

volume of ca. 0.95 mL). The soaked liquid membrane, when placed in th 

h i The rough side of the liquid m 
separator, creates two separate c anne s. 

. tion sample solutions per lat. It i al 
donor channel through which the extrac 

. fi r preventing the leakage 
with an O-ring, outsIde of the grooves, 0 

mm 

th 

luti n. 

. tor channel where ex tracted anal 
The second compartment IS the accep 

luti 11 \ ill g t 

78 



enriched. Both sides of the memb h 
rane older were backed \ ith lum inum I 

thickness, in which threads for th I . 
e c ampmg screws were machin d t m k th 

stable. 

A 

B 

c 

mm 

m l 

Fig. 2.1 Membrane separator: (A) aluminum backup; (B) PIFE block with grooves like 

Archimedean spiral; and (C) porous PIFE membrane with polyethy lene backing 

The liquid membrane support was porous PIFE, Millipore FG, with an av rage 

pore size of 0.2 11m, total thickness of175 11m of which 115 ~lm is polyethylene backing 

and a porosity of 70%. Ihe liquid membrane was prepared by immersing the membrane 

support in the organic solvent to be immobilized, typically for a period of 30 min . For th 

cases when carriers are employed, first the required quantity of each solid ubstance 

section 2.1 , was dissolved in the membrane solvent of choice. 

Sample solutions prepared for extraction were transferred to the membrane t m 

with peristaltic pump (Minipuls III, Wi lson S. A. , Villiers-Le-Bel Fran e u in a id-

resistant tubing (Acidflex, Elkay Products, Shrewsbury MA ith int mi di m t r 

of 2-mm both for the donor and acceptor channels. I he samp le and bufD r luti n \' r 

pumped separately and merged in a PIFE tee connection at an angl of 0 . Furth r mi ing 
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was also perfonned in a coil of 1 I h . m engt . The vanou 

connected with PTFE tubing and flange- free screw fittin g 

Deerfields, IL, USA). 

lit h 

Two modes of sample transfer for extraction have b en mpl 

In . 

described in this thesis. In the first case th I I ' , e samp e so uti on are all d t n v thr ugh 

the separator as mentioned above, and the enriched extracts wer manu all y 

the stagnant acceptor phase. The second mode of extraction used an aut mat d y t m 

where sequential sample extraction and collection were controlled by a home made 

computer programme, section 2.11. 

2.3 Water Sampling from Southern Ethiopian Lakes 

Lake water samples were collected three times after the herbicide application from wassa 

Lake (270 km), and Chamo and Abbaya Lakes (500 km south of the capital Addis Ababa) . 

The first sampling was performed in August 1998, followed by November and fina ll y in 

March 1999. 

To obtain representative samples, a grab sampling method, section 1.2 "as 

employed during all the sampling periods. In all cases, three variations of the co ll ection 

areas were chosen. (An example of the sample collection from Awassa Lake ill b 

considered, since similar procedures have also been fo llowed for the rest of the it Fi . 

2.2 .) Location one is the entrance point of the tributary river called Tikur Wuha Bla k 

Water in the local language). Sample collection for the second location c r the area 

from entrance of the river to about half way the length of the lake on the id a 

town (eastern side). Final location starts from end of the second amp lin 

center of the water body to the other side (to the west). To bta in 
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particularly in locations 2 and 3 b 
, a out 200 mL of the lak dr wn h tim 

distance of about 10m for a ' . 
, mllllmum of 2 and 3 h, in 10 ali n nd ti . In 

location 1, sample was taken fr . 
om a pomt of the ri ver ntran 

were collected in polyethylene ct ' 
on amers and brought to th lab rat ry in I th n 4 h 

and kept in the cold room below SoC. 

2 

a 

---

, , , , 

---
Awassa Lake 

/' --_._.-.--., 

"" ~ '''. 
AWBSsa Town , 

\ 
" 

j 
~)~ 

la 
/~ 

/. "r- ~ -

Fig. 2.2 Sample collection site at Awassa Lake. A - Agricu ltural fie ld B - Hi ll 

surrounding the lake. Numbers represent collection point ( I) or approx imate lin d 

for sample collection (2 and 3). See also text. 

Before liquid membrane extraction, the lake vater ampl Gltr dl 

remove the suspended impurities and particulate matter. ThAll r d mpl ,r th n 
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kept in the refrigerator when they were t ' . no extracted Imm dl t I II w t r mpl 

Chamo Lake were extracted without sto ' C flng lor more th n d 

re-filtering to make sure that the algae h b ave een r mo d. II tr n 

carried out at ambient temperature, 20 ± 20C. 

River waters for spiking were collected from Kavlinge [27 J nd H j n 

both located around Lund, 20 km north and 5 km south of Lund I . 

2.4 Membrane Enrichment 

In a typical application for enrichment of standard aqueous solutions, the ampl 

containing the analytes of interest and the phosphate buffer (PH 7.0) were deli ered to the 

liquid membrane system at a flow rate of 1.0 mL/min, Fig. 2.3. Prior to th sampl 

extraction, the acceptor channel was filled with acidic solution, 0.1 [272 276J 0. 5 or 1.0 

M [283], at a flow rate ranging from 0.2 to 0.5 mL/min, and kept stagnant. This as 

followed by pumping of the donor channel with the sample solution for 20 min, and for 10 

more minutes with pure buffer solution to wash the flow tubing and allow all th sample 

solutions to pass through the liquid membrane. The system was then left to stand for t n 

minutes to give sufficient time for the analytes to diffuse to the acceptor acid olution 

where they are irreversibly trapped. 

In some experiments, where samples were pumped at high flow rate 7.0 - 7.5 

mLimin, e.g., to determine the detection limit by extracting larger olume f dilut d 

solutions, sample solutions were extracted for longer time. In all ca d 

the end of ten minutes waiting time, the content of the acceptor chann 

a 10-mL graduated glass tube, by displacing with the respecti e ac pt r a id luti n u d 
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in the system. The resulting extracts d' 
were a JU I d I pH . \ ilh il ut d luti n 

sodium hydroxide. 

3 
A B 

1 
7 

Fig. 2.3 Set-up of the flow system for liquid membrane extraction: ( I c nlain r fo r 

sample solution (A) and donor buffer (B); (2) and (3) peri staltic pumps fo r the donor and 

acceptor channels, respectively; (4) PTFE tee connection; (5) mixing co il ' (6) membran 

extraction unit; (7) container for acidic acceptor solution; and (W) wast . 

For lake waters, prior to extraction the sodium salts of phosphate were di so l ed in 

the fi ltered water samples to obtain pH 7.0 of the sample so lution. One to three litre of the 

processed samples were delivered to the liquid membrane, containing the appropriate 

membrane solvent, for extraction at a flow rate of 5.0 mL/min. When di-n -he lether 'V a 

used the concentration of sulphuric acid in the acceptor was 0.5 M [270] hil .1 

M [272, 276] for n-undecane membrane solvent. When sample pumping \ a omp let d 

the donor channel was rinsed for 30 min with the donor bu ffe r at the am 

was followed by 30 min standing of the membrane modul . 3.0 mL f th 

was transferred to a 10-mL graduated tube by purging the acc pt r v ith th 

and pH of the enriched solution was immediately adjusted u in ab ul . f 

0.2 mL of 3 M NaOH for the extracts from di-n-hexylether and /I -und an m m 

solvents, respectively. 
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2.5 Chromatographic Separation Systems 

Analysis of the s-triazine herbicide compounds was perfonn d u in th high P r 

liquid chromatographic, HPLC, system, incorporating of pump 

Physics, San Jose, CA, USA) equipped with an autosampler (W t r P 

Milford, MA, USA). For isocratic reversed-phase separation of th herbi id 

mobile phase composed of either 44% [272] or 50% [283] 0.05 M 

nnn 

utilized. In all cases, the pH was adjusted to 7.0 with 0.5 M sulphuric acid nd a th n 

degassed by bubbling helium for at least 10 min. The mobile phase wa al 0 allo. ed t 

pass through a vacuum degasser before entering the pumping syst m. For rin ing of th 

loop of the autosampler, helium-degassed solution of 50% acetonitrile in reagent vater v a 

employed. 20 or 25 ilL aliquot of the enriched analyte samples were introduc d to the 

HPLC system, except when lower concentrations, below 5 Ilg/L were extract d, in hich 

cases 50 ilL were injected. 

Separation of the compounds was performed on a C18 analytical co lumn Tech phere 

50DS 250 mm x 4.6 Ilm LD.; HPLC Technology, Macclesfield heshir , UK onnected 

to the variable wavelength UV-VIS detector (Model 757 Kartos Analytical Tn trum nts 

Ramsay, NJ, USA). The detector signals were collected and hand led ith apr nal 

computer using a JCL 6000 Chromatographic Data System (Jones hr m t graph 

Hengoed, Mid-Glamorgan, UK). All analyses were carried out at th m bil ph 

td. 

f1 \! 

rate of 1.0 mLimin and signals, based on the peak h ight \I r m ni t r d t th 

wavelength of235 nm [276] or 220 nm [272, 283]. 

For confirmation of the identity of the s-triazin comp und tr fr m I k 

waters, a photo diode array detector (PDA 996 at r \! a u d. th 

4 



compounds identified, i.e., atrazine and terbutryn at 21 _ 

monitored using a Millennium 2.15 (Waters) chromat graph i 

2.6 Determination of the Extraction Efficiency 

A series of aqueous sample solutions in the concentration range .1-2 . m 

m. 

from standard solution in acetonitrile, and introduced to the chromatographi t m \ ith 

each set of extracts. Calibration graphs for the compounds of intere t w re c n truct d 

based on triplicate injections. They all gave linear correlation coefficient of r 

better with insignificant intercepts at 95% confidence level. The corre ponding 

concentrations of the extracted and enriched samples were evaluated u ing the calibration 

graph. The extraction efficiency of the technique was calculated from the e resu lts using 

equation 1.1. 

2.7 Procedures for Optimization of the Extraction Parameters 

The crucial variable in liquid membrane extraction is the concentration an or compo ition 

of the acceptor solution. This parameter was studied by varyi ng the concentration of th 

acid mainly from 0.02 to 1.0 M. The extraction, using an automated set-up of a mi ture f 

the degradation products and parent herbicide compounds of -triazine in 1.0 M H I ill 

be presented in section 2.11 . 

For complete transfer of the analytes through the hydr ph bi liquid m I11bran it 

is desirable that all the molecules are uncharged wh n enterin th d n r h nn 1. thi 

end the chemical behaviours of the compounds in the pH rang f , 
in th 

flow system, was investigated. The donor buffers er prepar d [r m dium ph ph t 



salts [308] containing 85% H3P04- aH2P0
4 

pH 

Na2HP04 (PH 6.0-8.0). Freshly prepared bu ffi r v 

The influence of the donor flow rate on th tra ti n 

within a wide range of donor flow rate from 0 5 to 7 L/· , . . m min . 

pH . 

waters, in particular, a donor flow rate of 5.0 mLlmin \ a utili d t 

In li g I 

I k 

r high 

volume as three liters of the processed samples through the m mbr n tr t r. High r 

flow rates, 7.0 mLimin and 7.5 mL/min were exc lusi ely emp l y d ~ r 

spiked river waters at low concentration levels, i.e. fo r determ inat i n f th d I 

limits. 

2.8 Carry-Over Effects from the Membrane Extractions 

To investigate the total quantity of the residues of molecul es in the extraction y tern the 

following procedures were followed: the sample mixture containi ng the ana lyte of int re t 

was first extracted as described above, section 2.4. This was fo llowed by extraction of th 

blank reagent water under identical conditions. The carry-over effect (OE a e aillated 

from the peak heights using the following equation : 

2. 1 

where Ph and Ps are peak heights of the blank extraction and ampl mi , tllr 

Effects of washing time of the donor channel after 20 min tra ti n and I min 

waiting was studied by rinsing the flow system fo r 0 5 I 2 nd 4 th 

rate of analyte transfer (waiting time), the extraction sy tern .. a I fl t ) I 

and 20 min after collection of the enriched sample from the a pt r hann I. 

6 



2.9 Determination of the Enrichment Factor 

The extent to which the extracted molecules are accumul t d in th pt r mp rtm nl 

was studied either from the quantity enriched during the p ifi d tim p ri d r 

monitoring the donor waste at certain time intervals. 

2.9.1 Enrichment Factor from the Acceptor Concentrate. The total numb r 

analytes accumulated from the beginning of the experiment wa det rmin d and len v ing 

the concentration of the sample entering the membrane unit, the enrichment ra tor e V 

evaluated using equation l.3 or l.5. The influence of the ionic stTength on th e tent f 

analyte permeation, and thus the effect on Ee, was studied by addition of 0.0 .2, .5 and 

1.0 M Na2S04 to raise the ionic strength to 0.1 , 0.7, 1.6 and 3.1 respecti ely. 

To determine the partition coefficient of the analyte between the aqueou oluti n 

and the organic solvent used in the membrane, batch solvent extractions v ere perform d. 

In this study, chloro-s-triazine herbicides were used as model compound [267]. queou 

donor solutions were shaken in a separatory funnel with di-n-hexyl ther in 5: 1 olume 

ratio) for 15 min. The mixture was left to stand and the aqueous oluti on parat d. 

The concentration in the aqueous donor phase was measured before and after , tr ti n 

using the LC system described in section 2.5 . To study the effi ct of th nl c tr ngth in 

the donor solution on the partition coefficient, thjs procedur 

different ionic strengths mentioned above. The partition coerfici nt r th an I rr m 

the donor solution to the membrane was calculated using th fi II \I ing 

[A lD(i) - [A lDe!) ) 
K = 

D [A lD(i ) 

01 



where [A]D(i) and [A]D(f) are the concentrations ofth lull n 

before and after extraction, respectively. 

To -2 mL of the organic solution left in the funn 14m f I M H2 

and then the resultant mixture was shaken as above. To 3. m f th 

added 1.2 mL of 7 M NaOH to raise the pH to ca. 6.0, and it 

determined by LC. This procedure was used to calculate the p rtiti n ffi i nl lh 

analytes from the acceptor solution to the organic solution according t 

K is the distribution constant of the analytes between the organic and the accept r lution. 

K and UA were calculated from the following equation: 

2.4 

and, 

2. 

[A]m is the equilibrium concentration of the analyte in the organi c liquid. [ H ] and [ 

are the equilibrium concentrations of the analyte in the ioni ed and n n-i ni d ~ rm In 

. t' ely K is the di ociati n the aqueous acceptor solutIon, respec IV . a 

and [H+] is the concentration of hydrogen ions in the a c ptor luti n. 



2.9.2 Enrichment Factor from tbe 0 W ODor a te. . 1 m th mpl 

solution, premixed with equal volume of the don t th 

donor flow rate of 7.5 mL/min. The donor wa t rtln 

time intervals, to estimate the permeation of the analyt thr ugh th 1 i uid m n 

collections were performed during the whole period f , 4 

100, 130, 160 and 200 min. The extraction efficiency wa I u t d u i ng n I . 

2.10 Comparison of Selectivity of SLM versus SPE 

The aqueous mixture of the herbicides, 1.0 Jlg/L each of the four meth In 

[272], was premixed with equal volume of the phosphate buffer prior to lid pha 

extraction, SPE. The SPE column used was Cl8 EC ISOL T (International rb nt 

Technology Ltd., Hengoed, Mid-glamogan, UK) packed with 500 mg of the orbent in a 

mL polypropylene syringe barrel. Percolation of all so lutions and 01 ent through the 

column was carried out using a vacuum mani fold with a pr ssure pump. For pre-

conditioning of the column, 3 mL acetonitrile was used follow d by rin ing 'V ith 3 mL of 

reagent water for equilibration. Sample solutions, containing the four meth 

were percolated at about 15 mLimin. The column was then flu hed \l ith mL f r g nt 

water. For elution of the sample, 3 mL (2 x 1.5 mL) of acetonitrile a u 

were introduced into the separation system without any further treatm nL f th 

aqueous solutions prepared in identical condition were tra t d u ing r n 'V 

rate of 7.5 mLimin, as described in section 2.4 and th r ulting hr m t gram 'V r 

compared for selectivity of the techniques. 



2.11 Extraction of Degradation Pd' . ro ucts of s-Tnazm 1-1 rbi id 

2.11.1 Experimental Set-up. Selected degradati n pr du 1 th -lr; ZI n 

with the parent compounds were extract d . " e In a SImil ar n 

section 2.4, but using an automated t' . ex ractlOn set-up gl 

te 
P2 Waste 

Buffer .: .... -: 

PI 

Sample Buffer P3 

Acid Wa te 

Fig. 2.4 Schematic diagram for the automated extraction of the ml tur f p r nt 

compounds and degradation products of s-triazine herbicide u in L t hniqu 

represents membrane separator). The operation is described in the t t. 

Operation of the set-up is as follows: aqueous ampl 
luti n nd th d n r u r 

were delivered to the membrane unit by pump P I through al 

extraction, a pure buffer was pumped by P2 fo r v a hi ng th 
h \ h I 

system was then left to stand to allow analyte di ffu i n. During anal 
luti n, pump P 

()O 



purged the enriched sample from the membran 

enriched sample was collected in the fraction c 

started, residues in the flow system were rem 

unit thr ugh v Iv 

d b 

channels with the donor buffer and the acceptor acid u ing pump 

Pump P3 was also used to empty the length of tubing fr 

collector before the next enrichment commences. All al 

, n lh 

and the operation of the valves and pumps were synchroni d u Ing mput r 

programme (Turbo Pascal v. 5.5 and 6.0, Borland, cott v ritt n in th 

Department of Analytical Chemistry, Lund Uni versity [309]. Th t-up in ig. . i n 

the elute position. 

2.11.2 Procedure for Sample Extraction. The aqueous sampl contai ning ml tur f 

the degradation products and the parent compounds of s-triazine herbicid 0.5 mgIL a h 

was transferred to the membrane system with an equal vo lume of the pho phate bu eft r. 

The sample mixture and the buffer were pumped with pump PI separately and mi d in 

the tee connection. Further mixing took place in a mixing co il , Fig. 2.4. fier mll1 

delivery of the sample mixture, the flow system was rinsed with pure pho ph t bun r ft r 

10 min, with pump P2. The system was then left to stand for 10m in . Th c n 

collected with pump P3, by varying the acceptor flow rate 

either flowing or stagnant. Each time 2.0 mL of the concentrated 

4-mL vial in which 300 ilL of7.0 M NaOH was added. After c II ti n 

phosphate buffer at pH 7.0 was added to obtain a con tant pH f th 

Before any subsequent extraction, both channels were a h d d n d 

luti n. 



Analysis of the extracted sample wa p rD rm d u in n HP 

the ones described in section 2.5, except that a gr di nt t m m 

rate of 1.0 mL/min, was utilized. The mobile pha in th i 

3.5 mM KH2P04, adjusted to pH 7.0, and acetonitril whi h \ a pump 

mixing programme given below, Table 2.1. 

m 

rding t th 

Table 2.1 Mixing programme of the mobile phase for gradi nt luti n th ml tur 

parent compounds and degradation products of the s-triazine herbi cid 

Time,min % Phosphate buffer % cetonitrile 

0.0 90 10 

5.0 85 15 

10.0 85 15 

33.0 30 70 

37.0 30 70 

38.0 90 10 

43.0 90 10 

0 ') 



3. RESULT A 001 

3.1 Extraction Efficiency 

The extraction efficiency, E, in the SLM technique i th fr li n m I ul 

recovered in the acceptor phase, and may be influenced by 

1.6. Among these parameters, the partition coefficient, Kp f th 

aqueous phases and the membrane plays a significant ro le. It m \ h t 

complex [310]. It may be possible to qualitatively describe that 

the value of Kp is low, since the analytes are insufficiently e tra t dint rg n1 

membrane and the mass transfer is limited by di ffusion through the m rnbran 0 Th rn 

efficient extraction may be obtained at intermediate value ofKp and in thi r gi n th rna 

transfer is limited by the analyte permeation condition in the flowing d nor ph n th 

other hand, E will also decrease when Kp is very hj gh due to the high di luti n in th 

membrane. The stripping of analytes in the acceptor phase thu b c m th li miting 

factor. It was indicated, in a recent study [3\\] that the mo t effi ient 

3 
obtained when the octanol - water partition coefficient is as a rough e tirnat ar und I 

Analyte trapping in the acceptor phase is also an important fac t r in innu n In th 

value of E. It will decrease with time if the trapping is incompl te l ading t I pr 

o lOll b di d in d t il in quantitation. The condition of incomplete trapptng 

conjunction to the enrichment factor, Ee, in section 3. 0 

The extent of extraction of the liquid m mbran 

conditions, will be quantitatively described using the 

viewpoints, equations 1.1 and 1.2. 

und r 

alu f 

[1m nt I 

r m di r nt 



3.2 Optimization of the Liquid Membrane Extraction 

3.2.1 Composition of the Membrane Solvent 

immobilization in the support material is one of th m 

extraction. The solvent of choice must give high extracti 

affinity for the analytes of interest compared to the int rfer nt I. th Kp 

nt r 

In 

uld h high 

f th 

molecules should be as large as possible, but not too large in 'V hich c 

acceptor solution will be difficult [266, 267, 27 1). Several facto r that 

account when the solvent is chosen have been discussed in secti on 1.6. Lo 

tripping int th 

h uld b t k n int 

ity I 'V 

solubility in water and high Kp value are some of the most important requirement . 

In the present study of the extraction of s-triazine herbi cid s from di fferent ater 

samples, both di-n-hexylether and n-undecane membrane solvents were ut i li z d. ore 

polar analytes like degradation products of s-triazine required solvents of higher polarity 

particularly when carriers were added to the membrane solvents. In th ca 25% 6-

undecanone was mixed with di-n-hexylether for the purpose of increasing the so lubili ty of 

the carriers. The better selectivity of n-undecane for organic substances in natura l at r 

samples [271] and its long-term stability as a membrane so l ent [265] has alread been 

reported. This same solvent has proved both selective and stab I for extract ion of alkylthio­

s-triazine herbicides spiked in natural waters. In this applicat ion more than I 0 amp le 

were processed with this membrane, without significant deer a e in . Th nt 

viz., di-n-hexylether and its 50% mixture with n-undecane 'V er al found t 

alternatives except that their life as membrane solvents is hort r hi h m 

gradual dissolution of the more polar solvent into the aq ueou n 

for the alkylthio-s-triazines with these membrane so l ent r gl .1. 



Table 3.1 Extraction effi ciency, E, fo r 2 
min 

triazine herbicides in various membrane 01 nt. 

flow rate: 1.0 mLimin. 

Herbicide n-Undecane Di-II-hexyleth r 
compound (UDC) 

Desmetryn 0.639 (3.25) 

Metoprotryn 0.620 (1.94) 0.557 ( .7 
Ametryn 0.650 (1 .92) 0.553 (4.07) 

Prometryn 0.572 (1.23) OA73 (3 .15) 

Terbutryn OA89 (0.82) OAO I (2.7 1) 

Dimethametryn 0.480 (1 .09) 0.393 (2 .51 ) 

Dipropetryn 0.457 (0.88) 0.356 (2.90) 

m 

Numbers in bracket are the relative standard deviations, in % fo r n = 5. 

Ithl - -

A7 2. 

A 2.1 

AO 2. 11 

The behaviour of the n-undecane membrane towards change in ana lyt 

concentration, particularly at trace levels, was investi gat d by extracting di ffe r nt 

concentrations under the same experimental conditions. As can be e n in Tabl .2 the 

values are nearly independent of the analyte concentrat ion see th R D alu In able 

3. 1. A slight lowering of the E values for the late eluting compound might be du t 

adsorption of the compounds, at lower concentrations on the d 

With similar extraction condition for methoxy- -tri 

hexylether exhibited better E. The same solvent wa r port d ~ r 

triazine herbicides from natural waters [270]. The re ul t ~ r 

studied with different membrane solvents are shown in Tab l 

id pur d i-II -

hi r - -

t d m th 



Table 3.2 E for samples of the herbicide t on ntr ti n I 

in both reagent and river waters . 50 ilL ex tract 

extracted samples, n varies between 4 and 6. 

I . 

r 

Herbicide Concentration of the sampJ extracted/,.. IL 
compound 1.0 p.glL 1.0 p.glL 2.0 jlg/L 500 )lC/L 500 PCI L 

Desmetryn 0.632 0.627 0.63 8 O. 2 

Metoprotryn 0.621 0.618 0.612 O. 13 
Ametryn 0.637 0.626 0.643 0.643 45 

Prometryn 0.572 0.588 0.606 0. 580 .579 

Terbutryn 0.502 0.531 0.536 0.507 .542 

Dimethametryn 0.494 0.488 0.517 0.509 0.51 0 O. 17 

Dipropetryn 0.470 0.484 0.497 0.485 0.492 0.4 

* Samples spiked in river water. 

For samples collected from lake waters, in the vicinity of agricultural fi Ids both 

di-n-hexylether and n-undecane membrane solvents were used since more than one cia of 

the s-triazine herbicides are being applied during each plantation season . The m mbran 

solvents were used under different pH conditions in the acceptor solution' viz. 0. 1 

sulphuric acid for n-undecane [276] and 0.5 to 1.0 M for di -n-hexylether membrane 

solvents [270]. Field samples were extracted at donor flow rat of 5.0 mLimin in b th 

membrane solvents. One important observation is that when the acid c n entrati n .. a 

increased beyond 0.5 M, the efficiency started declining gradu all hi h m b du t 

degradation of the parent compounds [45] . 



Table 3.3 E for 0.5 mgIL methoxy- -tri in h r i id In n Iv nl . 

Donor pH: 7.0; acceptor pH: 1.0; donor flow rat : I. m Imin. 

Herbicide Extraction efficienc 

compound 100%DHE; 50% DHE ill 

11=9 II = 10 II = 10 
Simetone 0.45 ± 0.05 0. 32 _ 

Atratone 0.59 ± 0.04 0.4 ± 4 

Secbumetone 0.65 ± 0.04 0.57 ± O. 2 

Terbumetone 0.68 ± 0.04 0.61 ± 0.02 

+Mean ± 95% confidence interval. 

3.2.2 Effect of the Acceptor pH on E. When SLM technique i applied to ither acidic or 

basic ionizable compounds, the pH of the stagnant acceptor pha e plays a igni (jean t r I 

in controlling the degree to which the target analytes are sel cti v Iy enrieh d. ccording to 

theoretical considerations [266] , to obtain a nearly complete extraction f th ba i 

compounds, the pH on the acceptor side should be at least 3.3 unit belo the pK of th 

analytes of interest. Alkylthio- and metboxy-s-triazine herbicid are ba i 

amine compounds having pKa between 4.0 and 4.5 (Table I. I and thu an b 

and trapped in acidic acceptor solutions of lower pH. 

It was observed that the extent of enrichment of the mp und nd th 

was dependent on the acceptor pH. The trapping cap a it f th a 

selected concentration regions, is shown in Fig. 3.1. [t a 

the pH of the solution decreases, even though it e m 

of 0.7. An increase in efficiency was not observed b 

97 

in th pH 

lu 

n In 

ig. 



3.1 , and thus a concentration of 0. 1 M ulph uri 

alkylthio-s-triazine herbicides. 

n r ih , lr II n 

0.8 r --------------, 

0.7 

W 

~ 
0 

0.6 
c: 

.~ 
0 

IE 
0.5 W 

c: 
0 
:;: 
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C'CI ... 0.4 ->< 
W 

0.3 
0 0.5 1 1.5 2 

Acceptor pH 

Fig. 3.1 Extraction efficiency versus acceptor pH. Membrane compo iti n: I % 1/ -

undecane; donor pH: 7.0; 20 min extraction of 0. 5 mgfL of the herbicid omp und 

donor flow rate of 1.0 mL/min. 20 ~L of the enriched ample .. a intr du dint Lh 

separation system. Symbols: (. ) - desmetryn (- ) - metoprotryn .& - am tryn X -

prometryn, (* ) - terbutryn, (e) - dimethametryn, and ) - di pr p tryn. 

Analytes trapping might be complete at pH .7 and thu th alu r m in d 

nearly constant below this pH. However, fo r xtra ti n r I \ hi h \ r 

performed in the pH range from 0.7 to 0.0 the ex tra t d 

immediately after collecting from the acceptor chann I t pr nt p 

9 



the concentrate. In a series of experim nt th i 

prometryn and terbutryn increas d by about 

r 

thus very important to note how long the ex tra t d 

to more precisely estimate the E value. 

lUll n, In r r 

For extraction of lake water, concentrati r ulphu ri r nging r m .1 

1.0 M were utilized. Both compounds identi fi ed In lak 

obtained when lower pHs were employed. Thu h n Ii 

herbicides are extracted concentrations of acids of about .5 M 

be used, unless extracts are collected in a pre-proces ed bu f~ r pH i 

was also noted that the optimum acidic condition in th acceptor pha 

and composition of the membrane solvent. 

r p 

ntr II d. It 

th n tur 

3.2.3 Effect of the Donor pH on E. In the liquid membrane tra ti n r b i 

compounds, the pH of the extraction solution has to be kept 2.0 pH unit mor than th 

analytes with the highest pKa value [266]. This is in order to ke p th anal t In 

uncharged form and to facilitate their di ssolution in the hydrophobic m mbran . F r 

alkylthio-s-triazines, the analytes permeation through the membran 

unaffected between pH 6.0 - 8.0; see Fig. 3.2. It has been ob erved tll t 

m 

results were less reproducible. This may probably be due to ome ch mic I r a ti n 

b 

hydrolysis, that can possibly take place either in the donor pha nl. 
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Fig. 3.2 Extraction efficiency of the alkylthjo-s-triazine er u d n r pH . pt r pH : 

0.7 and donor pH was varied as described in section 2.7. ymbo l and all oth r nditi n 

are the same as Fig. 3.1. 

The methoxy-s-triazine herbicides also exhibited good e tractab ili ty at pH 

their pKa values. Highest efficiencies for both classes of th -tria in h r i id 

obtained at pH 7.0, and thus donor pH of 7.0 was used throu hout. Th d 

methoxy-s-triazines above pH 7.0 was an unexpected ob ervation , Fi g. n t 

the case for alkylthio-s-triazines. This may be attribut d to th re t r ba i 

more susceptibility to degradation of this class of -triazine h r i id mp r d t th 

chloro- and alkyltruo-s-triazines [45, 312]. 



1 

w 0.8 
~ 
(,) 
C 

.~ 
(,) 0.6 
IE 
W 
c 
~ 0.4 
(,) 

~ ->< 
W 0.2 

o 
2 4 6 8 

Donor Solution pH 

Fig. 3.3 Extraction efficiency, E, versus the donor pH for meth xy- -tri z in h rbi id 

the donor flow rate of 1.0 mL/min, 100% di-n-hexyleth r and 25 il inj ti n f th 

extracts. Symbols: C. ) -simetone; C. ) - atratone; (£ ) - secbumeton . and 

C.) - terbumetone. 

3.3 Analyte Adsorption in the Extraction Systems 

Whenever possible, complete extraction and quantitati e tran D r f th anal In 

question through the liquid membrane is desired so a (0 btain a high 

possible. But in practical appl ications, notab le [Taction of th amp l ha 

the membrane system when additional portion of the ac pt r ph 

subsequent enrichment [243, 278, 294). The r sidual quantiti 

from one of the fo llowing two sources. One source rn a th Iut in th 

connecting tubes, flow system or the membran Y h n thi 

portion is allowed to pass through the donor chann I in lh n \ 



enrichment of adsorbed molecules will al 0 tak pi 

tenned the carry-over effect (COE). 

h t u t lhi P rti n 1 

To detennine the COE, blank reag nt " at r nri h d in int i I m nn r 

collection of the concentrate from the acceptor chann I. 

perfonned in the same way as for the analytes, a de crib d in th 

r 

was calculated using equation 2. 1. It was observ d that fI r xtra ti n alk Ith i -

and methoxy-s-triazines, the COE quantiti es determi ned ne r d % pt r 

dipropetryn, as shown in Table 3.4. The highest values fo r 0 

eluting compounds, which are less polar and can be more ad orbed. Thu effi cti rin ing 

of the flow system after each extraction ensures transfer of the max imum fracti on of th 

analyte molecules to the enrichment membrane system. 

Table 3.4 Carry-over effect (COE) and membrane memory effect (MM ) of the herbicide 

compounds studied. 

Herbicide compound % COE %MME 

Desmetryn 0.55 0. 11 

Metoprotryn 0.74 0.22 

Ametryn 0.62 0.1 

Prometryn 3.00 0.2 

Terbutryn 4.90 .59 

Dimethametryn 4.89 0.75 

Dipropetryn 5.11 

The second source of analyte residues may be fr m th di ffu i n thr ugh th 

liquid membrane to the acceptor. The effect due t thi P rt i nit rm d 

memory effect (MME). The rate of mass transfer fr m th m m ran t th 

mm 

pl r In 



this case, may be slow. MME has also b n n t d in th r 

which was mainly due to slow mass tran ~ r rat . In 

ppl i J, 

th pr nt 

MME amounts detennined were all below the unc rtaint 

To study the MME, the following two e prim nt I pr 

designed. In the first case, after collection of the enrich d ampl 

triazines, the system was left to stand for 20 min . Then 

and analysed in the same way as for the samples. Thi am pr c dur 

n 

times and the mean values were calculated. A waiting time of I mIn a fi und n ugh 

for quantitative transfer of this class of s-triazines herbicid thr ugh th liquid m mbr n . 

For methoxy-s-triazines MME was studied by extending the wa iting time befi r c II ti n 

of the enriched sample plug. Extracts were left to stand for varied tim , 0 to 2 min and 

the results of this investigation are given in Table 3.5. From th se results it can be een 

that both classes of the s-triazine compounds are quantitati vely transferred during 10 min 

waiting time. However, when complex samples of unknown cone ntrat ion e.g. ri r or 

lake waters, are extracted, longer waiting time may be recommend d as has als been 

reported [279]. Therefore, for extraction of lake water samples 30 min wa iting ha be n 

scheduled after extraction of either one or three litres of the processed amples. 



Table 3.5 Study of the effect of \I aiting tim 

min flushing of the donor stream with th 

triazine herbicides. 

n mIn mpl 

r fI r th mi tur 

Herbicide E after waiting time of 

compound o min 2 mill 5 mill 10 mill 

Simetone 0.39 0.42 0.43 0.43 
Atratone 0.55 0.56 0.53 

Secbumetone 0.56 0.59 0.59 

Terbumetone 0.59 0.60 0.61 .65 

3.4 Donor Flow Rate Dependence of E 

tr ti n n 

th 

20 ",ill 

0.42 

I 

7 

7 

One of the advantages of liquid membrane extraction is the po ibili ty to increa e the 

amount of sample passing the donor channel per unit tim especiall y when larger ampl 

volume is available. This is because one can increase the total amount of analyte 

accumulation in the stagnant acceptor solution during the specifi ed peri od of e tra ti on. 

The primary condition for attaining maximum accumulation is d termined by the ma 

transfer in the donor channel. This is the case when the partition co ffi ci nt b tw n the 

organic liquid and aqueous donor phase is relatively lar oe (Kp > nd r the 

circumstances the decrease in E with increase in the donor flo rate i mall and th rat , 

of analyte transfer and accumulation is very high. Further perim ntal b n fit f u h 

procedure are shortening of the extraction time and low ring f th 

For s-triazine herbicides, the d cr ase 111 ry radual nd th u th 

accumulation per unit time is high Fig. 3.4. E d cr a ti I fa t r r pr p In 
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Fig. 3.4 Donor flow rate dependence of E fo r 20 mi n xtraction of .5 m f a h -

triazine compounds. (A) Di-n-hexylether membrane 01 ent and a 

concentration of 0.5 M; symbols: (. ) - atTazine C. ) - pr m pr pazin nd . 

_ terbutryn. (B) n-Undecane membrane sol ent and a c pt f . I 

symbols: (0) - atratone, CO) - prometone Cfj,) - pr pa in and 0 - t r ul 



with increase in the donor flow rate in II-und can nt, ·ig. 

not an unexpected observation since all the chlor - -triazin id \ ith I \II r p 

values may have better dissolution in the more p lar m th r 

Fig. 3.4A. Methoxy-s-triazines were also succe full nri h d III th I tt 

solvent, while both membrane solvents and their ml tur pr d t 

alkylthio-s-triazines in environmental water samples. 

At the expense of sample volume and also time hi gh an Iyt enri chm nt n b 

be achieved with liquid membrane extraction. Since breakthrough d e not 

can be well accumulated to bring their concentration to a detectabl e level b e n nti nal 

detection systems. The main problem associated with increas d donor flo w rate i th 

decrease in the life time of the membrane, which may probably be du to di so lution of the 

membrane solvent into the flowing large volume of the aqueous sample. high pressure 

may also be created which hampers the analytes transfer through th m mbrane. For 

extraction of lake water samples, donor flow rate of 5.0 mLimin was chos n wh ich a 

not so high to remove the membrane liquid in limited extractions. Analytes of ery 10 

concentrations in the lake water have been enriched and quantifi ed. When one litr of lake 

water samples were extracted at this flow rate, about 20 extractions can be don b for th 

membrane starts to leak. 

3.5 Determination of the Enrichment Factor 

As was described above in section 2.9, determination of c can be don ilh r b ting 

the concentrates from the stagnant acceptor phase or by m nit ring th d n r \i t . 



3.5.1 Enrichment Factor from the Stagnan t cc pt r Pha 

to which extracted molecules are accumulat d in id i r ph 

standard solution of herbicides, of 0.5).l L v a min u ing 

hexylether and n-undecane membrane solvent. Tn an th r nl 

of spiked sample solutions, of 0.1 ).lg/L, were extract din lh 

given in Table 3.6. It is seen that trace analysi u ing LM i nd 

accumulation seems independent of the concentration In th ri gin al mpl h 

performance of both membrane solvents was satisfactory hi r 

triazines when n-undecane was used. With relatively higher ampl olum th 

Table 3.6 Enrichment factors, Ee, for extraction of the standard ampl pik d in r ag nl 

water. All samples were extracted at flow rate of 5.0 mLlmin and n = 4. 

Herbicide Ee for 0.5 J.1g/L in one litre Ec for 0.1 J.1g/L in three litre 

compound DHE UDC· DHE UDC 

Simazine 6.6 3.2 47 49 

Atratone 170 95 327 2 

Atrazine 97 29 454 467 

Prometone 205 158 443 4 

Propazine 6.7 2.2 10.7 nd 

Terbuthylazine 18.2 16.6 7 nd 

Prometryn 233 179 472 477 

Terbutryn 287 225 69 4 

*DHE and UDC are abbreviations used for di-n-hexyl th r nd II-und ti I . 

nd - represents not detected. 



enrichment with both membrane 01 ent 
whil lhl \\ w r In 1/ -

undecane for one litre extraction of atraton tr 10 nd pr m t 
r n r lh 

discrepancy is not clear. 

In other similar app lications, on alkylthio- -lri 10 nn hm nl In 

in natural water and reagent water were com par d fI r m. t . 

mUmin. To estimate the time required to obtain th am nri hm nl 

samples of the same concentrations were first ex tracted at nd 

120 min. Linear relationship was obtained for enrichment tr li n tim 

extrapolating the results for the enrichment at 7.0 mLimin th tim r quir d t 

same enrichment at lower flow rate, 0.5 mL/min, was estimated Tabl .7. Th 

Table 3.7 Enrichment factors, Ee, for extraction of 500 mL of a 1.0 ~g!L ampl ml tur 

both in reagent and river waters, at flow rate of 7.0 mL/min (n = 3 , and th orr p nding 

time required if the same volume were extracted at 0.5 mLimin . 

Herbicide Sample in reagent water Sample spiked in ri er water 

compound Ee" Time/mill + Ee~ Tim e/m i" + 

Desmetryn 51 310 51 

Metoprotryn 54 350 5 

Ametryn 52 280 51 

Prometryn 66 390 62 

Terbutryn 78 490 7 

Dimethametryn 78 480 7 

Dipropetryn 80 490 75 

·Enrichment factor for a 1.0 ~g/L sample mi xture at 7. m · /min and - r pr 

required to obtain the same enrichment at 0.5 mLimin . 

10 

2 

41 

4 

I 

nt lh tim 



confIrm that s-triazines from various matric n li v 

flow rate the analysis time can be shorten d f, r tra Ii n nl min nl . 

3.5.2 Enrichment Factor from the Donor Wa teo In aim tilth ppli 

far reported, the extraction efficiency wa ca lcul at d fr m th 

tr from the acceptor. In one of the studies of thi s th i 

mLimin, the donor wastes of methoxy-s-tri azine herbicid 

were directly transferred to the separation syst m without 

II t d during n min ut , 

n furth r tr atm nl. h 

number of moles in the donor waste since the beginning of th 

using numerical integration and this was used to estimate the e tr cti n 

interval using equation 1.2. 

ul t d 

h 

It was observed that during the first few minutes E wa r lati ely high nd th n 

becomes nearly unaffected throughout. This time may most probably b th tim r quir d 

for establishing a steady-state mass transfer through the m mbran tracti n t m 

[264]. For routine works, in order to determine the optimal time of e tract ion at a gi en 

donor flow rate, it may be useful to employ this procedure during opt imization f th 

extraction. Estimation of the efficiency from the donor a te may b am nabl n th 

compounds under study are quantitatively transferred and n arl y comp l tel trapp d in th 

acceptor solution. 

The enrichment factor, Ee, during the whole tracti n p ul t d u in 

equation 1.4 or 1.5. The problem encountered v ith tra ti n f th m th 

used as model compounds in this study a th p I r 

compounds, e.g., simetone, was not reli ab le rl p v ith th P k fr m lh 

molecules of the donor buffer solutions. Fig. 3.5 illu trat In c lhr ugh ut 

the experiment. It is also evident that in th nri hm nt ul t d u ing 



equation 1.3 agree with the values estim t d u ing 

effects in the membrane and thus the MM \ ill b 
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Fig. 3.5 Ee for the sample collected from the donor waste at certa in time interval. e 1 0 

text. Symbols: +- atratone, • -secbumetone, and e -terbumetone. 

3.6 Trapping Processes for Weak Bases in the SLM Extraction 

3.6.1 Effect of the Degree of Trapping on Enrichment Factor. r i c mp und 

with pKa :::; 2, (Table 1.1 ), the acceptor pH wa fo und t b li miting ~ t r in th 

attainment of high E. This is because the condition ~ r c mpl t 

solution, which requires an acceptor pH at lea t . unit 

analyte [266], was not completely met. a th th 

partially ionized analytes increased in the sta nant a pt r luti n. 

11 



The variation ofEe with sample olu m t di r nt ulphu 

in the acceptor solution was studied for chlor - -tri 111 

Fig. 3.7. In early extraction periods the dir~ r n , I 

insignificant. However, the difference is mor pr n un d lum 

increases, particularly for the least basic compound viz. 

(Table 3.8). The results obtained are in good agrc m nt 

amount of sample extracted increases with increa in th d gr tr pping r 

analytes [266]. 
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Fig. 3.6 Variation of the Ee with extracted sample lume ~ r hi r - -tri In .4 m I 

each). The acceptor solution contained 1.0 M ulphuri a id . m • 

- atrazine, and (. ) - terbuthylazine. 
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The degree of trapping could till b 

acceptor acid, e.g., greater than I M H2 

decreased stability for both the membran 

h di 

In ring 

\ ilh lh i 

[ ]. 'urth rm r , 

th 

ing 

viscosity and ionic strength of concentrat d acc pt r h mp r p rm li n 

of the analytes from the membrane to the bulk ofth ac pt r luti n. 

3.6.2 The Maximum Enrichment Factor. In a co-operati 

various weak compounds were extracted [267] to veri fy 

including the enrichment factor, developed by Jonsson 

tud v ithin lh am gr up 

om f th th n , 

tal. [2 ]. Th m Imurn 

enrichment factor that can be attained may mainly be influ nc by the pH of the a c ptor 

solution and the pKa of the analyte, equations 1.7 and 2.5. To d termine th rn a irnurn 

enrichment factor, various SLM systems were studied con isting of different typ of 

weakly basic analytes of nearly constant ionic strength in the donor so lution . The e in lude 

chloro-s-triazines - representing an incomplete trapping; alkylth io- -triazine 

representing a complete trapping; and aniline deri vati es - repre nting b th of the 

situations. 

In an incomplete trapping situation, Fig. 3.6, fo r SlmaZll1e and atrazine th 

maximum enrichment factor was attained quite easily. They ar more ak ly ba i and 

trapping in 1.0 M sulphuric acid is limited, which also agree veil with Tabl at 

acceptor pH of 0.0, simazine has the hjghest a-value wh ile terbuthylazine h th t. 

the extraction of analytes continues, the concentration of un h rg d analyt In th 

acceptor builds up, which in tum decreases th flux acro the m mbr n Fin II lh 

concentration of uncharged analytes in the acceptor s luti n 

the donor reaching an equilibrium and the flux cea 

11 2 
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Table 3.8 u A-values at indicated pH and pK f th tudi d w k [ ). 

Compound studied pKa 

value - 1.0 
Simazine 1.68 

Atrazine 1.65 ·2 2 .1 , I 
Terbuthylazine 2.0 4. 7 ·2 , I .) 

Ametryn 4.1 6.82 x 10-4 

Desmetryn 4.0 9.22 x 10-4 

Dimethametryn 4.0 6.82 x 10-4 

Terbutryn 4.3 4.62 x 10-4 

Aniline 4.61 2.26 x 10'4 2.4 ' I 

3-methyl-5-nitroaniline 2.34 4.21 x 10'2 4. ·3 

3-chloro-4-methylaniline 3.97 9.86 x 10'4 I . 

3,5-dichloroaniline 2.48 2.96 x 10'2 .27. ·3 

N.B. For the aniline derivatives (the last four compound ) pKa was ca l ulat d b D/pH 

(Advanced Chemistry Development, Inc. Toronto, Canada). 

The more basic alkylthio-s-triazines have very low u- alu at pH f ab ut I . 

Table 3.8, so the maximum enrichment factor was reached aft r I n r tra ti n ti m 

Furthermore, with all parameters kept constant the compound ith th 

should have the highest enrichment factor at a gi n e tra t d mp l lum 

The results obtained for these compounds fu l fi lied thi 

desmetryn and terbutryn show the lowest and high nri hm nt 

However, ametryn is slightly more ba ic than dim til m t 1 

enrichment factor is less than that of the latter. Thi appar nl r 

n In Ig. 

ut il 

ul 

attributed to differences in partition coeffi ci nl f lh tv mp un inl th m m r n 

114 



solvent. Dimethametryn is less pol r th n d 

more easily in n-undecane which \ a u d a 
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Fig. 3.8 Variation of Ee with extracted sample olume for alk Ithi - -lri In 

mg/L). The acceptor solution contained 0.1 M sulphuri aid . 

dimethametryn, (0) - terbutryn, (D) - ametryn and (0 - d m tryn. 

The effect of pH of acceptor solution on th m , Imum nri hm nt t r \ 

further demonstrated using some aniline d ri ati t I in .1 

M (Fig. 3.7B) H2S04. It can be seen that by in n ntr. ti n, lip 

to 6000 mL of the two more basic aniline d ri lr t d \ i th 1I t r hi n g 

plateau on the curve of the enrichment fa t r. hi m tlr. ti" in th 

context of long time field sampling of the mp lind . 
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3.6.3 Effect of Ionic Strength on Partition oefficicnt and 

possibility for further increasing the enrichment fa t r f th 

nrichm nt Factor. n 

would be increasing the ionic strength of the donor luti n 

equation 1.7. Within the ionic strength range in e ti gat d 

increases with ionic strength (Table 3.9). It can be noted that t 

kl 

most hydrophobic compound, i.e., terbuthylazine, gave the hi gh t partiti n 

while for simazine it was the lowest. Increasing the ioni c strength of th d n r 

o 

nt 

addition of a salt was observed to increase the stabili ty of th m mbran Ii uid [ 4 ). It 

suppresses the possible emulsion formation that has been noted a on of th major au 

of the membrane instability. 

The increase in ionic strength in the donor solution ha al 0 be n e n to ha e a 

positive effect on the maximum enrichment factor (Table 3.9 . The increa e in nrichm nt 

factor as expected was highest at any given ionic strength with t rbuthyla 111 . Thi a ree 

well with equation 1.7, since the enrichment factor is directl y related to th part ition 

coefficient of the analyte from the donor solution to the membran liquid . ha b n 

indicated in Fig. 3.9, in the initial extraction periods there are insign ifi cant di f~ r n 111 

enrichment factors for all the analytes at various ionic str ngth . But a uncharg d anal 

build up in the acceptor phase, this difference becomes mor e ident i.e. lh n entration 

of uncharged analytes in the acceptor solution b come pr dominant. Th f~ t f 

increasing ionic strength on enriclunent factor is th refore n I D r h rt tim 

For longer extractions it has an important analytical app li ati n 111 it pr lng 

oflarge volumes, especially where the analytes of int r tm pr nt t tr 

11 



Table 3.9 Comparison of max imum nri hm nt 

supported liquid membrane ex tracti on 

coefficient E e(CaL) (cf eqn. 1.7) at variou i ni 

K p(A) are partition coeffici ents of the anal t 

donor and acceptor solutions, respecti vely, me ur d ad n . h 

experiment was repeated at least 3 times) . 

Ionic strength Simazine Atrazine 

Kp(A) 13 44 

Kp(D) 0.1 14 45 

0.7 21 0 

1.6 28 14 I I 

3.1 47 2 0 

E e(SLM) 0.1 40 50 

0.7 76 92 21 

1.6 11 0 150 > 7 

3.1 150 >147 > 

E e(CaL) 0.1 53 5 II 

0.7 79 90 

1.6 106 

3.1 180 29 

. t I a ' mum nn hm nl ~ t r I tI d Table 3.9, also compares the expenmen a m I 

. . t gths wl'th calculated values according t lomc S ren I . u ing th K nd 0 

d . d These are in good agreement. H \J values etemllne . nl tr nglh 

the actual maximums showed indicati on of bing I than th ug tin 



that in real SLM applications the . . . , re IS an upp r li mit n n It ut th 

donor solution to the membrane eve d ' nun er InC mp l t tr pping n ili n . 
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Fig. 3.9 Variation of Ee with extracted sample volume for ima ine at difn r nt Ion I 

strengths of the donor solution. The acceptor solution conta ined 1.0 M ul phuri id . 

Symbols, representing the ionic strengths: (. ) - 0.23, (_ ) - 0.69 ' • - 1.59 and 0 -

3.1. (Similar behaviours have also been observed for atraz ine and t rbuth I in 

3.7 Comparison of Selectivity of SLM witb SPE 

Aqueous sample solutions of the s-triaz ine comp LInd d LInd r id nti I 

conditions and spiked in reagent water and ri er water er , tra t d LI in th lh liquid 

membrane and solid phase extraction column, to compar th 

techniques at trace levels, e.g. , 1.0 Ilg/L· The orr p nd in 

spiked in river water are given in Fig. 3. 10. The 111 th In ha n 

II 



extracted in the SLM sample prep rati n t hniqu 

interfering compounds from the ri er v at r \ r lut 

mp nn \\ ilh lh P In 

Fig. 3.10A. In some cases, the peaks fTom th mp und w r 

of the more polar compound, simetone, di ffi cult . 

compounds or ions, the ionic strength of th ph ph t bu 

0.01 M. This approach also did not reduce the quantit th 

early stage of the chromatogram. The chromatogram fr m 

membrane, Fig. 3.10B, was not affected much since th m m 

polar compounds and ions to enter the acceptor channel. 

Improvement of selectivity of the SPE by additional I n-up 

less-retained interfering compounds with water modi fi d v ith m 

solvent [130, 271], is a common practice. Use of a co lu mn 

exchange column is also reported for other pesticides [153]. Th 

been carried out in these studies. 
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Fig. 3.10 Chromatograms (HPLC-UV) of the m tho - -tri z in h rbi id u d m 

compounds. River water samples spiked v ith the land rd nd 
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3.8 Applications to the Southern Ethiopian Lake Wat r ampJ 

3.8.1 Quantification and Calibration Curve. 

ranging in concentration from 0.05 mglL to 0.5 m L 

solvents, viz., di-n-hexylether and n-undecan . 

mpl 

were quantified from standard injections of the corr p nding 

Based on the peak height measurements, calibrati n gr ph 

extracts in both membrane solvents. All the comp Lind 

relationship of the detector response versus the concentrati n 

intercepts and correlation coefficient of 0.998 or better. Repre ntati 

compounds are given in Fig. 3.11. The results obtained fo r pr p In 

been included in both Figs 3.llA and B, to compare the xtractab ili t f th 

in both membrane solvents. The more polar propazine 'V a b tt r 

r 

mp un 

di -Il -

hexylether while the enrichment of prometone was well performed in b lh m mbran . 

This observation may be attributed to the more basic nature of th latter b th c mp und 

having similar structure, differing only with a substituent at th 2-po it i n. 
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th r 

w 

3.8.2 Performances and Detection Limits. Th p r 

trace quantities of s-triazine herbicide comp und 

investigated. Sample mixtures varying in cone ntr ti n 

reagent water and river waters. To determine th lim it 

containing all classes of s-triazine herbicid scone ntrati 

th in 

0. 1 Ilg/L in three litres were extracted in both m mbran 

experimental conditions at donor flow rate of 5.0 mLimin . Th r 

nt un 

.1 

that for all the compounds studied, detection li mi ts calcu lat d a thr tim th n I 

level, were low enough USlllg both membrane 01 nt and ri d tra 

concentrations. This also suggests that lower sub-nanogram Ie f rgani p lI ut nt n 

be extracted and quantified using the SLM extraction techniqu . im il rl 

limits have also been quantified for specific class of s-tri azin mp und 111 

matrices, and the corresponding results can be fo und from r D rene nd 

chromatograms for trace level extracts of alkylthio- -tri azine are al gl n In Ig. .1 . 



v lum 
Table 3.10 Limit of detection (LOD) fo r e tr ti n 

solutions at concentration levels f 0 5 gIL o . . I.l and .l)l 

mLimin. 

Herbicide LOD, nglL, for extraction LOD ngfL for xtrac tion f 
compound of one litre standard three litre of tandard olution 

solution 

DHE* UDe DH£ UDe 
Simazine 152 317 32 10 
Atratone 5.9 10.5 3.4 .4 
Atrazine 10.3 34.6 2. 

Prometone 4.9 6.3 2.5 

Propazine 207 ncl 6 II t 

Terbuthylazine 55 60.4 20 lid 

Prometryn 4.3 5.6 2.3 

Terbutryn 3.5 4.4 1.5 1.4 

* DHE and UDC are abbreviations used for di-n-hexylether and II-und can 

nd - represents not detected. 

In a similar application, the limits of detection obtai n d fr m Ii uid m m r n 

extractions were compared with those from the so lid-pha r m th , 

triazine compounds. The results obtained for both technique 

selectivity for the SLM extraction as has also been di 

assess the reliability of the liquid membrane ex tracti n amp l mi tur pi d in r nt 

water and river water were extracted at lOver I. . I. m /min and hi h r, I. . 

mLimin donor flow rates for about 270 min . R gardl n m 
, 

the results obtained in both cases were similar [27 ). It \ thu n th l lh limit 

detection was not affected when samples are 
In ml 

I 4 
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Fig. 3.12 Chromatograms (HPLC-UV) of 1.0 IlgIL of the h rbi ide c mp und tudi d. 

(i) in reagent water and (ii) spiked in river water. ampl t d 

donor flow rate of 7.0 mL/min and 50 ilL of the extra t IV • P k : 

(1) desmetryn, (2) metoprotryn, (3) ametryn 4 pr m tryn 

dimethametryn, and (7) dipropetryn . In both ram 

extraction, (b) extraction of donor buffer after amp l mpl , tr ti n. 



matrices of varying concentration . " Ira Ii n 

the limit of detection twice or three tim 

thigh r 

3.8.3 Determination of the Detection Limit in Lak 

extraction methodology was applied to the e tra ti n mpl 

from Southern Ethiopian Lakes, viz., Awa a ham nd a. In thi 

country, there is an extensive use of agroch mi In luding h 

pesticides, on various farms . These are sprayed by farm \' 

pesticides most frequently used as an active ingred ient in 

formulation of which is prepared alone or in combinat i n v ith 

These agricultural fields are situated in close pro imit th 

present study. There is a high probability for the res idue of th mp 

pr 

m 

Ih 

lh r 

th 

, th 

). 

r th 

nt r th 

lakes by all possible means. Water bodies of the recipient lak v ill thu 

and may contain considerable quantity of these residues. 

nt min t 

Water samples collected from these lakes (secti on 2. tr t d r m 

pre-processing steps including filtration and treatment" ith buf~ r. Th qu ntiti 

triazines in these lakes have been estimated using quation 1.1. 

were identified in Awassa Lake, while only atrazine could b quantifi In h 

(Fig. 3.13). The quantities of these compounds estimat d 1I i ng lIati n I. I < r gi n In 

Table 3.11 . None of them was identified in the extra t fr m 

array spectra ofterbutryn are given in Fig. 3. 14, to CO nfi!l11 Ih 

is seen that these spectra, of the standard and lake 

spectra for atrazine were also obtained. 

un . It 

nli I. imil r 
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conditions: donor flow rate - 5.0 mL/min; 111 111 ran 

sample extraction time - ten hours. Peaks (1) alra in ul n. 
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A closer examination of th I 

Awassa Lake at different locations, for ampl 

not always containing the residue . Th ampl 

contained both atrazine and terbutryn, whil nl 

samples taken from the point of entrance ofth tribut 

in the sample extracts from the shore sides. Thi ma 

vertical mixing of the lake water at the bank a ha 

lh 

Moreover, in none of the extracts from the third collec ti n \I 

This might be attributed to their degradation by vari ou m n 

deposition on the sediment forming complexes with lib tan 

water. It can thus be generalized that the sampling, sampl c II 

i lnbutl n in 

the collection sites are very important variable \I hen n Ir nm nt I m ni t nn 

experiments are to be carried out for analysis of -tri azine herbi id and pr 

of other pesticides in these areas. 

Table 3.11 Concentrations, in j.lg/L, of atrazine and terblltryn d t rmin d in th 

waters from Awassa and Chamo Lakes applying the LM e tr ti n at th d n 

of 5.0 mLimin. DHE stands for di-n-hexylether and ~ r /I -lind 

s-Triazine Extract from Awassa Lake , 

herbicide DHE 

Atrazine 6.7 ± 0.7 (6) 5.1 ± 2. 

Terbutryn 7.0 ± 3.0 (5) 8.1 ± 4.7 4 

*Mean ± 95% confidence level for the mean lu indi t d in r 

r 
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3.9 Method Development for SLM Extraction of th 

- Optimization of Parameters 

- ria ~dn 0 ~rada ti /I Pr du I 

3.9.1 Acceptor pH and Carriers. The degrad ti n pr du t nd p r nl 

s-triazine herbicides investigated have pKa valu ranging r m I . 

mp un th 

the theoretical predictions by Jonsson et 01. [26 ] th a pt r luti n t I 

3.3 units below the lowest pKa of the basic comp und ~ r att Inlng m ' imum nri hm nt 

factor. This condition was not met for most of the comp und 

least -1.65 pH was required, and a pH value of - 0. wa u d 

pt r luti n 

been discussed for the parent compounds in section th nditi 

enrichment factor may not easily be reached at trace Ie el and th u thi 

processing oflarge sample volume (267). 

A limited dissolution of polar compounds in to the di -II -h ' I th r \ 

m ' Imum 

control the efficiency of the extraction process [275, 279 2 ]. T all iat th i pr 1 m 

TapO was added to the membrane solvent in other app li cati n [4]. 

various carriers have been employed, including TOPO tion 

dissolution in di-n-hexylether. The results obtain d indi ( t d th 

differences between these carriers (Table 3. 12). TOPO 

solubility in the membrane solvent, so that its cone ntrati n uld 

Other carriers could not be dissolved in pure di -II -h J th r 111 th 

25% 6-undecanone was added, and even under lhi 

carriers could be dissolved. Increasing the amount f -ulld 

results obtained using this membrane so l ent v a r p 

stability problem [279]. Stabili ty of the mem 

since larger sample volumes should be pro 

111 U 

d [! r I n r tim 

d urlh r. 

hu 

th r 

th 

lh 

v imp rt III 



Table 3.12 Effect of carriers on E for extraction of mi m 

degradation products of s-triazine he b··d ·E . riel es . xtra tl n 

30 min; acceptor pH - ~O.O ; donor pH - 7.0. 

DHE/UNC 1% TOPO 0 
Compound (75/25) % ill ill 

Deethy ldeisopropy latrazine 0.05 (0.45) 0.04 (0.25 

(DDA) 

Deisopropylatrazine (DIA) 0.15(0.14) 

Deethylatrazine (DEA) 0.27 (0.15) 

Hydroxyatrazine (ATOH 0.09 (0.29) 0.08 (0 .27) 

Hydroxypropazine (PROH) 0.04 (0.25) 0.05 (0. 18) 

H ydroxyterbuthylazine 0.05 (0.19) 0.08 (0.10) 

(TZOH) 

Cyanazine (CYZN) 0.06 (0.54) 0.08 (0.56) 

Atrazine (ATZN) 0.50 (0.09) 0.50 (0.06 

Prometryn (PR YN) 0.61 (0.18) 0.50 (0.07 

Terbutryn (TRYN) 0.59 (0.11 ) 0.42 (0.09 

The effects of variation in the amount of TOPO on E oth in pur di -II -h I th r 

and its mixture with 25% 6-undecanone were studi ed and th r ult 

given in Fig. 3.15. It was seen that E increased with the am 

cyanazine and the parent compounds. For DDA in it i p lar 

gain in E. Cyanazine is not as polar as DD but it ha lu th 

was incomplete trapping in the acceptor sol uti n. Thu ing th unt 

didn't bring about any general trend on th r ultin mp un I I. . 

standard deviation ranging from 28-56%. For the I11p un , In th 

1 1 



signs of decreasing with increase in TOPO . 
C n ntr II n. 

noted by Shen et al. [243] d . 
,an may be attnbul d 

n 

membrane and the acceptor phase ' t c . 
III er,ace wh l h i 

\ i Ih th m r h r ph 
nature of the compounds. 
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Fig. 3.15 E versus concentration of TOPO varied in the 75% di -n-h I I th r and % _ 

undecanone. Symbols: (.) - DDA; (D) - DLA ; (& - x f-j . 

PROH; (e) - TZOR; (+) - CYZN; (0) - ATZN; (- ) - PRYN' and • - R 

3.9.2 Effect of Collection Time and Salt Addition on E. In th 

been noted that allowing the membrane system t t nd ~ r I t 

allow sufficient transfer of analytes [278]. Moreo r tudi th 

indicate better stripping of analytes in the accept r pha th 

a counter current way. For extraction of am i, tur ti 

compounds of s-triazine herbicides a waiting tim t n mi nut 

collection of the acceptor plug. The re lilt in T I .1 



tendency for E to increase with collection tim 
pt r 

the degree of slow mass transfer into the acc pl r ph 

gain in E was more pronounced with parent comp und whi 

therefore have slow mass transfer. For DD In th 

membrane, and not stripping into the acceptor pha 

Cyanazine, on the other hand, showed little gain in 

with a stagnant donor phase while collection of th a pt r 

cyanazine suggest that enough ionization in the acceptor i p rh p th 

• r tin 

11 

n 

concentration gradient across the three phases of the m mbran . hi i th dri ing r In 

Table 3.13 Study of the effect of extract collection time with d n r n ing n ". 1 % 

TOPO in DHE was used as a membrane solvent. 

Compound Collection time 

4 min, donor 4 mill, dOllor 8 ",ill, dOllor 13 ",ill dOllor 

stagnant flowillg 

DDA 0.11 0.14 0. 1 

DIA 0.30 0.34 

DEA 0.28 0.36 

ATOH 0.12 0.14 .1 .1 

PROH 0.17 0.22 

TZOH 0.24 0.29 

CYZN 0.0 0.07 

ATZN 0.16 0.28 

PRYN 0.21 0.50 

TRYN 0.18 0.49 4 



the mass transfer since neither increa d in 

both phases were flowing. The findin g 

condition to achieve high E across the membr n 

and sufficient trapping in the acceptor solution a 

a collection time of ten minutes was taken. 

n tim 

The effect of salt addition to enhanc p rm li n \ 

amount of sodium chloride added to the donor bu f[! r 

for all analytes except DDA, cyanazine and hydroxy m 

with an increase in salt added. The increase of di luti n 

concentration is expected in membrane extraction, and ha 

[267, 314]. This may be due to increased partitioning f th 

donor solution into the impregnated membrane solvent. 

010 

) r 

Table 3.14 Effect of the salt concentration in th d nor luti n n 

composition: 10 % TOPO in DHE, and all other condition .1 . 

Compound Salt, NaCl, concentration 

O.OM 0.1 M 0.5M 1. 0 ~'1 

DDA 0.06 0.08 0.06 

DIA 0.21 0.2 1 0.2 

DEA 0.27 0.29 0.29 

AT OR 0.13 0.15 0. 14 .14 

PROR 0.17 0.20 0. 17 .1 

TZOR 0.24 0.26 . 4 

CYZN 0.06 0.06 . 4 

ATZN 0.33 0.33 .41 

PRYN 0.53 0.50 

TRYN 0.46 0.39 
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3.10 Applications to Various Matrices 

Products 
ontaining th s-'rriulin 0 ~ruda ti n 

3.10.1 Extraction from Humic Ac.·d and E . n Ironmental Wat r . " r Ir" \. I 

determination of micropollutants in the environm nt it i Imp 

method is able to detect lower concentration In ub 11 I . nl I 

applications, since the sample volume is often unlimit d th ppr h i I 

extract larger volume. 

In order to test the developed method, 3 li tre of th r ag nt and ri r \ I r lh 

spiked at 1.0 Ilg/L levels of each compound were e tract d at d n r n \ 

mLimin. Reagent water was also spiked with 10 mgIL hu mic id and 

the analytes, and was then extracted in a similar way. In 

were observed in both water samples. The results especially for r a d \0 ith 

humic acid, showed that the method developed can read il b app li d I ur~ \ t r 

containing high amount of such matrices. Another important factor i th tivit Ih 

method towards matrices found in river water and humic ac id. igni fi nl m unt 

interfering peaks, originating from the matri ces, er hi th 

remarkable selectivity of the developed method to ard humi a id d pit lh hi gh 

sample volume extracted. 

It is also of interest to see how the detecti on li mi t ri u d n r n \ r t v n 

with polarity of each analyte. Ideally, with all oth r thi n 

should be accompanied by an increase in the amount ' tra t d p r unit tim 

lower detection limit. Thjs is the trend ob rv d for par nl m und whi h h lh Ir 

detection limits significantly lowered ith an in r In n r n v r t [ _ ). r m 

polar metabolites, however, not much ga in in d t n limit r lilt 



Table 3.15 Comparison of the limit of d t 
, In 11 r, 

Ee, at three donor flow rates in reagent wat r 
r 

min. Membrane composition, 10% TOPO in DH nd 1 11 IflJ LI n 

Limit of detection and enrichment fac tor . 
Compound 0.3 mUmi" 1.0 ",U mi" ", i" ", 

LOD Ee LOD E L E, 
DDA 

DIA 2.8 0.9 0.6 4. 

DEA 1.1 1.6 OJ 
ATOH 1.6 3.2 0.8 

PROH 0.6 5.3 0.4 7. 

TZOH 0.5 7.5 0.4 .4 

CYZN 11.5 0.2 I . .4 

ATZN 0.4 6.2 0.2 11.2 

PRYN 0.2 9.6 0.2 13. 4 

TRYN 0.2 9.0 0.2 9. 4 

flow rate (Table 3.15). The explanation for this could be that f, r th mp un th 

decreased contact time and low partitioning into the m mbran rr: th g In In th 

amount expected per unit time at higher donor fl o, rate. Th r f, r d n r 

flow rate depends on the polarity of the compound li mit . 

Generally, for polar analytes, it is better to max imi e • 

flow rate. For medium polar to hydrophobic comp und th 111 LIllI 

time could be maximized by working at hi her d n r n \ r I . 

representing the general separation condit ion i n In "I . I , r th n \' 'r \\ I r 

extract spiked with 0.1 mg/L of all the compound . 
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Fig. 3.16 Chromatogram (HPLC-UV) of the 0. 1 mgIL of a h omp und pi d in ri r 

water and extracted using a di-n-hexylether membrane 01 ent ith I % n r 

flow rate - 1.0 mUmin and 200 min extraction time. Peak : I -

4 - ATOH; 5 - PROH; 6 - TZOH; 7 - CYZN' 8 - ATZ . - PR R 

3.10.2 Extraction from Biological Samples. ometim rgani p Ilut nt r kn \ n t 

be detennined in the urine of exposed worker [ 5). hi i th m unt lh t 

enters the body system normally does not accu mulat but in t h th 

urine. It was therefore of interest to in vestigate h th r th d 1I 

to extract these compounds spiked in urine. 

filtered, spiked with 10 Ilg/L of each anal and 

eliminate clogging of the flow system b th unn me tri , . n~ 1 

I 7 



diamine tetra acetic acid) was add d. imilar lu th nn hm nt 

limit with those from other samples v er bt in d. hi 1 n 

selectivity of the extraction technique. r 

chromatograms, peaks originated from urine mad d t 

DDA, difficult. This may be due the fact that om b 

can favourably be extracted in the membrane 01 ent 

samples are extracted it is preferable to use th 

without TOPO. 

p lar 

mlO ], 

u h 

nt r i-n-h I th r 



4. CON L 10 I 

The use of supported liquid membrane ( LM 

level pollutants in environmental water ampl 

n t 

triazine herbicides that are frequently occurring in n tur I v 

and a sub-nanogram quantities have been determin d II ing HP 

lowering the limit of detection of these compound h 

lower concentrations at relatively higher fl ow rate . Trappin 

acceptor solution seems complete and the SLM techniqu 

of s-triazine compounds from complex matTices. 

The extraction methodology is fairl y selecti 

preparation methods, e.g., solid phase extract ion. The 

extracting analyte solutions containing the mixture of th 

mp r d 

nn 

degradation products of s-triazine herbicides from ri er at r fr m 

containing humic acid and urine samples collected from non-e po 

th r 

conditions for attaining maximum enrichment factor \i er tlldi d in d t il t n 

of the theories of the SLM methodologies. A rea nab l 

achieved for extraction of water samples collected fr m 

concentrations of the s-triazine herbicides contaminating th 

Chamo, were successfully determined, even though th \i at r 

d nri hm nl h 

th i pi n I k 

did not contain detectable quantities of these comp lind . Thll , th 

powerful analytical technique for sel cti el nn hing tr. 

pollutants in environmental waters. However t dra, 

locational and seasonal variation of these h rbi id 

desirable that a certain monitoring programl11 

techniques and time, collection sites and d pth 

variables, etc. should be taken into con ider ti n. 
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6. APPENDIX 

Chemical Classification of Herbicides 

1. Ph en oxyacid Herbicides. The chlorine substituted ph n 

and 2,4,5-T were introduced as selective weed ki lIers at th 

herbicides of this family commonly used today and th ir imp rt nt 

summarized in Table A-I. They showed high activity again t m, n 

and in particular, 2,4-D and MCPA are commonly used for th ntr 

crops and grass pastures, while many woody and broad-Ie d pi nt 

controlled by 2,4,5-T [24, 25]. The 2-phenoxypropanoic acid h rbi id 

to control certain weed species that are not controlled b th 

herbicides, The 4-phenoxy butyric acid herbicides, on the other hand 

their low or negligible toxicity to certain crop plants, includ ing I lim 

p 

w In 'r 

damaged by even low concentration of the phenoxyaceti c acid In 

part related to the ability of plants to p-oxidize them to the rr p ndin 

acids, 

Several other phenoxyalkanoic acid herbicides that ar 

groups have been developed in early 1950s, One exampl i 

1) is -CH2CH2-O-SOz-ONa, which was utilized to pr 

growth of weed seedlings in horticulture crops. rt i 

h h 'l'ttl hance of the crops roots ab rbing ,4-were t ere IS 1 e c 

the treated soil [25]. About 20 years later Ii e add iti 11 I ph n x 

\ 1\ 

I r 

\ -

In I 



Table A-l Structural fonnula, substituents, names and selected physical properties of the phenoxyalkanoic acid herbicides. 

/R 
o 

R2 

R3 

O-Substituent, Common Systematic name Ring substituent Water solubil- Melting 
R name 

R2 R 3 R4 
ity, ppm, 2SoC point,OC 

-CH2-COOH MCPA [( 4-chlor-o-tolyl)oxy] acetic -CH3 -Cl -H 1174 118-119 
acid 

2,4-D (2,4-dichlorophenoxy) acetic -Cl -Cl -H 725 139-139.5 
acid 

2 ,4,5-T (2,4,5-trichlorophenoxy) -CI -CI -C I 268 ]54-157 
acetic acid 

-CH (CH 3) 2- M CPP 2-[( 4-chloro-o-tolyl)oxy] -CH 3 -CI H 895 94-95 
COOH (Mecoprop) propionic acid 

2,4-DP 2-[(2,4-dich lorophenoxy] -CI -CI H 350 11 8- 11 9 
(dichloroprop) aceti c ac id 
Silvcx 2-(2,4,5-rri chlorophenoxy) -CI -C I -C I 140 179- 18 1 

propionic aci d 
-(CH2h-COO H M CPB 4-[( chloro-o- tolyl)-oxy) -CH) -CI -H 46 102- 103 

bu ryric acid 
2.4-DB 4-(2 ,4-d ich lorophcnox y) -CI -C I -J-1 46 11 9- 120 I 

pKa 
value 

3.40 

2.80 

3. ]4 

3.20 

3.0 

3. 10 

4.86 

4 58 
butyric acid --

\ 2.4.5-TB 4-(2. 4.5- rri ch lorophcnox y) -CI -CI -CI 42 11 4- 115 4 70 

burync aCId 

161 



including erbon, where R =: -CH2-CH
2
-O-CO-

have been introduced. Erbon was developed for u 

applied herbicide in non-crop areas. 

2. The Substituted Urea and Uracil Herbicides. Th 

n n- I 1\(;. 

substituted ureas were discovered after the end of the c nd 

Todd [28] described the herbicidal properties of monuron in I 

the toxic effect of these compounds on annual and perenni al gra 

. 1 

In 

first developed compounds of the substituted ureas, i.e. ~ nur n m nur n, lur n n 

neburon (Table A-2) were primarily suggested as industrial \ d kill r 

years their potential for selective application in agri cultur \ 

substitutions with different moieties, aliphatic as well 

heterocyclic urea derivatives have been prepared [27]. 

The type of the first technically useful phenyl urea h r i id 

indicated in Fig. A-I. Commercial representatives of this cIa 

monuron, diuron, fiuometuron and chlotoluron (Table A-2 . 

f the phenyl urea herbi id 
Fig. A-I General structure 0 

d atic hydrocarbon mit 
halogenated or a halogenate arom 

r h r i nur n, 

n n-



Table A-2 Physical and chemical properties, and structures of selected commercial products of phenylurea herbicides [17]. 

Common 

name 

Fenuron 

Monuron 

Diuron 

CH 3 

/ 

_~3C->=O 
R4--{, /~NH 

R3 

Systematic name Ring substituent 

1,1-dimethyl-3-phenylurea 

3-(p-chlorophenyl)-I,I­

dimethylurea 

3-(3 ,4-dichlorophenyl)-I , I­

dimelhylurea 

3-D-chlo ro-4-methylphenyl)-1.1-

R 3 

H 

H 

CI 

F) 

R4 

H 

Cl 

CI 

H) 

H 

16 

Solubility in water, Melting point 

ppm, (25°C) (mp,OC) 

3850 133-134 (25°C) 

230 176- 177 (25°C) 

42 158-159 (50°C) 

70 



Substitution of a I-methyl b I 
Y -Propyl or I-butYl gr up 

ureas was recognized as red ' .. 
ucmg herbicidal acti ity but in r 

Ing 
effect was obtained when sub t'tu . 

s I hng a I-methox r r 
II I-m lh I 

chlorine atom on the phenyl ring [27]. 
p r 

Another variation in the structural co ti . 
n guratlon " a r I in 

the aromatic moiety with a heterocyclic 
nng system. mpl I 

application of 3-(2-benzothiazolyl)_1 3 d' 
, - 1m ethyl urea m lhab nlhi ,wr n . r ig r 

weed control in cereals introduced in 1965. 

Fig. A-2 Chemical structure of Methabenthiazuron, one of lh m t mm nl u d 

herbicide for weed control in 1960s. 

The second class of general urea compounds is the LI b tilLl t 

Table A-3). The first material introduced, in 1960 on commer ial 

later replaced by two other compounds of uracil herbicid i:., r m 

These compounds are also useful in combination with ub lilLll d lIr 

selective control of weeds. An example is the use of br m il \ ith illr n 

control of weeds in citrus and for general weed control in n n- r pin [- ) 

I N:! 



Table A-3 Structures and properties of substituted common uracil herbicides [19]. 

H3C 

Common Systematic name 

n am e x 

Isocil 5 -B romo-3 -i sopropy 1-6- B r 

methyluracil 

Bromac il S-Bromo-3-sec-buthyl-6- Br 

mcth yluracil 

Tcrbacil 3-Tcn -buth yl-5-ch loro-6- C I 

mcth yluraci l 

o 

HNA /y N 

x 

Substituent 

y 

CH(CH3)2 

CH(CH3)CH2CH 3 

C(CH3) 3 

16 

Melting point 

in °c 

158- 159 

158- 159 

175- 177 

Solubility in H 2O , pKa value 

(ppm), at 2SoC 

2 150 -

8 15 9 .27 

7 10 -



Sulphonyl urea herbicides intr d 
o uced at the end of 1970 

substituted urea compound r 
s, generally used for selecti pr -

of weeds in croplands. They 
are applied ' . . 

In slglll ficantl 
herbicides, and they tend to be . 

more actIve against broad-lea 

are mainly applied in the field' d 
III oses at least 100 time mall r th n r 

herbicides [30]. 

R 

~ rl iJ--<~ 
S-NH NHf\ =< II ! N-
O ! , 

B ! c y A , 

Fig. A-3 General structure of the sulphonyl urea herbicides: (x = H) nd 

most compounds; A-aryl, B-bridge, and C-heterocycle) [30]. 

3. Bipyridinium Herbicides. The two most important comp und In r up 

bipyridinium herbicides are diquat and paraquat (Fig. A-4. Th 

available as salts, diquat as dibromide and paraquat as dichlorid . Til 

have no effect on the herbicidal activity. These herbicide ar 

selective, and quick-acting. Another common property whi ch i m 

these chemicals as non residual herbicides, is their rapid and c mpl t 

particles. Any paraquat and diquat that reaches the so il i r nd r d un \ ad 

roots and other living organisms. The adsorption may be fa ilitat d 

polarizable nature of the paraquat and diquat ions [31]. 

til' .It . n hi hI 

if 



Diquat and paraquat are both d . 
use as desiccant h rv ling I 

and other oil seed crops They I 
. are a so of va lue for th 

• 
- C 3 

2CI 
B 

Fig. A-4 Chemical structures of the representati ve bipyridiniun1 h r i id : di r ml 

dichloride salts of diquat (A) and paraquat (B), respecti Iy. 

4. Dinitroaniline Herbicides. These herbicides are used prin ip II 

emergence control of annual grasses and weeds. They ha e littl 

llv r -

r n 

activity. Prior to their use as herbicides, in 1960, the fun i th 

compounds was known [32]. The unsubstituted dini troanili ne ha 

dye intermediate for several decades. Of prime interest at thi pint i th m rk 

herbicidal activity of the 2,6-dinitroaniline as compared to th - il1llr nlhn 

toward multiple plant species. Selective herbicidal activit 

the amino group of the 2,6-dinitroaniline molecule. l \\ . r 

grasses rather than broad-leaved weeds and pre-emergenc ti n r til r lh. n nt. 

Substitution at the 3-andlor 4-position of the rin n1 di fi 

type of herbicidal activity. The compounds substituted al 

possess herbicidal activity within an acceptable ran [1 1). 

molecular structure of 2,6-dinitroaniline is possible I . 

cycloalkyl, etc.; R2 == alkyl, haloalkyl, cycloalkyl H t .· R - 11 . , 

~ = CF 3, CH
3
, C1, S02CH3, S02NH2, Cr C4 alkyl t . 

Ul n lh 

I, 



Fig. A-5 General structure of the dinitroaniline herbicide 

substituents. 
t t r he 

In general, dinitroaniline derivative herbicides are extremel pr n I 

losses [33]. For this reason, they should always be incorporated in th 

after application. 

5. Amides. The amides compose the largest group of herbicides produ d. 

estimated quantity of 100 million kilo grams amide herbicides is produ d 

I tIlII~tl n 

m I, an 

r In th 

United States. The group contains a variety of chemical type ran ing r m th 11 -

substituted acetamides to the substituted benzamides. The principal pr du t in ICffil 

annual production and sales are the a-halo H-substituted a etamid whi h In lu 

acetochlor, alachlor, butachlor, metolachlor and propachlor -4 h 

chloroacetamides account for 85% of the amide herbicides. Out orlh hi 



Table A-4 Structures, substituents and general properties of chloroacetamides. 
o 

R, )lCH
2

CI ..... N 

R3 R2 

Common Chemical name Substituents Melting point Solubility in 

name R/ R 2 R 3 in °c water, ppm, 25°C 

Acetolachlor 2-Chloro-N-(2-ethyl-6-methylphenyl)-N- C 2H sOCH2 C 2H S CH3 <0 223 

( ethoxymethyl)acetamide 

Alachlor 2-Chloro-N-(2,6-diethylphenyl)-N- CH3OCH2 C2H 5 C2H 5 40.5-41.5 242 

(methoxymethyl)acetamide 

Butachlor N-(B utoxymethyl)-2-chloro-N-(2 ,6- C4H 9OCH2 C2H 5 C2H 5 -2.8- 1. 7 20 

dicthylphcnyl)acctamide 

Mcto lachlor 2-Chloro-N-(2 -cth yl-6-mcthy lphenyl)-N- CH)OCH2- C2HS CH) -62 . 1 488 

(2- mcthoxy- l -mcthylcthy l)acctamidc (CH))CH 

Propac hlor 2-Chloro-N-( I-mcthylcthyl)-N- (CH3 hCH H H 77 580 

I I phcn) lacctamidc 

16 



metolachlor are produced in I d ' 
arge edlcated units. Th maj rit th 

applied pre-emergence or pre-plant '1 ' 
SOl Incorporated. Th prin ip I u h 

is the selective control of seed!" 
mg grass and cenai n br d-I v w 

they are not considered subject to large volatilization 

conditions, e.g., high soil moisture and I '1 . ow SOl SOrption I tiliz ti n m I ni i n 
[18]. 

6. Carboxylic and Benzoic Acid Herbicides. The carboxylic g n r I 

class of compounds with varied herbicidal activity. They are u d lh r pr - n p l­

emergence application both to soil and foliage (12). 

One class includes the halogenated aliphatic acids \ hi h h n 'n \\ n r 

many years [34], even if their use as herbicide was known later. Th m j 

their appearance are trichloroacetic acid (TeA), 2,2-dichloropr pi ni 

2,2,3-trichloropropionic acid, 2,2-dichlorobutyric acid and 2 -di hi 

Alpha chlorination appears to be a major requirement for acti it \ ith 

2,2-diclorobutyric acid being herbicidally most active. The un u 

including formic, acetic, butyric, etc. are essentially inacti e a h r id 

In 1953, dalaphon was recognized as a systematic gra 

the sodium salt showed considerable promise for certain 

Both sodium TCA and dalaphon are somewhat selecti el 

. h Y as 24-D is to broad-I a d grasses In as much t e same wa , 

glyphosate (Fig. A-6) was introduced and is being used \! id I 

. 2] It ' 'nsoluble in comm n r ani 
foliar applied herbiCIde [1 . IS I 

ethanol and xylene. The alkali metal and ammonjum 
lu I' in \\ 

, .,1\ 



o 

HO~N~~ 
P-OH 

I 
OH 

Fig. A-6 Chemical structure of glyphosate' a v , ery common n 

The halogenated benzoic acids be 't '1 , nZOnI n es and t r phth I t n ltu 

heterogeneous group of herbicides. They are important weed ontr I 

a variety of phytotoxic responses in higher plants. The most 

related herbicides and some important physical properties including th tru lur r g ill n 

in Table A-5 [35]. 

7. Carbamate Herbicides. There are two subgroups of the carbam t h r i lh 

thiocarbamates and phenylcarbamates. Most carbamates are i I lh 

compounds enter the plants through the root system and tran 10 at t inhi it lh n rm I 

plant metabolism. 

The thiocarbamates have been used as herbicides inC lh I t 

dipropylthiocarbamate (EPTC) being the first in this group to b inlr du 

particularly prone to volatilization losses and should be soi I-in rp rc t d imm 

application [11]. All compounds in this group are clear liquid 

They are miscible with most organic solvents and their solubi lit in \ I r i 

Structural information and physical properties of the sele t 
mp un 

given in Table A-6. 

r 

ur. 



Table A-S Structural infonnation and properties of the commonly used benzoic acid related herbicides. 

R1 

R2 

R3 

H 

Common name Chemical name Substituents Solubility in Melting 

RJ R2 R3 Rs R6 H 20, ppm, °c point,OC 

1,2,3-TBA 2,3,6-Trichlorobenzoic acid COOH Cl Cl H CI 8400 (20°C) 125-126 

TIBA 2 ,3,5-Triiodobenzoic acid COOH I I I H Very slightly 224-226 

Chloramben 3-Amino-2,5-dichlorobenzoic acid COOH CI NH2 CI H 700 (2S 0C) 200-20 1 

D inoben 2 ,5-Diamino-3-nitrobenzoic acid COOH C l N02 C l H S lig htly 220-22 1 

Dicamba 3,6-Dichloro-o-anisic acid COOH OCH) C I H C I 4500 (2 5°C) 114- 11 6 

Tricumba 3 ,S,6-Trichloro-o-ani sic acid COOH OC R) C I C I C I Very s li ghtly 137- 139 

Dichlourobenil 2 ,6-Dichl oroben zonitri Ie CN C I H C I H 18 (20°C) 145- 146 

C hlo rthlumld 2.6-Dichlorothiobcnz umidc CSNR2 C I H CI H 940 (20°C) 151 - 151 
-

PTonumldc N-( 1,I -Dimcth ylpropyl)-3,S - CONRC- H C I C I CI - 155- 157 

I , dlchlorobcn7,nmldc I (CH)hCN 
, 

I • . 



Phenylcarbamate represents one 
of the tw 

Phenylcarbamate related com d 
poun s have a wid r ng 

includes their use as fungicide' . . 
, insectIcide, molluscid 

activity makes them useful not I .. 
on y as pestIcide but 

chemicals [37]. 

Herbicidal properties of phenylcarbamates are be . . coming In r 

several reasons. They are of low mammal' t " . Ian OXIClty, ha c a r I tl 

soil and are readily degraded by non-target organjsms [3 

broad spectrum of biological activity of the various cia e r 

and phenylcarbamates. Still et at. [37] provided the structural in nn II n 

classes and important physical and chemical properti es. 

8. Phenols and Dipheny/ Ether Herbicides. Phenols ar am n th 

pesticides [40]. Dinitrophenols, in particular, were the first organi 

selective weed control. A patent was issued on February 9 I 

A. G. for the use of the potassium salt of 4,6-dinitro-o-cre 01 

Subsequently, DNOC was widely used, for example, in the nit d 

Sinox and throughout Europe under the common nam [ -l l) 

m 

. me h 1-

\\ n 

r 

investigations on structure modification whjch includ 

esterification or change in alkyl substituent size, ha e b n d n 

r m n ernent. 

r u 

weed control. It was reported that both insecticidal and h r i ide I < tiVI!1 

vary with alkyl chain length [40], and esterification \ 

in phytotoxicity of dinitroalkylphenols [42]. 

17 
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Table A-6 Structural formula and properties of selected thiocarbamate herbicides 

o 

R3 II ...... R1 'S~N..r 
I 
R2 

Common Chemical name Substituents 

name RJ R2 R3 

EPTC S-Ethyldipropyl- (CH2)2CH3 (CH2)2CH3 CH2CH3 

thiocarbamate 
Vemolate S-Propyldipropyl- (CH2h CH3 (CH2)2CH3 (CH2)2CH3 

thiocarbamate 
Pebu\ate S-Proppy\buthylethyl- C2H S C4H 9 C 3H 7 

thiocarbamate 
DiaHate S-(2,3-Dich\oroa\\y\)- i-propyl i-propyl CH2C(CI)= 

diisopropylthiocarbam ate CHCI 
BUlhylatc S-E lhy\dii sobulhy\- CH2CH(CH3)2 CH2CH(CH3)2 C2Hs 

Ihiocarbamtc 
Cycloalc S-Elhyl-N-clhylcyclo- C2H S cyclohexy l C2HS 

hcxylthiocarbamate 
T rinll nlc S-(2 ,3 ,3 -Trichloroa lly l)- CH(CH) )2 CH(CH3)2 CH2C(CI)= 

dii sopropy llhiocarbnmalc CCl2 

Density, Solubility in Vapour pressure 

g/mL, (OC) H 20, ppm, (OC) mmHg, (25°C) 

0.955 375 (20DC) l.55 x 10-1 

i30DC) 
0.954 107 (21 DC) 10.4 x 10-3 

(20DC) 
0.945 92 (2 I DC) 4 .8 X 10-3 

(30DC) 
- 14 -

0.930 45 (22DC) 1.3 x JO-J 
(JODC) 
1.016 85 (22°C) 6 .2 x 10 -J 

(JODC) 
- -l (25°C) -



To improve the herbicidal activity of phenol num r 

were screened against represent l' a lve weeds [43]. The a ti it w un 

order DNOC (methyl) < ethyl < . Isopropyl < sec-butyl = p nt 

investigation, the last two have be ·d I come WI e y used und r th r 

name of dinoseb (DNBP) an dinosam (DNAP) . . ,respeclt I . h Ir g n r I u 

either as oil solutions for desiccation or pre e - mergence, or a amin 

post-emergence. They control most seedling weeds and gras e in p 

com, peas, pumpkins, squash, strawberries and certain forag cr p 

many established perennial weeds in grasses [43]. General structur 

physical properties of the phenol herbicides are given below (Tabl 

The other class of compounds in this group are diphenyl 

and development of this class of herbicides, in Japan, has a clo e r I ti 

m 

low toxicity to fish and shellfish. The PCP (pentachlorophenol u d pri r t 1 In n 

fields caused problems with fish kills, when flowing into shallo\ lak 

h . id 
heavy rainfalls. Thus, in Japan since the early 1970 the diphenyl eth r r I 

leading share of the herbicide market. 

Diphenyl ether herbicides can be divided into two general group 

requires light for phytotoxic activity, whereas the other exhib it ph 

dark. The former group is characterized by having at least on 

Th 8" . . g "A" in Fig. A-7. nl n 
position on one of the benzene nngs, nn 

ds may also contain p- hI r 
has p-nitro substitution, and some compoun 

. Th st cornmon sub titu nt n nn ' 
, .. 

up 

lh 

In h 

t Ih 

methoxy-4' -nitro substltuents. e mo 

ds which are substituted by bromin - r Ou rin 
except for few compoun 

,mill - II 

and trifluoromethyl-CF3 [22]. 



Table A-7 Physical properties, substituents and chemical structures of common phenol derivative herbicides. 

OH 

R2 

R3 

R4 

Common Chemical name Substituent at position Solubility in pKa value 

name R2 R3 R4 R5 R6 H 20 , ppm, (OC) 

DNP 2 ,4-Dinitrophenol N02 H N02 H H 5.6 (l8°C) 4 . 1 

DN OC 4 ,6-Dinitro-o-cresol CH3 H N02 H N02 130 (l5°C) 3 .8 

Dinscb 2 -sec-Butyl-4,6- CH(CH3)CH2 H N02 H N02 52 (25°C) 4 .4 

(DN BP) dinitrophenol -CH3 

Dinosam 2-( I-mcthylbuthyl)- CH(CR)) R N0 2 H N 0 2 - -

(DN AP) 4,6-dini trophcno l -(CH 2)2CH) 

PC P Pentachloropheno l CI CI CI CI CI 20 (Jone) I 4 5 
-

176 



R 

R 
R 

R 

Fig. A-7 General structure for the diphenyl ether herbicid 

9. Heterocyclic Nitrogen Containing Herbicides. In thi s cia th 

compounds containing heterocyclic nitrogen, such as triazine p ridin 

and imidazoles have been grouped. Except for the presence of nitr 

ring, they have different chemical and herbicidal properti es and rat f ppl i ali n . 

The herbicidal properties of the s-triazine herbicide ha b n di In h 

early 1950s, by the research group of 1. R. Geigy Ltd. [ ) 

According to a recent report, the triazine family herbicides ar th 

production quantity and sales [12]. The principal triazi ne ar th 

triazines (s-triazines), which account for over 90% of the total pr du ti n r th 

The other triazines include metribuzin, metamitron and the h 

Fig. A-S. The properties of 1,2,4-triazines are similar to th -lri Lin , Ul h Ir 

molecules are more polar [46]. Metribuzin is the major non- mm tri I lri lin 

All the commercial triazines are solids at room temperatur and r 

l"d . Further discussions on chemica l and h r id . I pr or lqm suspensiOns. 

triazine herbicides, structural information and per i t nt . r pr nl d In 

1.1.4. 
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N-N 

t-SUJ( }-\ r NH CH3 

o A 

Fig. A-8 Commonly used non-symmetrical triazine herbi id ' m In ulln 

hexazinone (B). 

Other general compounds under this class are pyridin h r i i 

slightly acidic in nature, strongly sorbed to soils and are readi l I a h d, 

type herbicides, generally used for selective control of broad-I a d \V 

rangelands and non-croplands [11], Pyridazinones are rath r Ii 

strongly sorbed in soils and do not leach readily [47]. Their u 

\ .10 

11 \ 'C 

pre- and post-emergence control of seedling grass and broad-I a d \ In lIn ,n 

sugarbeet [33]. 

Imidazole (or imidazolinone) herbicides are amphot ri 

basic functional groups [48], An exceptional compound i bUlhidu 

in nature, but in general, most of the imidazole herbicid 

[11-13], They are mainly used for broad spectrum non­

lands [11]. Many herbicidally active compounds are a ail 

. . d h ' I properties and oth r r I I mfonnation, chemical an p YSlca 

references 22 and 25 . 
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10. Miscellaneous Herbicides. Several comp und th t 

classification are significant in terms of vo lum and 

bentazone. It is one of the heavily used selecti 

foliage. Various studies showed that bentazon 

compound being the predominant product [1 2]. 

n I 

mp und The other group includes one of the olde t hcrbi id 

arsenical compounds: inorganics and organoar eni I . 

compounds as herbicides began prior to 1900, when odium ar nit , 

a weed killer and soil sterillant. Since then various oth r in rgani 

added as herbicides. Among these are arsenic acid H3 

and calcium arsenate, Ca3(As04)2. Other inorganic ar nal 

mixture of PbHAs04 and basic Pb salts), Paris gre n [ u 

mil 

h p r 

n 

sodium arsenite, NaAs02, have been used as insecticide and il ri ll nt , mm nium 

sulfamate, NH2S03 ~/, is another inorganic herbicid I,: hi h iLI d r nlr I 

woody plants and herbaceous perennials [11]. 

The organoarsenicals, Fig. A-9 below, are herbi id Ll d at I \ < ppli Ii n r I 

and have lower mammalian toxicity than the inorganic ar ni al [4 ]. 

contribute to their being among the safest arseni cal comp und 

agents. They are selective in their actions except fo r ca d Ii 

and mainly used for post-emergence control of gra and r t d-I 

and non croplands. 

id \ hi hi 

d \ 

1\ C, 



OH 

I ONa 0 

H3C-As=o I I 
I H3C-As==0 HJC- =0 

I b OH 
OH 

Methanearsonic acid 
Monosodium met han - lum ,th:t ,-

arsonic acid 
ONH4 

I 
H3C-As=O CH3 I I C J 

OH H3C-As==0 I 
ammonium methane- I H3C- s=0 

OH I 
arsonic acid o a 

Cacodylic acid dium < 

Fig. A-9 Chemical structure of the organoarsenical herbicid . 

There are also other mjscellaneous herbicid in ludin th tri u m th I 

compounds. The herbicidal and chemical properties p i fi u h r i id 

environmental fates of these and other miscell an ou h rbi id n In 

pUblications [11 , 12, 22]. 
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