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ABSTRACT

Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is a herbicide

which is used in sugarcane and pineapple in Hawaii. The principal

objectives of this research were to study the degradation of diuron

in soil and the availability of its soil residues to oats.

Factors affecting the extraction of diuron from Hilo (Typic Hydran

dept) and Molokai (Typic Torrox) soils were investigated. The type of

solvent, length of extraction period, and water content of the soil

or extracting solvent affected the amount of diuron extracted. Mixtures

of organic solvents and water were better extractants than single sol

vents, and benzene-acetone-methanol-water (3:3:3:1) was one of the best

extractants. Extraction was a slow process at room temperature, and

24 hours or more were required for maximum extraction. Some conclusions

about bound residues have been incorrect because of incomplete extraction.

A benzene-acetone-methanol-water (B-A-M-W) procedure was developed

for extracting diuron from Hilo and Molokai soils. Soil was shaken for

24 hours at room temperature with benzene-acetone-methanol-water (3:3:

3:1) and for another 24 hours with acetone-water (9:1). The B-A-M-W

procedure extracted more than 90% of the diuron and monomethyl diuron

(3-(3,4-dichlorophenyl)-1-methylurea) added to Hilo and Molokai soils

after 3 days incubation.

Hilo and Molokai soils were fortified with 1 ppm of either l4C_

carbonyl-labeled-diuron or l4C-ring-labeled diuron. Oats (Avena sativa

L.) were grown in the treated soils in six successive monthly cycles

with repeated plantings, after which the soil was incubated without
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oats for an additional 60 days. Activity of the oat shoots was deter

mined by combustion. Activity of the soil was measured by combustion

before extraction for total residues and after B-A-M-W extraction for

unextracted or bound residues. Nonpolar products were analyzed by

thin-layer chromatography (TLC).

Diuron degradation was similar in Hila and Mo1okai soils.

Extracted activity declined slowly and was almost identical for the

carbonyl and ring labels. Activities of total and bound residues were

higher for the ring label than carbonyl label, and little bound activity

formed from the carbonyl label. Diuron and monomethy1 diuron were major

nonpolar compounds. Traces of demethy1ated diuron (3,4-dich1oropheny1

urea) and a formyl derivative of diuron (3-(3,4-dich1oropheny1)-1-formy1

1-methy1urea) were found, but no extractable DCA (3,4-dich1oroaniline)

was detected. The amounts of polar products were always negligible.

The estimated times for dissipation of the first 50% were 4.6 to 5.6

months for diuron, 1.4 to 2.7 years for the carbonyl label, and greater

than 3 years for the ring label of diuron.

A pathway for diuron degradation in soil was proposed. Diuron was

demethy1ated to monomethyl diuron and demethy1ated diuron. DCA from

hydrolysis of demethy1ated diuron probably bound to soil organic

matter.

Radioactivity of the oat shoots from the monthly oat plantings

declined more rapidly than diuron content of the soil, and the declining

availability of diuron to the oats was attributed to increasing adsorp

tion by the soil. Diuron residues measured by chemical analysis should

be about twice as large as bioassay results for aged soil samples
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because of the declining availability, but incomplete extraction and

phytotoxic degradation products would reduce the difference between

chemical analysis and bioassay.

Degradation of diuron in Hilo soil was accurately modeled by a

linear sequence of transformations with first-order kinetics. The

calculated rate constants indicated that monomethyl diuron was less

persistent than diuron and that the soil should still contain 10% of

the initial application as diuron and another 10% as monomethyl diuron

after 2 years. The model predicted a lag phase in l4C02 evolution from

14degradation of C-labeled pesticides whenever intermediate degradation

products accumulate.
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CHAPTER I

GENERAL INTRODUCTION AND LITERATURE REVIEW

Diuron, or DCMU Q-(3,4-dichlorophenyl)-1,1-dimethylurea), a

substituted urea herbicide, is used to control weeds in sugarcane

(Saccharum officinarum L.) and pineapple (Ananas comosu~ (L.) Merr)

and many other crops. Early research on diuron in Hawaii was concerned

with attaining effective weed control while minimizing damage to the

sugarcane crop (Sund, 1964). Phytotoxicity was greatly affected by

adsorption to soil, and sugarcane could be damaged on soils with

limited adsorption of diuron (Yuen and Hilton, 1962; Hilton and Yuen,

1963; Hilton and Yuen, 1966). Sugarcane cultivars had variable toler

ance to diuron due to differential absorption and metabolism (Osgood

et al., 1972). The weed control period obtained with field applications

of diuron depended on a number of factors (Bowen, 1867).

The persistence of diuron has caused some problems in Hawaii.

Diuron was detected in estuarine sediments of watersheds draining

sugarcane and pineapple lands on the island of Oahu, and the levels of

diuron may have been high enough to affect the growth of algae in some

cases. Diuron was transported to the sediments by runoff from diuron

treated fields (Green et al., 1977). When pineapple on the island of

Molokai was replaced with other crops, there was still enough diuron

in the soil to interfere with the growth of some crops, although diuron

had not been applied to the fields for one to three years. Diuron

persistence was particularly long in these pineapple fields because of
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the semi-arid conditions. Diuron was degraded more rapidly after irri

gation was begun, and phytotoxic residues dissipated within 6 months

after the replacement crops were planted (Elder et al., 1979).

The persistence of diuron has been studied in many long term

field experiments around the world (Sheets, 1964; Hill et al., 1955;

Hamilton and Arle, 1972; Weldon and Timmons, 1961; Upchurch et al.,

1969). Diuron has generally been one of the most persistent of the

herbicides included in these field experiments. Carry-over of phyto

toxicity from one crop to the next was often severe if a crop tolerant

to diuron was replaced with a crop sensitive to diuron. The persistence

of diuron limited crop rotation possibilities. The accumulation or

buildup of diuron levels in the soil from repeated applications has

generally been small because most diuron was degraded in the interval

between applications. Repeated applications of diuron at normal rates

for 5 to 9 years caused little or no damage to tolerant crops (Horowitz

et al., 1974; Bowmer, 1972; Dawson et al., 1968, Marriage et al., 1975;

Khan et al., 1976b; Miller et al., 1978).

Microbial degradation is believed to be the major cause of diuron

disappearance from the environment, although chemical degradation may

also contribute (Hill, et al., 1955; Hance, 1967; Hance, 1969). Losses

of diuron from soils by leaching, runoff, and volatilization were

generally considered to be very small (Sheets, 1964; Willis et al.,

1975). Because of high adsorption to soil, almost all diuron was

found in the topsoil, and little leached through the soil profile

(Hilton and Yuen, 1966; Weldon and Timmons, 1961). Photodegradation

occurred when diuron was applied to the soil surface but was negligible
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once the diuron was incorporated in the soil (Sheets, 1964). Factors

which favored microbial growth increased the rate of diuron degradation.

Under conditions of low temperature during winter or low soil moisture

in arid areas, phytotoxicity from normal rates of diuron application

persisted for several years (Hamilton and Arle, 1972; Weldon and

Timmons, 1961; Marriage et al., 1975; Khan et al., 1976b).

Plant uptake of substituted urea herbicides from soil has been

extensively studied because of its relevance to the practical problems

of weed control. Substituted urea herbicides are photosynthesis in

hibitors but are generally applied to the soil and must be translocated

to the plant shoot in order to be phytotoxic. Early studies found that

phytotoxicity of diuron was inversely correlated with soil organic

matter content and adsorption of diuron by the soil. Adsorption of

diuron was correlated with soil organic matter because diuron was more

adsorbed to organic matter than clays (Upchurch, 1958; Sheets, 1958;

Sheets and Crafts, 1957; Harris and Sheets, 1965). Plant uptake of

diuron was passive, and translocation was entirely apoplastic (Bayer

and Yamaguchi, 1965; Strang and Rogers, 1971). The amount of herbicide

in the plant shoot was determined by the soil solution concentration

and the transpiration ratio because concentration in the transpiration

stream was directly proportional to the solution concentration (Perry,

1973; Moyer et al., 1972c; Walker and Featherstone, 1973). Any factor

lowering the soil solution concentration, such as adsorption by soil,

should lower the availability of diuron. At a given soil solution

concentration, diuron content of the plant shoot should be propor

tional to the transpiration ratio because the herbicide is transported
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by mass flow with the transpiration stream (Walker, 1973). The transpi

ration ratio is the ratio between the amount of water transpired and the

dry weight of the plant shoot.

Phototoxic residues of substituted urea herbicides are frequently

determined by bioassay with oats (Avena sativa L.). The first step in

conducting a bioassay is the preparation of a calibration curve. Known

amounts of herbicide are added to soil not previously treated with

herbicide, and oats are grown in these standard soils for 28 days.

The graph of oat fresh or dry weights against standard herbicide

concentration in soil is the calibration curve. The amount of herbi

cide in soil samples with unknown concentrations is determined by

growing oats in the soil samples and reading the herbicide concentra

tion from the calibration curve of oat fresh or dry weight.

Accurate, quantitative bioassay of soil herbicide levels is

difficult, and bioassays often only indicate the presence or absence

of phytotoxic residues (Santelman et al., 1971). The oats must be

grown under standardized conditions to minimize variation in growth

which is not related to the herbicide. Accurate bioassay was generally

possible only over a narrow range of herbicide concentrations because

low concentrations have no effect on growth while high concentrations

are lethal. Because herbicidal effectiveness is very dependent on

soil characteristics, a different calibration curve has to be prepared

for every soil. Bioassay is dependent on a plant growth response and

obviously cannot detect nonphytotoxic degradation products (Eberle and

Gerber, 1976).
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Soil residues of substituted urea herbicides have been measured by

chemical analysis less frequently than bioassay--partly because there

is no completely acceptable chemical method. For total residues of

substituted ureas in plants, the accepted method is alkaline hydrolysis

of the plant sample. Alkaline hydrolysis is a nonspecific method and

converts all residues to an aniline, which is separated by steam dis

tillation and determined colorimetrically. The alkaline hydrolysis

method is not useful for evaluating phytotoxic urea herbicide residues

in soil. Alkaline hydrolysis of soil greatly overestimated the unchanged

herbicide and actual phytotoxicity because nonphytotoxic degradation

products were counted as unchanged herbicide (Guth et al., 1969;

Eberle and Gerber, 1976).

Because alkaline hydrolysis is nonspecific, urea herbicide soil

residues have been determined by other chemical methods. The urea

herbicide was extracted from soil with an organic solvent and cleaned

up and separated from other degradation products by column or thin

layer chromatography (TLC). The quantity of urea herbicide was deter

mined either colorimetrically or by gas-liquid chromatography (GLC).

The GLC methods were not specific for the urea herbicide because some

degradation products interfered, but the degradation products were

usually removed by column or thin-layer chromatography prior to GLC

analysis (Guth et al., 1969; Guth et al., 1970; Marriage, 1975;

Marriage et al., 1975; Hance et al., 1977). The limitations of GLC

analysis of substituted urea herbicides are discussed in appendix 3.

Comparisons of bioassay and chemical analysis of urea herbicide

residues are affected by degradation and availability. Phytotoxicity
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of herbicides has always been observed to decline with time, and this

dissipation of phytotoxicity has generally been attributed to degrada

tion of the herbicide to nonphytotoxic products (Geissbuhler et al.,

1975). If degradation completely explains the dissipation of phyto

toxicity, then values obtained by bioassay and chemical analysis of

herbicide residues should be the same. If intermediate products of

herbicide degradation have some degree of phytotoxicity, these inter

mediate products would have to be measured chemically for a valid

comparison of bioassay and chemical analysis. If dissipation of

phytotoxicity is attributed entirely to degradation, the availability

of herbicides is implicitly assumed to be constant with time. In

fact, desorption of diurnn frn~ snil ~~R less than expected from

adsorption measurements, and adsorption of urea herbicides to soil

increased with time (Mukhtar, 1976; Hamaker and Thompson, 1972; Moyer

et al., 1972b; Walker, 1973). If the adsorption of urea herbicides

to soil increased with time, the availability of the herbicides to

plants should have decreased. Bioassay and chemical analysis should

have agreed when the herbicide was first added to the soil, but chemical

analysis should have indicated larger residues than bioassay as the

herbicide became more adsorbed to soil.

Urea herbicide residues have been measured by both chemical and

bioassay methods in some field studies, but the results have been con

tradictory. Bioassay and chemical values have generally been approxi

mately the same (Guth et al., 1970; Marriage et al., 1975; Hance et al.,

1977; Eberle and Gerber, 1976). In some studies, the chemical values

have been larger than the bioassay values (Gutn et al., 1969; Marriage,
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1975). Khan et al. (1976b) reported larger bioassay than chemical

values, although they did not have a good explanation for this unexpect

ed result. The relationship between chemical measurement and bioassay

for substituted urea herbicides is not clear but is important. Degra

dation rates of urea herbicides have generally been determined by

bioassay. Bioassay could have been an inaccurate measure of persist

ence of the herbicide chemical, if bioassay values declined faster

than chemical analysis values. Chemical analysis could be useful in

the evaluation of field residue carry-over problems, but only if there

is a predictable relationship between chemical analysis and phytotoxic

ity.

Degradation of diuron has been covered in a recent review

(Geissbuhler et al., 1975), and general principles will be briefly

summarized here. The principal pathway of substituted urea degradation

is N-demethylation or N-dealkylation, which is established for animals,

plants, soil, microorganisms, and photodegradation (Frear et al., 1969;

Tanaka 'et al., 1972). Monomethyl diuron is produced by the removal of

one methyl group, and demethylated diuron by removal of both methyl

groups from diuron. (Structures and chemical names are given in

appendix 1.) Hydroxylation of the aromatic ring is another pathway of

diuron degradation. Aromatic ring hydroxylation of substituted ureas

closely related to diuron is a major pathway in animals, is limited in

plants, and has not been detected in soil (Frear and Swanson, 1974).

Conjugation of transformation products of diuron is an important

process in plants and animals. The conjugates, or polar products,

are major metabolites of substituted ureas in plants and have been well
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characterized. The major conjugates in cotton (Gossypium hirsutum L.)

were unstable intermediates of N-demethylation combined with glucose.

The ring hydroxylated compounds were also conjugated with glucose in

cotton (Frear and Swanson, 1972; Frear and Swanson, 1974).

Soil degradation of diuron is important for three reasons. First,

soil degradation is directly related to the practical problem of carry

over of phytotoxic soil residues. Second, the urea linkage is not

hydrolyzed by plants and animals and must be hydrolyzed in soil for

complete degradation of the herbicide. Third, most diuron applied to

fields degrades in place in the soil profile because removal from the

soil by leaching, runoff, and plant uptake is minor. Only the de

methylation pathway has been established for diuron in soil. Dalton

et ale (1966) detected monomethyl diuron and demethylated diuron in

soil to which diuron had previously been applied. Monomethyl diuron

was about half as phytotoxic as diuron, but demethylated diuron and

DCA O,4-dichloroaniline) were not phytotoxic. Hydrolysis of diuron

in soil has been inferred from the collection of labeled carbon

dioxide from l4c-carbonyl-diuron, but the amounts of DCA were less

than expected (McCormick and Hiltbold, 1966; Lopez and Kirkwood, 1974).

DCA from hydrolysis of other herbicides became bound to soil organic

matter by covalent chemical bonds (Hsu and Bartha, 1974a). DCA from

diuron hydrolysis should also bind to soil organic matter but will

only be detectable if diuron is labeled with l4C in the aromatic ring

(Kearney, 1976).

Aromatic amines from pesticide hydrolysis have received much

attention because they may form azobenzenes in soil (Still and Herrett,
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1976). Some azobenzenes are carcinogenic and may also be highly toxic

(Poland et al., 1976). When large amounts of DCA (from 100 - 1000 ppm)

were added to soil, someTCAB (3,3',4,4'-tetrachloroazobenzene) was

formed. At lower and more realistic levels of DCA, most DCA rapidly

bound to soil organic matter and little TCAB was formed (Kearney and

Plimmer, 1972). Low amounts of TCAB (less than 0.1 ppm) were pro-

duced by normal field applications of herbicides which rapidly hydro-

lyzed to DCA (Kearney, 1976). TCAB was not produced from pesticides

which slowly hydrolyzed to DCA, such as diuron, because DCA was

rapidly inactivated by binding to soil organic matter (Belasco and

Pease, 1969; Beynon et al., 1974a).

DCA is only one example of a compound which binds to soil organic

matter. The binding of DCA to soil organic matter is a chemical reac-

tion, does not require microorganisms, and is probably due to reaction

with quinones or similar functional groups of soil organic matter

(Hsu and Bartha, 1974a). Naturally occurring nitrogen compounds such

as proteins and amino acids are components of soil organic matter

beCause they react with quinones, which are an important constituent

of humic substances (Flaig, 1966). Katan and Lichtenstein (1977)

realized that compounds with an amino group are likely to form bound

residues but could not explain why some amino containing compounds did

not form bound residues. The principles governing the reaction of

nitrogen containing compounds with quinones are well understood (Finley,

1974), and I think these principles are relevant to soil bound residue

formation by nitrogen containing compounds. Primary or secondary

amines which are sterically unhindered and basic (pK >1) will readily
a
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react with quinones and should also form soil bound residues. Katan

and Lichtenstein (1977) compared the soil binding of several aromatic

nitro compounds with the corresponding compound in which the nitro

group has been replaced with a basic amino group. The soil binding

of amino compounds was much greater than the binding of the nitro

compounds. Other results have also indicated the importance of a free,

basic amino group to soil binding (Banda1 et a1., 1976). DCNA

(2,6-dich1oro-4-nitroani1ine) had an amino group but was not basic

(pK <1) and did not bind to soil. When the nitro group of DCNA wasa

reduced, the compound contained a basic amino group and rapidly bound

to soil (Van A1fen and Kosuge, 1976; Wang and Broadbent, 1973).

Pentachloroaniline contained an amino group but was not basic (pK lessa

than 0.4) and did not readily bind to soil organic matter (Wang and

Broadbent, 1973).

Addition of basic nitrogen compounds to quinones in soil organic

matter is not the only mechanism of bound residue formation. Basic

compounds which are protonated and adsorbed to soil by cation exchange

are difficult to extract (Goswami and Green, 1973). Bound residues

may also be formed by polymerization of phenols (Kazano et al., 1972),

entrapment in humic substances (Mathur and Morley, 1975), and by the

assimilation of carbon by microorganisms from the utilization of

labeled organic compounds (Haider and Martin, 1975; Haider et al.,

1977).

Phenylurea herbicides such as diuron are not basic (pK less thana

0.1) and should not form bound residues by addition to quinones if the

above theory is correct. Anilines which are released by hydrolysis of
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the pheny1urea herbicides are basic and should form bound residues.

DCA has a pK of 2.37 (Rubinson, 1964). Hydrolysis of the urea groupa

should lead to an accumulation of bound residues because bound ani1ines

are very persistent.

The principal objective of this research was to study the degrada-

tion of diuron in soil. A second objective was to study the plant

availability of diuron in relation to diuron soil degradation.

Extraction of diuron from soils and the definition of bound residues

are discussed in chapter II. Degradation and plant availability of

diuron are described in chapter III. A simple kinetic model is

applied to diuron soil degradation in chapter IV. Synthesis of un-

labeled and labeled compounds, gas-liquid chromatography of diuron,

field residues of a diuron degradation product, and limitations of

hexane as a solvent for diuron are described in appendices. Each

chapter and appendix contains an introduction, materials and methods,

and results and discussion section. Common names or abbreviations

of chemical compounds are used in the text, and complete chemical

names and structures are given in appendix 1 or 2.



CHAPTER II

EXTRACTION OF DIURON AND ITS DEGRADATION PRODUCTS

FROM HILO AND MOLOKAI SOILS

INTRODUCTION

Extraction is the first step of chemical analysis for herbicides

in soil. Incomplete extraction will understimate the herbicide con

tent of soil samples, and incomplete extraction is thought to be a

major source of error in chemical analysis (Mattson et a1., 1970).

Extraction efficiency is dependent on the particular pesticide, soil

type, and length of time since the pesticide was applied. Extraction

is more difficult after the pesticide has been in the soil for a long

time, and this process is referred to as the aging or weathering of

pesticide residues.

There are two basic approaches to determining the best extraction

procedure for a given pesticide. In one approach, soil is sampled some

time after the pesticide is applied in the field. Various extraction

procedures are tested, and the amount of pesticide extracted is

measured by a specific method, such as gas-liquid chromatography.

The advantage of this approach is that the soil samples have undergone

aging under realistic field conditions. The disadvantage is that the

true extraction efficiency can never be determined because even the

best extraction procedure may be incomplete. The second approach to

measuring extraction efficiencies uses radio1abe1ed pesticides. The

labeled pesticide is added to soil, and the soil is incubated under
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conditions which simulate field aging. After the soil has been

extracted by a particular procedure, the extracted soil can be quanti

tatively combusted to measure the amount of unextracted activity. This

absolute measure of extraction efficiency actually applies only to the

radioactivity because the unextracted activity may be degradation

products or carbon assimilated by microorganisms. The true extraction

efficiency of a particular chemical compound cannot be determined unless

there is no unextracted activity or the identity of the unextracted

activity is known. The major disadvantage of labeled pesticides is

that the laboratory incubation may not adequately simulate the aging

process of field soil (Chesters et al., 1974).

Bound pesticide residues have received considerable attention in

recent years. Bound residues are characterized by being unextractable

from soil but can only be detected with labeled pesticides. Soil bound

residues have been defined as the unextractable and chemically uniden

tifiable pesticide residues remaining in the fulvic acid, humic acid,

and humin fractions after exhaustive sequential extraction with non

polar organic and polar solvents (Kaufman, 1976). If bound residues

accumulate to more than 10% of the initial pesticide application, the

Environmental Protection Agency may require characterization of the

bound residues for pesticide registration (Environmental Protection

Agency, 1975). The meaning of exhaustive sequential extraction has

been given varying interpretations. Soil has generally been shaken

with a mixture of relatively nonpolar solvents at room temperature

for 16 to 24 hours and for another 16 to 24 hours with a polar

organic solvent containing water (Ambrosi et al., 1977). Lichtenstein
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et al. (1977) applied a shorter extraction procedure and blended moist

soil samples at room temperature with a benzene-acetone-methanol mix

ture for three periods of 1 minute each. The adequacy of extraction

for bound residues has rarely been checked with more exhaustive pro

cedures, such as Soxhlet extraction. Soxhlet extraction should be

exhaustive because pure solvent is continuously recycled for extraction

by reflux, but the extracted material is exposed to boiling organic

solvent for the length of the extraction.

The extraction of chlorinated hydrocarbon insecticides from soils

is relevant to the meaning of exhaustive extraction. Chlorinated

hydrocarbons are well suited to extraction studies because they are

persistent and are not changed by hot organic solvents, so artifacts

will not be created by exhaustive Soxhlet extraction. Nonpolar

solvents, such as benzene and dichloromethane, were poor solvents for

extracting chlorinated hydrocarbons from soils. Polar solvents like

methanol, acetone, DMF (dimethylformamide), and DMSO (dimethylsulfoxide)

were relatively good solvents, but mixtures of polar and nonpolar sol

vents were the best extractants (Chiba, 1969; Saha et al., 1969b).

Extraction efficiency increased with longer contact time between the

soil and solvent, and 5 minutes contact time was too short (Chiba and

Morley, 1968). Extraction of air-dry soil was less efficient than

extraction of moist soil, and air-drying soil appeared to make extrac

tion more difficult (Saha et al., 1969a). Aging of the soil also made

extraction more difficult (Chiba, 1969). Extraction efficiency was

often overestimated by an inappropriate fortification technique. Air

dry soils were frequently fortified with pesticide in a volatile organic
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solvent, but the extraction of such fortified samples was much easier

than field aged pesticide residues (Chiba, 1969; Saha et al., 1969a).

In spite of the difficulties, quantitative extraction of chlorinated

hydrocarbons from soils was possible with the right procedures. The

activity unextracted by a long Soxhlet extraction averaged less than

1% of the initial activity in 21 soils after 6.5 months of incubation

with l4C_DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane) (Nash and

Harris, 1972).

The extraction of substituted urea and triazine herbicides from

soil has also been studied, and the importance of some factors seems

established in spite of contradictory results. Nonpolar solvents

like hexane, dichloromethane, and chloroform were relatively poor

extractants. Methanol was generally the best extractant, while

acetonitrile and acetone were sometimes good solvents and sometimes

poor solvents (Mattson et al., 1970; Khan and Purkayastha, 1975; Khan

et al., 1975). Some studies indicated that 1 hour extraction at room

temperature was incomplete, but others found no increase in extraction

after 1 hour (Khan and Purkayastha, 1975; McKone, 1969). Extraction

was generally higher from moist than air-dry soil (Khan et al., 1975;

Mattson et al., 1970). Substituted urea herbicides have frequently

been extracted from soils by shaking for 1 to 2 hours with methanol

(Khan et al., 1976a; Khan et al., 1976b; Hance et al., 1977; Moyer

et al., 1972a; McKone, 1969; Smith and Emmond, 1975; Farrington et al.,

1977). Acetonitrile has occasionally been the solvent instead of

methanol (Marriage, 1975; Marriage et al., 1975). The efficiency

of methanol extraction has been based on extraction of field samples
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or inappropriately fortified soil, and the actual efficiency of methanol

extraction has not been determined.

Substituted ureas have also been extracted with solvents other than

methanol. Cheng and Fuhr (1976) developed a complicated four step

extraction for methabenzthiazuron (N-(2-benzothiazolyl)-N,N'-dimethyl-

urea) in which acetone was the basic solvent. Recovery from a fortified

soil sample was high but was lower from a soil sample which had been

incubated for 100 days. Methabenzthiazuron either became more difficult

to extract with aging or was degraded to compounds which were not

extracted. Green et al. (1977) extracted diuron by refluxing soil in

ethyl acetate-methanol (14:1) solution for 30 minutes. This reflux

h d d 85% f h .. f l4C d' f 'f' d 'Imet 0 extracte 0 0 t e act~v~ty rom - ~uron ort~ ~e so~

after 3 days incubation.

Guth et al. (1969) developed an acetone-hydrochloric acid extrac-

tion for weathered soil residues of substituted urea herbicides. The

total amount of aniline released by exhaustive alkaline hydrolysis was

assumed to represent 100% extraction. Several solvents were tested

by Soxhlet extraction for 4 hours. Petroleum ether was a poor solvent

and extracted less than 30% of the total aniline residues. Dichloro-

methane was a relatively poor solvent and extracted only 60% of the

total aniline residues. Acetone was a good solvent and extracted 80-

85% of the total aniline residues. Acetone-hydrochloric acid was the

most efficient and extracted 91-98% of the total aniline residues.

In this procedure, the soil was soaked for 14 hours in an acetone-

hydrochloric acid solution and then Soxhlet extracted with acetone for

4 hours. The acetone-hydrochloric acid solution had previously been
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developed for extracting soil organic matter (Porter, 1967).

The extraction of diuron from Hilo and Molokai soil is described

in this chapter. The primary objective was to develop an adequate

extraction method for the soil degradation study described in chapter

III. Factors affecting extraction of diuron from soil were investi

gated and included the effects of solvent type, length of extraction,

air-drying the soil before extraction, and moisture content of the

soil at the time of extraction. Adsorption of diuron to the soils

from organic solvents was measured in order to determine if extraction

and adsorption of diuron were closely related. Some published extrac

tion procedures were also tested for their suitability in bound

residue studies.

MATERIALS AND METHODS

Description of Soils

The extraction and degradation of diuron were studied in surface

samples of Hilo and Molokai soils. These Hawaiian soils were selected

because they are major sugarcane and pineapple soils for which diuron

is an important herbicide. The soils also have different organic

matter contents which influence herbicide behavior and bound residue

formation. Some characteristics of the soils are shown in table 1.

The pH was measured in distilled water, and organic carbon was measured

by the Walkley-Black method (Allison, 1965). Both the Hilo and Molokai

soils were passed through a 3 rom screen, mixed, and stored at room

temperature (about 22 C).
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Table 1

Characteristics of Hila and Molokai Soils

Soil
Series

Hila

Molokai

Percent
Water When

Sampled

101.3

12.8

Percent Water
at 60 em
Tension

102

35

pH

5.6

6.7

Percent
Organic

Carbon

5.2

1.4

Hila Soil. Surface soil was collected from the Hawaiian Sugar

Planters' Association sub-station farm, Hila County on the island of

Hawaii. The Hila soil is a silty clay loam and is a thixotropic, iso-

hyperthermic member of the Typic Hydrandepts. The mean annual soil

temperature is 22 C, and the mean annual rainfall is about 440 cm. The

parent material was volcanic ash. The Hila soil is highly weathered,

consists mostly of iron and aluminum oxides, and dehydrates irrevers-

ibly to sand and gravel sized aggregates. The Hila soil was not air-

dried before experimental use unless otherwise specified.

Molokai Soil. Surface soil was sampled from Oahu Sugar Company

field number 116 near the Hawaiian Sugar Planters' Association Kunia

station on the island of Oahu. The field had been tilled in preparation

for sugarcane planting and was very dry. The Molokai soil is a silty

clay loam and is a clayey, kaolinitic, isohyperthermic member of the

Typic Torrox. The mean annual temperature is about 22 C, and the mean

annual rainfall about 65 cm. The soil formed in material weathered

from basic igneous rock and is dark reddish-brown.
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Labeled Compounds

Extraction efficiencies were measured with either l4C-carbonyl or

l4C-ring-labeled diuron, and these label positions are shown in figure

1. The l4C-carbonyl-diuron (specific activity 0.96 mCi/mmol) was

donated by E. I. DuPont De Nemours and Co., Inc., and it had a radio

chemical purity of 98% and contained 1.5% monomethyl diuron. The

l4C-ring-diuron (specific activity of 4.5 mCi/mmol) was synthesized

from l4C_DCA (3,4-dichloroaniline). For reasons discussed in appendix

2, the l4c-ring-diuron contained 89% l4C-diuron and 11% l4C-ring_

triuron (3-(3,4,5-trichlorophenyl)-1,1-dimethylurea). The labeled DCA

(ring-uniformly labeled-14C, 4.5 mCi/mmol) was purchased from California

Bionuclear Corporation. The l4C_DCA appeared to have 98% radiochemical

purity by thin-layer chromatography (TLC) but probably contained about

90% (14 C)-3,4-dichloroaniline and 10% (14C)-3,4,5-trich1oroani1ine, as

discussed in appendix 2. Monomethyl diuron (14c-ring-labe1ed, 4.5 mCil

mmol) was a side product of ring-labeled diuron synthesis and had a

radiochemical purity of 96%.

Measurement of Radioactivity

Radioactivity was measured by liquid scintillation counting with

a model 2002 Packard Tri-Carb liquid scintillation spectrometer.

Aquaso1 from New England Nuclear was added to solutions. Methanol and

toluene scintillation solutions were added to thin-layer chromatography

segments. The toluene solution contained 6 giL of 2,5-diphenyloxazole

(PPO) and 0.3 giL of 1,4-bis(2-(4-methyl-5-phenyloxazolyl))benzene

(dimethy1-POPOP). Counting efficiencies were determined by the channels
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ratio method. Soil and plant samples were combusted to measure total

radioactivity in an apparatus developed by Peterson (1969). Efficiency

of combustion was measured by combusting pellets of filter paper con

taining standard l4C-benzoic acid. The combustion efficiency of soil

" l4C bId' l4C' d' h hconta~n~ng -car ony - ~uron or -r~ng- ~uron was t e same as t e

pellets of l4C-benzoic acid in preliminary experiments. Combustion

results were corrected for combustion efficiency, which was always

greater than 95%.

Extraction of Diuron from Hilo and Molokai Soils

Extraction and Adsorption of Diuron by Hilo and Molokai Soils

with Various Solvents. Extraction of diuron from Hilo and Molokai

soils was measured with 24 solvents. The soils were fortified with

aqueous solutions containing 1 ~g of either l4C-carbonyl-diuron or

l4C ' d' f 'I-r~ng- ~uron per g 0 so~.

about 60 cm water tension at room temperature (24±3 C) for 3 days.

The soils were then air-dried, finely ground with a mortar and pestle,

mixed, and stored in a freezer at -15 C. The radioactivity contents

of the soils were determined by combustion. Five milliliters of ex-

tracting solvent were shaken with 1 g of fortified soil for 24 hours

at room temperature (24± 3 C) in a scintillation vial tightly capped

with a Polyseal polyethylene liner. The shaker was a Gyratory Shaker

model G2 from New Brunswick Scientific Company. The shaker was set at

about 200 revolutions per minute so that the soil was suspended, but

the solution did not come in contact with the polyethylene cap liner.

After shaking, the soil was allowed to settle briefly, and the solution
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was filtered through Whatman GF/C glass microfiber paper in a Pyrex

microanalysis filter holder from Millipore Corporation. The solution

was filtered with as lop a vacuum as possible and directly into a test

tube in order to minimize solvent evaporation. The activity of 1 ml of

the filtrate was measured by liquid scintillation counting. Quenching

was corrected by the channels ratio method, and the counting efficiency

was always greater than 65%. The percent of activity extracted was

calculated from the activity of the filtrate. The percent extracted

1 d f "f 0 0 h l4C dOva ues were correcte or recover1es 0 act1v1ty w en - 1uron

fortified solvents were shaken without soil for 24 hours and filtered.

The recoveries for all fortified solvents ranged from 97.7% to 106.0%.

The reported percent extracted values are the averages of the results

o h l4C bId l4C 0 d" f Of· d ·1W1t -car ony an -r1ng- 1uron ort1 1e S01 s.

Adsorption of diuron from the solvents was also measured for the

Hilo and Molokai soils. Five milliliters of solvent containing 1 ~g

f "h l4C b 1 l4C" dO dd d 1 f 0 do e1t er -car ony or -r1ng- 1Uron was a e to g 0 a1r- ry,

blank soil. The vial was shaken for 24 hours before filtering as

described for the extraction tests above. The amount of adsorption by

the soils was estimated from the activity of the filtrate, and adsorp-

tion results were corrected for recoveries when fortified solvents were

shaken without soil. The percent of activity not adsorbed by the soil

is reported so that the extraction and adsorption results are expressed

on a comparable basis. The reported values are the averages of experi

ments with l4C-carbonyl and l4C-ring-diuron.

Effect of Soil Moisture Content on Extraction of Diuron. The effect

of soil moisture content on extraction was tested by adding small amounts
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of water to air-dry soil before extraction. The soils had been forti

fied with l4C-carbonyl-diuron as described for the tests of extracting

solvents. The amounts of distilled water added to 1 g of soil were

Hilo, 30 ~l and Molokai, 10 ~l. The soils were mixed for 1 hour after

addition of water and then extracted with either isopropanol or chloro

form by the procedures described for testing solvents for extraction.

The air-dried soils were also extracted without addition of water for

comparison with recoveries from soils to which water had been added.

Each treatment was done in duplicate.

Effect of Time on Extraction of Diuron from Soil. The effect of

time on extraction was determined by varying the length of time the

soil and extracting solvent were shaken together before filtering. The

soils were fortified with l4C-carbonyl-diuron and extracted as described

for the solvent tests except that the shaking time was varied. The

extracting solvents were isopropanol, which was shaken for 1, 24, 48,

and 72 hr, and benzene-acetone-methanol-water (3:3:3:1), which was

shaken for 5 min, 1, 4, 24, and 48 hr. All the percent extracted

values were corrected for recovery of fortified solvent shaken without

soil for the longest time interval. These recoveries of fortified sol

vents were 101.6% for isopropanol after 3 days and 103.3% for benzene

acetone-methanol-water (3:3:3:1) after 2 days of shaking. Each treatment

was done in duplicate.

Effect of Air-Drying Soil Before Extraction of Diuron. The effect

of air-drying soil on extraction was determined by comparing the recovery

from soil which had not been air-dried between fortification and extrac

tion with the recovery from soil which had been air-dried. One gram of
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blank Hilo or Molokai soil was fortified with an aqueous solution con

taining 1 llg of l4C-carbonyl-diuron. For the "moist" treatment, the

soils were maintained in the moist condition (Hilo 146% and Molokai 62%

water) until extracted after about 4 days. For the "air-dried" treat

ment, the soils were maintained in the moist condition for 3 days and

were then air-dried for 1 day. The average water contents of the soils

after air-drying were Hilo 18.2% and Molokai 4.5%. The moisture contents

of the air-dried soils were returned to the initial water levels just

before extraction so that the "moist" and "air-dried" treatments would

be extracted under identical conditions. The total amount of water

was increased to 1.5 ml for the Hilo soil and to 1.0 m1 for the Mo10kai

soil just before extraction. The extracting solvent was benzene

acetone-methanol (1:1:1), and 13.5 m1 was added to the Hilo soil and

9 ml to the Mo10kai soil. The soils were shaken for 5 min, 1 hr, or

24 hr at room temperature (24 ± 3 C) after the extracting solvent was

added. The soils were filtered through Whatman GF/C paper, and the

activity of 2 m1 of the filtrate was measured in order to calculate

the extraction efficiency. The extraction efficiency was corrected

for recovery of fortified extracting solvent shaken for 24 hours

without soil. All treatments were done in duplicate.

Efficiency of Sequential Extractions of Diuron from Soil. One

gram amounts of blank Hilo and Mo10kai soils were fortified with 1 llg

of 14c-carbony1-diuron in aqueous solution. The moisture levels were

maintained at 100% for the Hi10 soil and 62% for the Molokai soil for

3 days at room temperature, and the soils were not air-dried before

extraction. The soils were extracted at room temperature once with
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9 ml and twice with 5 ml of benzene-acetone-methanol (1:1:1) by shaking

5 minutes each time. The extract was filtered through Whatman GF/C

paper after each extraction, and the soil was returned to the original

vial for the next extraction. After the final extraction, the soil was

washed with 5 ml of benzene-acetone-methanol (1:1:1). The total time

elapsed during the complete extraction was about 20 minutes. The com

bined benzene-acetone-methanol extracts were made up to 25 ml, and the

activity of a 2 ml aliquot was measured. The extracted soils were air

dried and combusted to determine the unextracted activity.

Extraction of Soils Fortified with an Acetone Solution of Diuron.

Five grams of air-dry, blank Hilo and Molokai soils were fortified with

0.5 ml of an acetone solution contai~i~g 5 ~g of l4C-ring-diuron. The

acetone was evaporated off, and the soil was mixed. For the "air-dry"

treatments, the soil was kept air-dry at room temperature until ex

tracted about 3 days after fortification. For the "moistened" treat

ments, the moisture contents were increased to 75% for the Hilo soil

and 35% for the Molokai soil. These "moistened" soils were kept at

room temperature for 1 day and then air-dried before extraction to

the same moisture content as the "air-dry" treatments. The soils were

extracted with either isopropanol or methanol. The soils were shaken

for 1 hr with 25 ml of solvent, filtered with Whatman GF/C paper in a

Buchner funnel, and washed twice with 10 ml of solvent. The combined

extracts and washings were made up to 50 ml, and the activity of a 2 ml

aliquot was measured. All treatments were done in duplicate. Results

were expressed as percent of activity added to soil.
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Benzene-Acetone-Methanol-'Water (B-A-M-W)

Extraction Procedure

The benzene-acetone-methanol-water procedure was developed for

studying the degradation of diuron in soil which is described in

chapter III. This procedure will be abbreviated to the B-A-M-W

extraction in the remainder of this dissertation. The B-A-M-W extrac

tion is diagramed in figure 2.

Air-dry soil equivalent to 10 g on an oven-dry basis was shaken

for 24 hours at room temperature (24±3 C) with 50 ml of benzene

acetone-methanol-water (3:3:3:1). Occasionally, 20 g of soil was

extracted, and the volumes of the extracting solvents were increased

proportionately. The soil was shaken on a Gyrotory Shaker model G2

from New Brunswick Scientific at a speed high enough to suspend the

soil. The extract was filtered through Whatman GF/C paper in a

Buchner funnel. The soil was shaken for another 24 hours at room

temperature with 50 ml of acetone-water (9:1) and again filtered with

Whatman GF/C paper. The soil was washed with 25 ml of acetone and

allowed to air-dry before combustion. The combined extracts were

evaporated under partial vacuum in a rotary evaporator (flash evap

orator from Buchler Instruments), and evaporation was continued until

almost all the organic solvents had evaporated and an aqueous solution

remained. Evaporation was discontinued after 10 min when the rate of

flash distillation was very slow. The water bath of the rotary

evaporator was maintained at 40 C in order to minimize loss of volatile

compounds. The aqueous solution was transferred to a separatory funnel

with 15 ml of distilled water and was extracted three times with 25 ml



BENZENE - ACETONE -METHANOL-WATER (3:3:3:1),
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Fig. 2. Benzene-Acetone-Methanol-Water (B-A-M-W) Extraction Procedure for

Diuron in Soil
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of dichloromethane. The dichloromethane extracts were dried with 5 g

of sodium sulfate. Activity remaining in the extracted aqueous phase

was attributed to polar products. Activity of the combined dichloro-

methane extracts was attributed to nonpolar products, which were

generally analyzed by thin-layer chromatography (TLC) as described in

chapter III.

The extraction efficiency of the B-A-M-W procedure was evaluated

with the14C-carbonyl and l4c-ring-diuron fortified soils from the

tests of extracting solvents. Recoveries of activity in the dichloro

methane extracts were determined, and the extracted soils were combusted

to measure unextracted activity. The dichloromethane extract was

analyzed by the TLC procedures described in chapter III, and benzene

acetone (2:1 v/v) was the developing solvent. The reported results for

diuron extraction are the averages of the soils fortified with carbonyl

and ring labeled diuron.

Extraction of monomethyl diuron by the B-A-M-W procedure was also

measured. Hilo and Molokai soils were fortified with 1.4 ppm of l4C_

ring-monomethyl diuron in aqueous solution. The soils were kept at

about 60 cm water tension for 3 days at room temperature and were then

air-dried, ground, and mixed. Duplicate samples of the fortified soils

were extracted by the B-A-M-W procedure. The fortified soils were com

busted before extraction to measure the total activity of the soils and

after B-A-M-W extraction to measure the unextracted activity.

The extraction of l4C_DCA was measured by the same procedures as

monomethyl diuron, and the amount of added l4C_DCA was 0.68 ppm. After

B-A-M-W extraction, the l4C_DCA fortified soils were further extracted
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by the acetone-hydrochloric acid procedure of Guth et al. (1969), which

is described in chapter III.

RESULTS AND DISCUSSION

Extraction of Diuron from Hilo and Molokai Soils

Extraction and Adsorption of Diuron by Hilo and Molokai Soils

with Various Solvents. The results of diuron extraction and adsorption

with various solvents are presented in table 2. The solvents are

grouped in these categories: single solvents, mixtures of organic sol

vents without water, mixtures of organic solvents and water, and mixtures

of organic solvents and hydrochloric acid or ammonium chloride. The

single solvents are grouped into relatively nonpolar organic solvents

(chloroform, dichloromethane, and ethyl acetate), relatively polar

organic solvents (acetone, acetonitrile, dimethylformamide (DMF), and

dimethylsulfoxide (DMSO», and alcohols including water.

In the single solvent group, extraction efficiency varied between

solvents. The relatively nonpolar solvents like chloroform, dichloro

methane, and ethyl acetate were relatively poor extractants and extracted

only 56-65% of the diuron. More polar solvents like acetone and aceto

nitrile were better extractants and extracted 75-79% of the diuron.

Polar but aprotic solvents like DMF and DMSO were relatively poor

extractants and extracted only 46-65% of the diuron. Among the alcohols,

methanol was the optimum extractant. Alcohols which were more or less

polar than methanol were poorer extractants as shown in this sequence:

isopropanol--about 40% extraction, ethanol--about 60%, methanol--about

76%, ethylene glycol--about 43%, and water--about 3% extraction.
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Table 2

Extraction and Adsorption of Diuron by Air-Dry

Hilo and Molokai Soils with Various Solvents

*Percent Extracted Percent Not Adsorbed

Solvent Hi10
Soil

Molokai
Soil

Hi10
Soil

Molokai
Soil

(Mean ± Standard Error)

Single Solvents

chloroform 59 ± 10 63 ± 4 92 ± 1 81 ± 1
dich1oromethane 60 ± 10 56 ± 4 91 ± 3 69 ± 3
ethyl acetate 65 ± 9 59 ± 3 92 ± 1 81 ± 1

acetone 75 ± 6 75 ± 2 95 ± 2 94 ± 2
acetonitrile 79 ± 4 76 ± 2 92 ± 1 89 ± 2

dimethy1formamide (DMF) 56 ± 5 65 ± 4 99 ± 1 99 ± 1
dimethylsulfoxide (DMSO) 46 ± 5 52 ± 4 100 ± 1 100 ± 2

isopropanol 42 ± 10 37 ± 5 93 ± 1 84 ± 2
ethanol 58 ± 7 62 ± 3 96 ± 1 94 ± 1
methanol 73 ± 4 78 ± 1 96 ± 1 94 ± 1
ethylene glycol 36 ± 3 50 ± 4 94 ± 1 93 ± 2
0.01 M aqueous calcium

chloride 4.0±0.7 2.0 ± 0.6 7.7 ±0.2 2.9±0.6

Mixtures of Organic Solvents without Water

hexane-acetone (1:1) 78 ± 5 80 ± 1 97 ± 1 93 ± 1
benzene-acetone (1:1) 83 ± 7 84 ± 4 98 ± 1 97 ± 3
benzene-methanol (1:1) 81 ± 1 87 ± 1 98 ± 3 98 ± 1
benzene-acetone-methanol

(1:1:1) 80 ± 1 85 ± 1 99 ± 2 97 ± 2

ethyl acetate - methanol
(14:1) 73 ± 9 73 ± 4 95 ± 1 88 ± 1
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Table 2. (Continued) Extraction and Adsorption of Diuron by Air-Dry

Hilo and Molokai Soils with Various Solvents

*Percent Extracted Percent Not Adsorbed

Solvent Hilo
Soil

Molokai
Soil

Hilo
Soil

Molokai
Soil

(Mean± Standard Error)

Mixtures of Organic Solvents and Water

acetone-water (9: 1) 84 ± 2 91 ± 1 99 ± 2 98 ± 2
acetone-water (1: 1) 84 ± 2 90 ± 1 97 ± 2 95 ± 1
methanol-water (9: 1) 73 ± 2 84 ± 1 96 ± 1 94 ± 1
benzene-acetone-methanol-

water (3:3:3:1) 88 ± 1 94 ± 1 101 ± 1 101 ± 1

Mixtures of Organic Solvents and Hydrochloric Acid

or Ammonium Chloride

acetone-1M aqueous ammonium
chloride (1 :1) 87 ± 2 90 ± 2 97 ± 1 94 ± 1

acetone-water-aqueous IN
hydrochloric acid

(80:8:12) 93 ± 1 91 ± 2 99 ± 1 97 ± 1
methanol-aqueous IN

hydrochloric acid
(4: 1) 86 ± 1 83 ± 1 91 ± 3 86 ± 2

*As percent of activity determined by combustion
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Methanol may be the best alcohol extractant because it has an optimum

balance of polarity and hydrogen bonding. The best single solvents

for extraction of diuron from Hilo and Molokai soils were acetonitrile

--about 78% extraction, methanol--about 76% extraction, and acetone-

about 75% extraction.

Mixtures of organic solvents without water were generally better

extractants than single solvents. Hexane-acetone (1:1) extracted

about 79% of diuron and benzene-acetone (1:1) about 84% while acetone

alone had extracted only about 75%. Benzene-methanol (1:1) extracted

about 84% and benzene-acetone-methanol (1:1:1) about 83% while

methanol alone extracted only 76%. Ethyl acetate-methanol (14:1)

extracted about 73% of the diuron and was better than ethyl acetate

with 62% extraction and slightly poorer than methanol with 76%

extraction. Green et ale (1977) extracted diuron from soil with this

mixture of ethyl acetate and methanol except that the soil was re

fluxed rather than shaken with the solvent. The recovery of activity

from soil refluxed for 30 minutes with ethyl acetate-methanol was about

85%. When soil was shaken with ethyl acetate-methanol for 24 hours at

room temperature, recovery was lower (73%)--probably because the higher

temperature of the reflux increased the rate and completeness of

extraction.

Addition of water to single organic solvents or mixtures of organic

solvents generally increased the extraction efficiency. Acetone-water

(9:1 or 1:1) extracted about 87% of the diuron while pure acetone

extracted 75%. The extraction efficiencies of acetone-water mixtures

were the same whether the ratio was 9:1 or 1:1. Addition of water to
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methanol did not affect extraction from Hilo soil but increased

extraction of the Molokai soil from 78 to 84%. Addition of water to

benzene-acetone-methanol increased extraction to about 91% from 83%

without water.

Additions of acids to acetone and methanol increased extraction

from Hilo soil but had no effect on extraction from the Molokai soil.

Addition of ammonium chloride to acetone did not increase extraction

from either soil. An equal mixture of acetone and aqueous ammonium

chloride was recommended for extraction of organic compounds which are

protonated and adsorbed to soil by cation exchange (Austin and Briggs,

1976). Diuron extraction from Hilo and Molokai soils was not increased

by acetone-ammonium chloride in comparison with acetone-water (1:1)

because diuron is not basic and cannot be adsorbed by cation exchange.

An acetone-hydrochloric acid solution increased diuron extraction from

Hilo soil to 93% from 84% for acetone-water (9:1 or 1:1) but had no

effect with the Molokai soil. This acetone-hydrochloric acid solution,

which was recommended for extraction of weathered urea herbicide

residues (Guth et al., 1969) extracted more than 90% of the diuron

from both the Hilo and Molokai soils. Addition of aqueous hydrochloric

acid to methanol increased diuron extraction from Hilo soil to 86% from

73% for methanol-water (9:1) but had no effect on extraction from the

Molokai soil.

Adsorption of diuron to the soils from organic solvents was

measured in order to determine if extraction and adsorption of diuron

were closely related. Little or no diuron was adsorbed to Hilo and

Molokai soils from most solvents, and adsorption was more than 20%
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only for water and dichloromethane (table 2). Adsorption of diuron

from water (0.01 M aqueous calcium chloride) was more than 90% for both

soils. More diuron was adsorbed to the Molokai soil than the Hilo

soil. Solvents with between 5 and 9% adsorption to Hilo soil were

chloroform, dichloromethane, ethyl acetate, acetone, acetonitrile,

isopropanol, ethylene glycol, ethyl acetate-methanol, and methanol

hydrochloric acid. Adsorption of diuron to Hilo soil was less than

5% for all the other solvents except water. Adsorption of diuron to

Molokai soil was largest with dichloromethane from which 30% was ad

sorbed. Solvents with 10 to 20% adsorption to Molokai soil were

chloroform, ethyl acetate, acetonitrile, isopropanol, ethyl acetate

methanol, and methanol-hydrochloric acid. Solvents with 5 to 9% adsorp

tion to Molokai soil were acetone, ethanol, methanol, ethylene glycol,

hexane-acetone, acetone-water (1:1), methanol-water (9:1), and acetone

ammonium chloride. Adsorption to Molokai soil was less than 5% for

the remaining solvents except water. Diuron was adsorbed to soil from

single nonpolar solvents, but there was little adsorption from solvent

mixtures except for ethyl acetate-methanol and methanol-hydrochloric

acid. Some solvents with 0% adsorption on both soils were DMF, DMSO,

and benzene-acetone-methanol-water (3:3:3:1).

Efficient extracting solvents could not be predicted from diuron

adsorption to soil. The percent diuron not adsorbed from a particular

solvent was always greater than the percent diuron extracted by the

same solvent. Extraction was either slower or less complete than

adsorption, and incomplete extraction was not caused by adsorption of

diuron to soil. The correlation coefficient between extraction and



35

adsorption of diuron was calculated for the 23 organic solvents with

0.01 M aqueous calcium chloride excluded. The correlation coefficient

was significant at the 5% level but low for the Molokai soil (r=0.50)

and was not significant for the Hilo soil (r=0.3l). Acetonitrile,

the best single extracting solvent, had higher diuron adsorption than

ethylene glycol which was a poor extracting solvent. D~IT, DMSO, and

benzene-acetone-methanol-water (3:3:3:1) had almost no diuron adsorp

tion, but DMF and DMSO were relatively poor solvents while the benzene

mixture was one of the best solvents for extraction. Methanol

hydrochloric acid had more diuron adsorption than ethylene glycol but

was a much better extracting solvent than ethylene glycol. Extraction

of pesticides from soils is apparently not a simple process of revers

ible partitioning between the soil and extracting solvent.

Effect of Soil Moisture Content on Extraction of Diuron. The

effects of adding small amounts of water to air-dry soils before

extraction are presented in table 3. Although the amounts of added

water were small, addition of water significantly increased recovery

for all treatments except for extraction of Molokai soil with iso

propanol. (The differences were evaluated by t-tests.) Addition of

water to air-dried soils increased extraction of diuron, which has

also been true for other pesticides (Saha et al., ]969b).

Variations between duplicates of some extracting solvents were

large for Hilo soil in table 2, and these large variations were

probably caused by different moisture contents of the Hilo soil. The

ring-diuron fortified Hilo soil contained 2.6% more moisture than the

carbonyl-diuron fortified Hilo soil, and extraction with organic
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Effect of Soil Moisture Content on Extraction of Diuron
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Hilo Soil Molokai Soil

Extracting
Solvent

Isopropanol
Isopropanol

Chloroform
Chloroform

Moisture
Content
Percent

14.0
17.0

14.0
17.0

Percent
*Extracted

28.5
34.0

45.9
57.6

Moisture
Content
Percent

4.3
5.3

4.3
5.3

Percent
*Extracted

34.7
38.6

58.1
69.7

*As percent of activity determined by combustion

solvents not containing water was always higher from the ring labeled

soil with higher moisture content. The standard error of extraction

duplicates of Hilo soil was up to 10% for relatively nonpolar organic

solvents like chloroform but was 2% or less for mixtures of organic

solvents and water. The variation between Hilo duplicates would

probably have been smaller if the moisture contents of the carbonyl

and ring labeled soils had been identical.

Effect of Time on Extraction of Diuron from Soil. The effect of

time on extraction of diuron from soil is presented in table 4. Iso-

propanol was a poor extracting solvent and extraction was still less

than 40% after 72 hours of shaking. Extraction from both soils was

22% or less after 1 hour and had increased to only 30-33% after 24

hours with isopropanol. Extraction from the Molokai soil increased



Table 4

Effect of Time on Extraction of Diuron from Soil
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Isopropanol Benzene-Acetone-Methanol
Water (3:3:3:1)Length

of
Extraction

Hilo
Soil*

Molokai
Soil*

Percent

Hilo
Soil*

Extracted**

Molokai
Soil*

5 min n.d. n.d. 33.5 62.1

1 hr 15.4 21. 6 55.5 79.9

4 hr n.d. n.d. 72.3 87.4

24 hr 30.4 33.4 84.7 93.7

48 hr 33.4 36.3 89.4 93.0

72 hr 36.3 36.9 n.d. n.d.

LSDO.05 1.5 1.7 2.4 2.0

u .d , - not determined.

LSDO.05 -least significant difference between means at 5% level.

*All soils were air-dry when extracted.

**As percent of activity determined by combustion.
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slightly between 24 and 48 hours, but there was no further increase

between 48 and 72 hours. There were small increases in extraction from

the Hilo soil between 24 to 48 and 48 to 72 hours. Isopropanol was a

poor extracting solvent, and extraction was not greatly improved by

increasing the extraction time to 72 hours.

Benzene-acetone-methanol-water (3:3:3:1) was a good extracting

solvent but extracted only 34% from Hilo soil and 62% of diuron from

Molokai soil after 5 minutes shaking. Extraction increased to 56% for

the Hilo soil and 80% for the Molokai soil after I hour. There were

significant increases in extraction for both soils between 1 and 4

hours and between 4 and 24 hours. Extraction from the Molokai soil

did not increase after 24 hours, but extraction from the Hilo soil

did increase between 24 and 48 hours. Even with a good solvent like

this benzene mixture, 24 hours or more was required for complete

extraction at room temperature. Extraction was slow when the soil

and extracting solvent were shaken together at room temperature.

Effect of Air-Drying Soil Before Extraction of Diuron. The effect

of air-drying on extraction of diuron from Hilo and Molokai soils is

presented in table 5. The "moist" treatments were not air-dried

between fortification and extraction. The "air-dried" soil treatments

were fortified and then air-dried, but their moisture contents were

returned to the same level as the "moist" soils before extraction.

Air-drying slightly slowed extraction from the Hilo soil but had no

effect on the Hilo soil after 24 hours. Air-drying did not affect

either the rate or completeness of extraction from the Molokai soil.

The effects of air-drying should be exaggerated for the Hilo soil
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Effect of Air-Drying Soil on Extraction of Diuron

with Benzene-Acetone-Methano1 (1:1:1)
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Length of
Extraction

Hi10

M · * A' D' d*o~st ~r- r~e

Mo1okai

Moist* Air-Dried*

**Percent Extracted

5 min

1 hr

24 hr

LSDO• 05

58.5

83.5

96.2

2.5

55.2

78.8

95.7

2.5

66.3

87.0

98.1

2.0

69.2

88.3

98.6

2.0

LSDO• 05 - least significant difference between means at 5% level.

*Water contents of soils just before extraction were:

Hilo 150% and Mo1okai 100%

**As percent of activity added to soil.
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because it dehydrates irreversibly, which is an unusual soil property.

Since air-drying the Hilo soil had little effect on extraction, air

drying should have a negligible effect on the extraction of diuron

from most mineral soils.

Air-drying of soils was reported to make pesticide extraction

more difficult because extraction from air-dried soils was lower than

from moist soils, but air-drying only appeared to decrease recovery.

When water was added to air-dried soils before extraction, the recovery

was the same as for soils which had not been air-dried (Saha et al.,

1969a; Saha et al., 1969b). The process of air-drying soils did not

permanently reduce pesticide extraction, but water was essential for

high recovery. The water required for high recovery can be added

either to the air-dry soil or as a component of an organic solvent

mixture.

There were some quantitative differences between the time course

results of tables 4 and 5, although both experiments demonstrated that

long shaking times were required for complete extraction. The soils

in table 4 were air-dry when extracted with benzene-acetone-methanol

water (3:3:3:1) while the soils in table 5 were moist when extracted

with benzene-acetone-methanol (1:1:1). The differences were greatest

for the Hilo soil. After 1 hr, the percent extracted from Hilo soil

was 56 for the benzene mixture in table 4 but 79 for the air-dried

Hilo soil in table 5. The percent extracted from Hilo soil after 24

hours was 89 for the benzene mixture in table 4 but 96 for the air

dried Hilo soil in table 5. Larger solvent to soil ratios were used

for extraction in table 5 (Hilo 15:1 and Molokai 10:1) than table 4
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(both soils 5:1), and larger solvent ratios may explain the higher

extraction of table 5. In addition, the air-dry soils of table 4 were

stored in the freezer for 1 month before extraction, while the soils

of table 5 were extracted immediately after air-drying. Diuron may

have become more difficult to extract after 1 month storage of the

the air-dry soils.

Efficiency of Sequential Extractions of Diuron from Soil. The

efficiencies of sequential extractions of diuron from Hilo and Molokai

soils are shown in table 6. The soils, which were moist and had not

been air-dried after fortification, were extracted three times with

benzene-acetone-methanol (1:1:1) over about a 20 minute period.

Extraction was incomplete and only 77% of the diuron was extracted.

The amount of unextracted activity determined by combustion was about

28%.

Equilibrium extractions with one time addition of solvent were

slow at room temperature, and sequential extractions did not greatly

increase the rate of extraction. The "moist" soils in table 5 were

treated similarly to the soils of this sequential extractions experi

ment and gave similar results. A 24 hour shaking period extracted 95%

or more of the activity of the "moist" treatment soils, which established

that the benzene-acetone-methanol-water solvent could quantitatively

extract diuron if the shaking period was long enough. The total

processing time of the sequential extractions was about 20 minutes,

and the amount of diuron extracted was in between the diuron extracted

by 5 minutes and 1 hour shaking in the time course study of table 5.
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Table 6

Efficiency of Three Sequential Extractions of Diuron from Soil

with Benzene-Acetone-Methanol (1:1:1)

Soil

Hi1o**

Holokai**

Percent
Extracted*

77.0±0.4

76.0±0.7

Percent
Unextracted*

Means ± Standard Error

28.2 ± 2.9

27.0± 2.5

Total
Recovery*

105.2± 2.9

103.0± 2.6

*As percent of activity added to soil.

**Water contents of soils when extracted were

Hilo 100% and Molokai 62%

Lichtenstein et ale (1977) defined bound residues as the activity

remaining in soil after three 1 min extractions with benzene-acetone-

methanol (1:1:1), but this definition of bound residues was inadequate.

Bound residues should be unextractable after exhaustive extraction, but

3 minutes was to short to be exhaustive. For example, diuron was

incompletely extracted by three 5 min extractions (table 6). Lichten-

stein et ale (1977) stated incorrectly that DDT formed bound residues,

but this result was due to incomplete extraction because DDT was

quantitatively extracted even after long incubation periods in other

studies (Nash and Harris, 1972). According to Lichtenstein et ale

(1977), fonofos (an organophosphorus insecticide) also formed bound



43

residues, but this unextracted activity was probably also due to incom

plete extraction because soil microorganisms did not increase binding

and because fonofos does not have an amino group to cause binding.

Extraction of Soils Fortified with an Acetone Solution of

Diuron. Recoveries from Hilo and Molokai soils which were fortified

with an acetone solution of diuron are shown in table 7. The "air-dry"

treatment was kept air-dry until extracted. The "moistened" treatments

were kept moist for 1 day after fortifying and then air-dried before

extraction. Recoveries were always higher for the "air-dry" than

"moistened" treatments, and t-tests of the differences between the

"moistened" and "air-dry" treatments were all significant at the 1%

level. The lower recovery from the "moistened" treatments was not due

to volatilization because volatilization of diuron during air-drying

of soil was negligible in other experiments. Recovery with isopropanol

was 30-33% from the "moistened" treatments but 49-57% from the "air

dry" treatments. Recovery with methanol was 68% from the "moistened"

treatments and 80-89% with the "air-dry" treatments. The "moistened"

treatments were more realistic and had lower recoveries than the "air

dry" treatments. Extraction efficiencies have frequently been estimated

by fortifying air-dry soil with a volatile organic solvent, but such a

fortification technique underestimates the difficulty of complete extrac

tion (Chiba, 1969; Saha et al., 1969a; Khan et al., 1976b). The pesti

cide must be allowed to equilibrate with moist soil for some time in

order to obtain an accurate estimate of extraction efficiency. Soil

could still be fortified with volatile organic solvent, but the soil

must be moistened after the organic solvent has evaporated and should
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Table 7

Extraction of Soils Fortified with an

Acetone Solution of Diuron

Hilo Soil* Molokai Soil*
Extracting Air-Dry Hoistened Air-Dry Moistened

Solvent
Percent ** (Mean ± Standard Error)Extracted

isopropanol

methanol

49.2 ± 0.4

79.8 ± 0.2

33.2 ± 0.1

67.8±0.7

58.6±0.7

89.3 ± 0.2

29.7±0.4

68.0 ± 0.4

*Both soils were air-dry when extracted.

**As percent of activity added to soil.

be kept moist for 1 to 3 days at room temperature before extraction.

General Observations about Extraction of

Nonionic Pesticides from Soils

Complete extraction is more important for bound residue studies

than for analysis of field samples for pesticide residues. Substituted

ureas have frequently been extracted from soil by shaking for 1 hour with

methanol (Khan et al., 1976b; McKone, 1969), but this procedure extracted

only 68% of the diuron (table 7). The unextracted activity after 1 hour

methanol extraction would be 32% but would be due primarily to incom-

plete extraction. With more complete extraction by shaking for 24 hours

with benzene-acetone-methanol-water, greater than 95% of the diuron

would be extracted and less than 5% unextracted (table 5). Diuron
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extracted by methanol after 1 hour would be about 72% of the true amount

by long extraction with benzene-acetone-methanol-water, or an under

estimate of extractable diuron of 28%. The error in determination of

bound residues would be much greater, and the incomplete methanol

extraction would overestimate bound residues by more than 500%.

Extraction procedures which were developed for analysis of field

samples may not be adequate for estimation of bound residues.

The correlation between properties of the single solvents and

the percent diu ron extracted from Hilo and Molokai soil was poor.

Saha et ale (1969b) had found a high correlation between dieldrin

extraction from soils and the dielectric constant of the solvent.

(Dieldrin is a chlorinated hydrocarbon insecticide.) The average

percent diuron extracted from the Hilo and Molokai soils by the single

solvents was tested for correlation with these factors: amount of

dieldrin extracted from soil by the same solvent (Saha et al., 1969b),

solubility of soil organic matter in the solvent and solubility para

meters of Hildebrand for each solvent (Porter, 1967), dipole moments,

and dielectric constants of the solvents (Saha et al., 1969b). The

correlation coefficient was significant only for the dielectric con

stant. The lack of correlation between dieldrin and diuron extraction

from soil was somewhat surprising but may be caused by the different

characteristics of the pesticides or soils because dieldrin is much

less polar than diuron. Even the correlation with dielectric constant

of the solvent was low (r =-0.62, degrees of freedom =10) and was

significant only because water or aqueous 0.01 M calcium chloride was

included as an extracting solvent. Water is not generally considered
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an extracting solvent because pesticides in aqueous solution are often

highly adsorbed to soil and because water has considerably different

properties from most organic solvents. When the correlatior: of diuron

extraction and dielectric constant included only the organic solvents,

the correlation coefficient was very small and not significant (r=-O.02,

degrees of freedom = 9). Linear correlation may have been an inappro

priate test if there was an optimum range of solvent properties, but

there were no obvious optimum ranges of solvent properties for

extraction of diuron from soil.

Extraction procedures for nonionic pesticides in soils have

usually been empirical procedures which have been optimized by testing

a number of solvents and methods (Chesters et al., 1974). General

recommendations for extraction of nonionic pesticides have been

difficult to make because of many published contradictions about

optimum extraction conditions. Part of these contradictions were

probably due to differences between pesticides and soils. Many

extraction procedures have also been tested with air-dry soil forti

fied with a volatile organic solvent which underestimates the difficulty

of complete extraction. Nevertheless, some general requirements for

high extraction efficiency which seem reasonably well established are

proper choice of solvent, presence of water in soil or solvent, and

adequate extraction time. Solvent choice was important for complete

extraction. Nonpolar solvents were poor extractants even for very

nonpolar pesticides (Saha et al., 1969b). Solvents could also be too

polar for good extraction because pesticides were highly adsorbed to

soil from water solutions. Polar organic solvents like acetone,
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acetonitrile, and methanol were generally good extractants (Saha et al.,

1969b; Chiba, 1969; Mattson et al., 1970). Acetonitrile was poor for

dieldrin but was good for diuron and triazines (Saha et al., 1969b;

Mattson et al., 1970), and acetone was poor for linuron (Khan et al.,

1975). DMF and DMSO were good extracting solvents for dieldrin but

relatively poor for diuron (Saha et al., 1969b). There was no

relationship between the solubility of a pesticide in a particular

solvent and the amount of pesticide extracted from soil by that sol

vent (Saha et al., 1969b; Khan et al., 1975). The sequence of alcohols

in order of increasing extraction efficiency was isopropanol < ethanol <

methanol for both diuron and dieldrin (Saha et al., 1969b). Mixtures

of polar and nonpolar solvents have generally been better extractants

than single polar solvents (Chiba, 1969). Water was required for high

extraction, but air-drying soil had little effect on extraction if the

soil was remoistened before extraction (Chiba, 1969; Saha et al., 1969b).

Complete extraction at room temperature required 24 hr or more, and the

extraction efficiency of a poor solvent was not greatly increased by

shaking for more than 24 hours.

Extraction of nonionic pesticides from soil is probably affected

by the characteristics of both the pesticide and soil organic matter.

Nonionic pesticides are primarily adsorbed from water by soil organic

matter. For extraction, the pesticides must be partitioned from soil

organic matter into the extracting organic solvent. Soil organic

matter consists of complex humic substances which probably exist as

amorphous gels, and the shape and porosity of the humic gels depends

to some extent on the solution conditions (Chen and Schnitzer, 1976).
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Kinetics of pesticide adsorption and desorption by water have been

explained by slow diffusion into and out of the internal areas or

surfaces of the humic substances (Hamaker and Thompson, 1972; Goring

et al., 1975). Pesticides which have become entrapped in humic gels

should be extracted slowly because of slow diffusion out of the gel

(Khan, 1973), and rate of diffusion out of the humic gel might be

affected by the extracting solvent. A good extracting solvent would

both desorb the pesticide from soil orgnaic matter and allow relatively

rapid diffusion of pesticides from the humic gels. Water may be re

quired for complete extraction because of its effects on the structure

of soil organic matter. Fortification of air-dry soil with a volatile

organic solvent may overestimate extraction efficiency because the

pesticide does not equilibrate with the internal surfaces of the humic

gels in air-dry soil.

Pesticide residues which were slowly or incompletely extracted

by organic solvents were still taken up by plant roots. The substituted

urea herbicide remaining in soil after four brief acetone extractions

was taken up by plants but was less available than herbicide applied

to soil as an aqueous solution (Suess et al., 1974). The unextracted

herbicide was probably protected from acetone extraction by entrapment

in humic gels or other processes causing slow diffusion but became

available by diffusing out of the humic gels when water was added.

Benzene-Acetone-Methanol-Water (B-A-M-W)

Extraction Procedure

The amounts of diuron, monomethyl diuron, and DCA extracted from

fortified soil samples by the benzene-acetone-methanol-water (B-A-M-W)
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procedure are presented in table 8. More than 90% of the diuron and

monomethyl diuron were extracted and less than 6% was unextracted by

the B-A-M-W extraction. The dichloromethane extracts resulting from

B-A-M-W extraction of the diuron fortified soils were analyzed by TLC,

and very little diuron degradation had occurred during the fortification

procedures. Extracts from the diuron-fortified Hilo soil contained

95% diuron and 4% monomethyl diuron, and extracts from the Molokai

soil contained 98% diuron and 1% monomethyl diuron. The difficultues

of extracting diuron from these soils were not caused by degradation

of diuron to compounds which were difficult to extract.

Table 8

Extraction of Diuron, Monomethyl Diuron, and DCA from Soil

with Benzene-Acetone-Methanol-Water (B-A-M-W) Procedure

Compound

*Percent Extracted

Hilo Soil Molokai Soil

*Percent Unextracted

Hilo Soil Molokai Soil

Mean ± Standard Error

Diuron

Monomethyl
Diuron

DCA

92.2±1.1

95.5±0.7

39.8 ± 1.0

94.3± 2.5

96.0± 0.3

53.2±O.2

5.7±2.l

3.7±0.1

50.1 ± 3.1

1.4±0.8

2.8 ± 0.1

43.5±2.3

*As percent of activity determined by combustion.
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The B-A-M-W extraction has several advantages over published

extraction methods for urea herbicides. The extraction efficiency is

high for diuron and monomethyl diuron. The B-A-M-W extraction is done

at room temperature and should not hydrolyze metabolites or create

artifacts which may be caused by acidic or hot organic solvents. The

dichloromethane extraction removes water so the extract can easily be

analyzed by TLC and separates the degradation products into polar and

nonpolar categories.

Extraction of DCA by the B-A-M-W procedure was incomplete, which

was expected because DCA forms bound residues. B-A-M-W extracted only

40-50% of the DCA activity, and 40-50% remained unextracted. Polar

compounds in the B-A-M-W extract were from 3-8% of the initial activity

and were probably DCA which had bound to water soluble organic matter.

DCA was quantitatively extracted from neutral aqueous solution by

dichloromethane, but some activity remained in the extracted aqueous

layer when a blank soil extract was fortified with l4C_DCA• Most

B-A-M-W extracted activity was nonpolar. The nonpolar activity was

37 to 45% of the initial activity and was probably mostly unchanged

DCA, although the nonpolar activity was not identified by TLC. The

bound or unextracted DCA residues of the Hilo and Molokai soils were

somewhat lower than those reported for other soils, for which 70 to

80% of the applied DCA bound to soil (Hsu and Bartha, 1976). The lower

bound residues for the Hilo and Molokai soils may have been due to a

more exhaustive extraction procedure, shorter incubation time with DCA,

and different soil characteristics than for the published studies.
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The DCA fortified soils which had been extracted with B-A-M-W

were further extracted with acetone-hydrochloric acid. The acetone

hydrochloric acid extraction removed an additional 6 to 7% of the

activity initially added to the soils. The extract contained 2 to 3%

of the initial activity as polar products which were probably DCA bound

to water soluble soil organic matter and DCA which was not extracted

from acidic solution by dichloromethane. The extract contained 3 to 5%

of the initial activity as nonpolar products. The bound or unextracted

residues after acetone-hydrochloric acid extraction were 40% for the

Hilo soil and 31% for the Molokai soil when expressed as percent of

the initial activity. The acetone-hydrochloric acid extraction

removed some additional activity after the B-A-M-W extraction, but

there were still major amounts of bound residues from DCA in both soils.

DCA rapidly formed bound residues in Hilo and Molokai soils, but diuron

and monomethyl diuron formed very little bound residues after 3 days

of incubation.

SUMMARY

Factors affecting the extraction of diuron from Hilo and Molokai

soils were investigated. The solvent, length of extraction period, and

water content of the soil or extracting solvent affected the amount of

diuron extracted. Nonpolar solvents like chloroform were relatively

pOQr extractants. Some polar solvents including isopropanol, ethylene

glycol, DMSO, DMF, and ethanol were also relatively poor extractants.

The best single extracting solvents were acetone, acetonitrile, and

methanol. Mixtures of organic solvents and water were good extractants,



52

and benzene-acetone-methanol-water (3:3:3:1) was one of the best

extracting solvents. Diuron was not adsorbed to soil from some sol

vents, but these solvents were still poor soil extractants. Extraction

was a slow process at room temperature, and 24 hours or more could be

required for complete extraction. Air-drying moist soil containing a

pesticide had little effect on extraction, but water was a necessary

component of the extracting solvent for high extraction efficiency.

Extraction efficiency was overestimated when air-dry soil was fortified

with diuron in acetone solution because incubation with moist soil was

required for a realistic estimate of extraction efficiency. Complete

extraction is important for bound residue studies, and some conclusions

about bound residues have been incorrect because of incomplete extrac

tion.

A benzene-acetone-methanol-water (B-A-M-W) procedure was developed

for extracting diuron from Hilo and Molokai soils. The soil was shaken

for 24 hours at room temperature with benzene-acetone-methanol-water

(3:3:3:1) and for another 24 hours with acetone-water (9:1). The com

bined extracts were evaporated until an aqueous solution remained, and

the extract was divided into polar and nonpolar categories by extracting

the aqueous solution with dichloromethane. The B-A-M-W procedure

efficiently extracted diuron from soils, did not create artifacts due

to hot or acidic solvents, and separated compounds into polar and non

polar groups. The B-A-M-W procedure extracted more than 90% of the

diuron and monomethyl diuron added to Hilo and Molokai soils after 3

days incubation. Bound or unextracted residues from DCA were 40-50%

after B-A-~~W extraction of Hilo and Molokai soils. After B-A-M-W
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extraction, more exhaustive acetone-hydrochloric acid extraction removed

some additional activity from the DCA fortified soils, but the unextrac

ted residues from DCA were still 30-40% of the initial activity. DCA

rapidly formed bound residues in these soils, but diuron and monomethyl

diuron did not rapidly form soil bound residues.



CHAPTER III

DEGRADATION OF DIURON IN HILO AND MOLOKAI SOILS

AND AVAILABILITY OF RESIDUES TO OATS

INTRODUCTION

Degradation and plant availability of substituted urea herbicides

were reviewed in chapter I. Extraction of diuron from soil was dis-

cussed in chapter II. Degradation of diuron in soil is described in

this chapter. Hila and Molokai Soils were fortified with labeled

diuron, and oats (Avena sativa L.) were grown in the treated soils

in six successive monthly cycles. Degradation of diuron in the soils

and uptake of activity by the oat shoots were measured. The objectives

were to study the degradation of diuron in soil and the plant avail

ability of diuron soil residues. Three aspects of diuron degradation

were emphasized: polar products, hydrolysis to DCA, and the formation

of bound residues.

MATERIALS AND METHODS

Treatment of Soils and Growth of Oats

The l4C-carbonyl-diuron (specific activity 4.0 mCi/mmol) was

obtained from the Metabolism and Radiation Research Laboratory, Agricul

tural Research Service at Fargo, North Dakota. The radiochemical purity

of the l4c-carbonyl-diuron was 97% after preparative thin-layer chroma

tography (TLC) , which is described in appendix 2. The l4c-ring-diuron

(specific activity 4.5 mCi/mmol) was synthesized from l4C_DCA
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(3,4-dichloroaniline). For reasons discussed in appendix 2, the

l4C-ring-diuron contained 89% 14C-ring-diuron and 11% 14C-ring-triuron

(3-(3,4,5-trichlorophenyl)-1,1-dimethylurea). The 14C-triuron was

identical to diuron except that it had an additional chlorine on the

aromatic ring. The structures of carbonyl and ring labeled diuron

h 'f' 1 d h f l4C' 'h 'are sown 1n 19ure , an t e structure 0 -tr1uron 1S sown 1n

figure 14 (appendix 2). Radioactivity was measured by the methods

described in chapter II.

The Hilo and Molokai soils were described in chapter II. An

f l4C bId' 14C 'd' '1 1amount 0 -car ony - 1uron or -r1ng- 1uron equ1va ent to ppm

was added to 500 g (oven-dry basis) Hilo and Molokai soils. The soils

were spread in a thin layer on aluminum foil, and the l4C-diuron was

added dropwise from a pipet as a 20 ppm aqueous solution. Control

soils were not treated with diuron. Treatments of Hilo soil were done

in duplicate, and Molokai soil in triplicate. A 25 g sample of each

soil was taken immediately after fortifying and mixing the soils.

The fortified soils were transferred to glass beakers. The beaker

size was 600 ml for the 1101okai soil and 1000 ml for the Hilo soil

because of the low bulk density of the Hilo soil. Ten pre-germinated

oat seeds (Avena sativa L.) from the Carolina Biological Supply Company

were planted in each beaker. The beakers were wrapped in aluminum foil

and placed in a growth chamber for 28 days. The growth chamber was

Sherer model CEL 25-7 HL. Because the growth chamber did not have

humidity control, trays of water were placed on the floor of the growth

chamber to reduce variation in relative humidity. The growth chamber

was set for 29 C dayj22 C night temperatures with a 13 hour day.
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A mixture of fluorescent and incandescent lights supplied 150 to 200

uEinsteins sec-lm-2 of photosynthetically active radiation.

beakers, which had no hole for drainage, were watered twice daily to
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a weight associated with a soil moisture tension of about 60 cm water.

Fertilizer additions to each pot are shown in table 9. The phosphorus

requirements of the soils were estimated from P adsorption isotherms

(Fox and Kamprath, 1970) and were added as calcium monophosphate when

the soils were fortified with labeled diuron. All other nutrients

were added in a solution after the oat seeds had been planted.

After 28 days of growth, the oat shoots were cut off about 0.5 cm

above the soil surface. The oat shoots were stored in plastic bags in

a freezer at -15 C until freeze-dried. The fresh and dry weights of

the oat shoots were determined.

After removal of the oat shoots, the beakers were not watered and

were left in the growth chamber for 2 days to dry the soil enough for

easy handling. The moisture contents of the soils after drying were

Hilo 70 to 90% and Molokai 17 to 28%. The soil from each pot was

spread on aluminum foil and mixed. Roots which had become matted at

the bottom of the beaker were cut up and mixed in with the soil. A

soil sample of 25 g was removed from each beaker, and the remainder

of the soil was returned to its original beaker. Pre-germinated oat

seeds were again planted, and the beakers were returned to the growth

chamber.

Six monthly cycles of oats were grown, and conditions were the

same as described for the first month except for these modifications.

Approximately 10% of the first month phosphorus addition was added



Table 9

Monthly Fertilizer Additions to Pots

During Growth of Oats

Month

Element 1 2 3 4 5 6

mg/pot/month

Hila Soil

P 2500 230 230 200 a 700
Fe a a a 2.0 a 0

l101okai Soil

P 250 23 23 20 a 35
Fe 5.0 2.2 a 2.0 a 0

Both Hila and Molokai Soils

N 56 47 47 47 a a
K 93 77 77 77 0 0
Mg 5.6 4.7 4.7 4.7 0 a
S 12 6.2 6.2 7.2 0 a
Zn 10 0 a 2.0 0 0
Mn 0 0 a 2.0 0 a
eu a 0 0 2.0 0 a
B 0 0 0 0.2 0 0
Mo 0 0 a 0.1 0 a

57
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at the beginning of the second, third, and fourth months. Addition of

N, K, Mg, and S was discontinued for the fifth and sixth months because

there appeared to be an accumulation of salts in the pots. In order to

compensate for soil removed by sampling, the number of oat shoots per

pot was reduced to 9 for the second and third months, to 8 for the

fourth and fifth months, and to 7 for the sixth month. Some oat shoots

were killed or stunted during the second month by a fungus diagnosed

as Rhizoctonia solani by the Department of Plant Pathology, University

of Hawaii. For the third and following months, extra oat seeds were

planted so that diseased plants could be removed by thinning after 5

days of growth. In addition, seeds planted in the Hilo soil were

treated with Terraclor fungicide (pentachloronitrobenzene) because the

disease was more serious in the Hilo than Molokai soil. Seed treatment

with Terraclor added 1 ppm or less of active ingredient to the Hilo

soil per month. This amount of Terraclor probably had little effect

on the soil microorganisms of the Hilo soil because the fungicide is

applied to soils at much higher rates and is relatively specific

(Caseley and Broadbent, 1968).

After the sixth month of oat growth, a 100 g sample of soil was

taken from each beaker. The remainder of the soil was incubated for

an additional 60 days without oat plants at 30 C. The beakers were

covered with aluminum foil to reduce evaporation and were watered

weekly to a weight corresponding to 60 cm of soil moisture tension.

Oat Shoot Analysis

The oat shoots were freeze-dried, cut up, mixed, and combusted
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to determine total activity. The activity of the oat shoots was not

further characterized.

Analysis of Soil Samples

The soil samples were air-dried at room temperature, finely ground

in a mortar and pestle, mixed, and stored in a freezer at -15 C until

analyzed. The soils were analyzed for pH in distilled water, electrical

conductivity and nitrate of the saturation extract, and ammonium acetate

extractable potassium before and after 6 months of oat growth (Black,

1965).

Soil samples were routinely extracted by the B-A-M-W procedure

described in chapter II and illustrated in figure 2. The soil was com

busted before extraction to determine total activity and after extraction

to determine unextracted or bound activity. Nonpolar products in the

dichloromethane extract were identified by thin-layer chromatography

(TLC). The dichloromethane extracts were evaporated to 0.5 ml in a

15 ml glass centrifuge tube, and 30 ~l were spotted for TLC analysis.

The TLC sheets were pre-coated silica gel 60 F-254, layer thickness

0.25 mm on aluminum support from EM Reagents. The radioactive soil

extracts were overspotted with unlabeled reference standards of diuron,

monomethyl diuron, and demethylated diuron. The TLC sheets were

usually developed in benzene-acetone (2:1 v/v) for 15 cm (Frear and

Swanson, 1972), and Rf values for this and other TLC developing sol

vents are presented in table 10. The developed TLC sheets were placed

in contact with Kodak no-screen medical X-ray film for 2 weeks. More

than 10,000 dpm of each B-A-M-W soil extract were always spotted on the



Table 10

Rf Values of Diuron and Related Compounds

in Three TLC Solvents
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Solvent

A

B

C

Composition

benzene-acetone (2:1 v/v)

chloroform-ethanol (9:1 v/v)

chloroform-ethanol-acetic acid (18:1:1 v/v)

Compound
A

Rf Values in Solvent

B c

Diuron 0.52 0.48 0.55

Monomethyl Diuron 0.41 0.30 0.37

Demethylated Diuron 0.24 0.16 0.28

Triuron 0.58 0.49 0.57

Triuron Monomethyl 0.47 0.33 0.39

Formyl Derivative of Diuron 0.63 0.62 0.77

DCA 0.63 0.55 0.71
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TLC sheet, and standard spots containing less than 300 dpm were detected

by autoradiography. TLC spots containing activity were cut out and

measured by liquid scintillation counting. In preliminary experiments,

the channels ratio method accurately corrected for quenching of l4C_

diuron when the TLC segment laid flat on the bottom of the scintillation

vial. Unlabeled compounds were visualized by short-wave ultraviolet

light, and radioactive compounds were identified by co-chromatography

with unlabeled compounds.

Recovery of DCA During B-A-M-W Extraction

Recovery of DCA during the B-A-M-W extraction was checked because

DCA can easily be lost by volatilization. Blank Hilo and Molokai soils

were extracted with benzene-acetone-methanol-water (3:3:3:1) and fil

tered, which was the first step of the complete B-A-M-W extraction.

The filtered soil extracts were fortified with l4C-DCA at a level

equivalent to 0.07 ppm diuron in the soil, and the remainder of the

B-A-M-W extraction was completed. The dichloromethane extracts were

analyzed by TLC to determine whether the l4C_DCA would produce a

detectable autoradiographic spot.

Confirmation of Degradation Products after 180 Days

The identity of monomethyl diuron was confirmed by gas chromato

graphy-mass spectroscopy (GC-MS), and the formyl derivative of diuron

was confirmed by hydrolysis to monomethyl diuron. These compounds

were isolated from the 14C-carbonyl-diuron treated Molokai soil after

6 months. The soil was extracted with the routine B-A-M-W procedure

except that 100 g of soil was extracted with 500 ml of solvent. The
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dichloromethane extract was evaporated to dryness, and the residue was

transferred to an alumina column. The alumina column was 20 g of neu-

tral alumina (activity IV, 100-200 mesh) from Bio-rad Laboratories in

a 1.8 cm I.D. glass column. The alumina column was first eluted with

200 ml benzene and then with 250 ml of benzene-chloroform (1:1). The

formyl derivative of diuron eluted in the 20-50 ml fraction, and mono-

methyl diuron eluted in the 275-350 ml fraction. The monomethyl diuron

fraction was evaporated to dryness, and the residue was dissolved in

2 ml benzene for further analysis.

14After alumina column separation, purity of the C-monomethyl

diuron was checked by TLC. TLC procedures were the same as described

for analysis of soil samples, and the developing solvent was benzene-

acetone (2:1). Purity was also checked by gas-liquid chromatography

(GLC) on a 2% SE-30 column with electron capture detection, which is

14The mass spectrum of the C-monomethyl

diuron was recorded with a Finnigan series 3000 gas chromatograph-

mass spectrometer with electron-impact ionization at 70 eVe The GC-MS

column was a 2 mm I.D. glass column, 40 cm long, containing 2% SE-30

on Gas Chrom Q (80 to 100 mesh) which was conditioned by Silyl-8

injections. The column and difficulties of analyzing substituted

ureas by GLC are described in appendix 3. The column flow rate was

20 cc/min of helium and operating temperatures were injector 200 C,

14column 150 C, and separator 225 C. Approximately 4 ~g of C-monomethyl

diuron was injected, and the retention time was about 12 min. The mass

14spectrum of the C-compound isolated from soil was compared with the

mass spectrum of standard monomethyl diuron. The quantity of monomethyl
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diuron extracted from the Molokai soil is discussed in appendix 4.

The formyl derivative of diuron isolated by alumina column chroma-

tography was further purified by preparative TLC. The preparative TLC

plate was silica gel 60, F-254 , 0.5 mm layer thickness on glass support

from EM Reagents. The TLC plate was developed for 15 cm in benzene-

acetone (9:1 v/v). The band containing the formyl derivative was

scraped off the plate and eluted with acetone. The acetone solution

was split in half and was analyzed by TLC before and after hydrolysis.

Hydrolysis conditions were mild so that hydrolysis of the formyl group

was almost complete but hydrolysis of the urea group was negligible

(Lin et al., 1976). The acetone solution was evaporated to dryness

for hydrolysis, and the residue was dissolved in 2 ml of 0.5 M aqueous

sodium hydroxide and heated at 70 C for 15 min. After cooling, the

water solution was extracted three times with 1.5 ml of ethyl acetate.

The combined ethyl acetate extracts were evaporated to 0.1 ml for TLC

14The TLC strips containing the C-formyl derivative before

and after hydrolysis were overspotted with the appropriate unlabeled

reference compounds before development in benzene-acetone (2:1).

Other TLC procedures were the same as described for analysis of soil

samples.

Additional Soil Analysis after 240 Days

TLC Development with Two Additional Solvents. The B-A-M-W

extracts of the last soil samples after 240 days were analyzed by TLC

development with two chloroform based solvents in addition to the usual

benzene-acetone (2:1) solvent. Spotting and visualization were the same
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as previously described for benzene-acetone (2:1). Rf values and com

position of these two solvents are listed in table 10. These chloroform

based solvents were used to separate ring hydroxylated products of

diuron (Frear and Swanson, 1974).

Acetone-Hydrochloric Acid Extraction of Soils after B-A-M-W

Extraction. Activity which was not extracted from the 240 day soil

samples by the B-A-M-W procedure was characterized by further analysis.

The additional analysis is illustrated in figure 3. The soil samples

were exhaustively extracted by the acetone-hydrochloric acid procedure

recommended by Guth et al. (1969). Hydrolysis of diuron during the

acetone-hydrochloric acid extraction was less than 5% in preliminary

experiments. After B-A-M-W extraction, 15 g of soil was packed into

a cellulose extraction thimble with glass wool. The thimble was

soaked for 14 hr at room temperature in 100 ml of acetone-water-aqueous

1 N hydrochloric acid (80:8:12 v/v). The acetone-hydrochloric acid

solution was poured off, and the soil was extracted with 300 ml of

acetone for 4 hours in a Soxhlet apparatus. The acetone-hydrochloric

acid solution and the acetone from Soxhlet extraction were combined and

evaporated in rotary evaporator until almost all organic solvents had

evaporated and an aqueous solution remained. The aqueous solution was

transferred to a separatory funnel with two 20 ml washes of distilled

water and was extracted three times with 10 ml of dichloromethane. The

dichloromethane extracts were filtered through Whatman No.1 filter

paper, combined, dried with sodium sulfate, and made up to 50 mI. The

activities of the extracted aqueous phases and of the dichloromethane

extracts were determined by liquid scintillation counting. Activity
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in the extracted aqueous phase was considered polar products, and

activity in the dichloromethane extract was considered nonpolar pro-

ducts. The acetone-hydrochloric acid extracted soil was air-dried and

combusted to measure the unextracted activity.

Replicates of dichloromethane solutions from acetone-hydrochloric

acid extractions were combined for TLC analysis and evaporated to

0.5 mI. Duplicates of the Hilo soil were combined, and 30 ~l of the

0.5 ml solution were spotted. Triplicates of the Molokai soil were

combined, and 20 ~l of the 0.5 ml solution were spotted. TLC procedures

were the same as described for the B-A-M-W extracts except that less

activity was spotted. From 3000 to 4000 dpm of the Hilo soil extracts

and from 6000 to 8000 dpm of the Molokai soil extracts were spotted

for TLC analysis.

Release of DCA by Acidic Hydrolysis after Acetone-Hydrochloric

Acid Extraction. The 14C-ring-diuron fortified soils after acetone-

hydrochloric acid extraction were subjected to acidic hydrolysis and

stearn distillation to release DCA. Ferric iron of the Molokai soil

was reduced to increase the recovery of DCA. Five grams of soil after

acetone-hydrochloric acid extraction were weighed into a 1 liter round

bottom flask, and 40 ml of 0.3 M aqueous sodium citrate, 5 ml of 1 N

aqueous sodium bicarbonate, and 1.5 g sodium dithionite were added.

The flask was heated at 80 C for 0.5 hr to reduce ferric iron. A

volatile trap containing 10 ml of 1 N aqueous hydrochloric acid was

attached to the flask during the heating period. After cooling, 35 ml

concentrated sulfuric acid was added to produce an approximatley 18 N

sulfuric acid solution, and the solution was refluxed for 3 hours.
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The sulfuric acid solution was made alkaline with 230 ml of 6 N sodium

hydroxide, and 150 ml of the alkaline solution was distilled into 25 ml

of 1 N hydrochloric acid. The distillate was made alkaline with 5 ml

of 6 N sodium hydroxide and extracted three times with 10 ml of dichloro-

methane. The combined dichloromethane extracts were dried with sodium

sulfate and made up to 50 ml, and the activity of a 2 ml aliquot was

determined by liquid scintillation counting.

The activity released by acidic hydrolysis was analyzed by TLC,

and the Hilo soil duplicates and Molokai soil triplicates were combined

for TLC analysis. The combined dichloromethane extracts were evaporated

to 0.1 ml, and 10 or 20 ~l were spotted for TLC. The strips were over

spotted with 10 ~g of unlabeled DCA before development in benzene-acetone

(2:1). DCA was visualized as a purple spot by spray reagents specific

for anilines (Onley and Yip, 1969). The TLC strips were not visualized

by autoradiography, but the whole strips were cut into segments and

assayed by liquid scientillation counting.

Hilo and Molokai soils had been fortified with l4C_DCA and extrac-

ted with B-A-M-W and acetone-hydrochloric acid as described in chapter

II. After extraction with acetone-hydrochloric acid, these l4C_DCA

fortified soils were subjected to acidic hydrolysis, but the released

activity was not identified by TLC. In preliminary experiments to

measure DCA release by alkaline hydrolysis, the DCA fortified soils

after acetone-hydrochloric acid extraction were hydrolyzed by reflux

for 3 hr with 20% aqueous sodium hydroxide.

Fractionation of Bound Residues into Fulvic Acid, Humic Acid, and

Humin after Acetone-Hydrochloric Acid Extraction. Activity remaining
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in the soils after acetone-hydrochloric acid extraction was fractionated

into fu1vic acid, humic acid, and humin with a procedure recommended by

the Environmental Protection Agency (1975). The carbony1-diuron forti

fied Hi10 soil was not included because it had too little unextracted

activity, but the 14C_DCA fortified Hi10 and Mo10kai soils from chapter

II were included. Activity of the fu1vic acid fraction was determined

by liquid scintillation counting, and counting efficiency was estimated

by addition of 14C-benzoic acid standard to vials which contained the

fu1vic acid extracts of blank soils. The activities of the humic acid

and humin fractions were determined by combustion.

Adsorption of Diuron, Monomethy1 Diuron, and Triuron

to Hi10 and Mo10kai Soils

The adsorption of diuron and related compounds to Hi10 and Mo10kai

soils was measured by conventional soil slurry techniques (Hamaker and

Thompson, 1972). Labeled compounds had been purified as described in

appendix 2, and radiochemical purities were 14C-ring-diuron 98%,

14c-ring-monomethy1 diuron 96%, and 14C-ring-triuron 98%. One gram of

soil on an oven-dry basis and 5 m1 of 0.01 M aqueous calcium chloride

solution containing the labeled compound were added to a scintillation

vial. The vial was tightly capped and shaken for 24 hr at room tempera

ture (24±3 C). The vial contents were transferred to a centrifuge

tube and centrifuged, and the activity of a 2 m1 aliquot of the super

natant was measured by liquid scintillation counting. The amount of

adsorption was calculated from the difference in activity between the

initial solution and the equilibrated solution. Adsorption was corrected
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for the recovery of fortified solutions shaken without soil.

Adsorption to the Hilo and Molokai soils was measured at one

concentration of diuron, monomethyl diuron, and triuron. The amounts

of compounds added to the soils in ~g/g of soil were diuron 2, mono-

methyl diuron 4, and triuron 2. Results were expressed as a distribution

coefficient, Kd, which is the ~g adsorbed per g of soil divided by the

~g/ml in solution at equilibrium. The distribution coefficient on the

basis of organic carbon, K ,was also calculated as ~g adsorbed per goc

of organic carbon divided by ~g/ml in solution at equilibrium. Organic

carbon was measured by the Walkley-Black method (Allison, 1965). Ad-

sorption of diuron to Molokai soil was also measured at two higher

concentrations of diuron, 10 and 25 ~g of diuron per g of soil, so that

Freundlich adsorption constants could be calculated. Adsorption of

diuron was also measured for a different sample of Molokai soil which

will be referred to as Paleka soil to distinguish it from the Molokai

soil of this experiment. The Paleka soil was the blank soil for a

field experiment concerned with diuron residues on the island of

Molokai (Elder et al., 1979).

RESULTS AND DISCUSSION

Degradation of Diuron in Soil

This experiment was similar to conventional soil degradation studies

with labeled pesticides (Environmental Protection Agency, 1975) with two

exceptions. First, oats were grown in the fortified soils for the first

6 months. Second, labeled carbon dioxide was not trapped, but estimates

of degradation to carbon dioxide were based on the recovery of radio-

active label.
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The complete degradation of the diuron molecule can be followed

with carbonyl and ring labeled diuron. Urea group hydrolysis releases

labeled carbon dioxide and unlabeled DCA from carbonyl-labeled-diuron.

Hydrolysis of ring-labe1ed-diuron releases labeled DCA so the further

degradation of DCA can be detected. Ring labeled diuron allows the

complete degradation of the aromatic ring to be studied, while the

carbonyl label allows the detection of compounds which still contain

the urea group. The comparison between carbonyl and ring labeled

diuron was not perfect in this experiment because the ring labeled

diuron actually contained 89% 14C-ring-diuron and 11% l4C-ring-triuron.

The identification and structure of triuron are described in appendix 2,

and triuron contained one more chlorine than diuron. Triuron should

probably be more adsorbed to soil and degrade more slowly than diuron,

but triuron should be degraded by the same demethylation pathway as

diuron. Triuron monomethyl was formed by demethylation of triuron, and

the synthesis of triuron monomethy1 and its detection in extracts of

ring-diuron fortified soils are described in appendix 2. Triuron and

triuron monomethyl had slightly higher Rf values than the corresponding

diuron compounds when TLC sheets were developed in benzene-acetone (2:1).

For reporting TLC analysis of ring-diuron fortified soils, the measured

amounts of diuron and triuron compounds were summed and reported as

diuron. Thus, the reported diuron contents of the ring-diuron fortified

soils were actually the sum of measured diuron and triuron contents, and

monomethyl diuron included both monomethyl diuron and triuron monomethyl.

By this method, the TLC results of the ring label were comparable with

the carbonyl label, which was considered legitimate because diuron and
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triuron were closely related compounds and were not completely resolved

by TLC.

The soil extracts had to be stored in a freezer to prevent the

formation of artifacts. When dichloromethane extracts of soils from

the B-A-M-W procedure were stored at room temperature in the dark for

2 to 3 weeks, about 10% of the activity was converted to a compound

with Rf of 0.67 in benzene-acetone (2:1). This artifactual compound

was not identified but was formed from both carbonyl and ring-labeled

diuron and had a Rf different from the available reference standards.

The artifact was not detectable when soil extracts were stored in a

freezer at -15 C for less than 1 week before TLC analysis.

Results of B-A-~f-W Extraction of Soils

Negligible amounts of polar products were detected in the B-A-M-W

extracts. The sums of activity in the extracted aqueous phase and at

the TLC origin were always less than 0.2% of the initial activity for

the carbonyl-diuron fortified soils. Slightly more polar products

were formed in the ring-diuron fortified soils, but polar products

from the ring label never exceeded 0.6% of the initial activity. Con

jugates of diuron metabolites are synthesized by plants (Frear and

Swanson, 1972), but these glycosidic conjugates are apparently not

formed in soil. Microorganisms generally have less conjugating ability

than plants and animals and also possess enzymes for h~drolyzing conju

gates (Matsumura, 1975; Geissbuhler, 1976). The traces of polar products

from ring-diuron were probably DCA which had reacted with water soluble

organic matter because some polar products were formed when DCA was
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added to blank soil extracts. Similar polar products of DCA were re

ported by Beynon et al. (l974a). In another soil degradation study

with a ring-labeled-substituted urea herbicide, traces of polar prod

ucts were found. The polar products from soil could not readily be

hydrolyzed to identifiable compounds, unlike the polar products from

plants, so the polar products in soil were different from the polar

products in plants (Schuphan and Ebing, 1977).

Activities of total, extracted, and bound residues of the B-A-M-W

extraction are shown in figure 4 for Hilo soil. The L.S.D. values

were appropriate for comparing any two data points within the total,

extracted, or bound categories. The coefficients of variation were

total 5.2%, extracted 3.7%, and bound residues 10.2%.

The activity from ring-diuron in Hilo soil changed slowly from

extracted to bound form, and recovery of the carbonyl label declined

faster than the ring label. Activity of total residues from the car

bonyl label declined slowly and were about 75% after 240 days. About

25% of the carbonyl label had probably been lost as labeled carbon

dioxide by hydrolysis of the urea group during the 240 days. Activity

of total residues from the ring label declined very slowly and were

about 90% after 240 days. The difference between the activities of the

total residues from carbonyl and ring labels increased with time, and

the ring label was more persistent than the carbonyl label. Extracted

activity was almost the same for the carbonyl and ring labels and

slowly declined to about 60% after 240 days. Extracted activity was

slightly higher from the ring label than carbonyl label, probably

because the triuron impurity degraded more slowly than diuron. Bound
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activity formed very slowly from the carbonyl label and reached only

12% after 240 days. Bound activity formed more rapidly from the ring

label than the carbonyl label, and bound activity from the ring label

reached 28% after 240 days. The urea group of diuron was probably

slowly hydrolyzed to DCA, which became bound to soil organic matter.

The binding of DCA caused the activities of total and bound residues

from the ring label to be larger than from the carbonyl label.

Activities of total, extracted, and bound residues of B-A-M-W

extraction are shown in figure 5 for Molokai soil. The coefficients

of variation were total 3.0%, extracted 1.8%, and bound residues 11.4%.

Diuron degradation was slower in the Molokai than Hilo soil but

was otherwise very similar. Activity of total residues declined slowly

for the carbonyl label and was still 87% after 240 days, but there was

no definite decline in total activity from the ring label after 240

days. Extracted activity was almost the same for the carbonyl and

ring labels and declined to about 66% after 240 days. Bound activity

formed slowly from the carbonyl label and was about 21% after 240 days.

Bound activity from the ring label was larger than for the carbonyl

label and reached about 28% after 240 days. Activities of total and

bound residues from the ring label were larger than from the carbonyl

label, which had also been observed for the Hilo soil.

TLC analysis of B-A-M-W extracts of Hilo soil is shown in figure 6.

The results are expressed as percent of activity in the dichloromethane

extracts. The coefficients of variation were diuron 0.9% and monomethyl

diuron 2.8%. Diuron, monomethyl diuron, and demethylated diuron always

accounted for more than 95% of the extracted activity in all B-A-M-W
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extracts of diuron treated soils.

There was little difference between TLC analysis of the carbonyl

and ring labels in the Hilo soil. Diuron slowly declined and was

still 56% of the extracted activity after 240 days. Monomethyl diuron

increased to about 41% of the extracted activity after 240 days.

Traces of demethylated diuron of up to 0.5% were detected at 180 and

240 days.

TLC analysis of B-A-M-W extracts of Molokai soil is shown in

figure 7. The coefficients of variation were diuron 1.4% and monomethyl

diuron 5.9%. Results for the Hilo and Molokai soils were similar.

There was almost no difference between the ring and carbonyl labels in

the Molokai soil. Diuron decreased to 53%, and monomethyl diuron in

creased to 41% of the extracted activity after 240 days. Small amounts

of demethylated diuron of up to 2% were detected after 240 days. The

only major compounds in the Hilo and Molokai soil extracts were diuron

and monomethyl diuron.

In addition to diuron and its demethylation products, a formyl

derivative of diuron was detected. The formyl derivative had the same

structure as diuron except that one methyl group was replaced with a

formyl group (-CRO). The levels of formyl derivative in the soil ex

tracts were low and never exceeded 0.7% in the Hilo soil and 1.6% in

the Molokai soil. The formyl derivative and DCA had the same Rf in

benzene-acetone (2:1), but the formyl derivative was tentatively

identified because the labeled compound was present in both the carbonyl

and ring labeled soil extracts. If the labeled compound had been DCA,

it would have been present only in the ring labeled soil extracts.
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The identity of the formyl derivative was confirmed by hydrolysis to

monomethyl diuron because the formyl group could be removed by gentle

hydrolysis without hydrolysis of the urea group. The formyl derivative

had been isolated from carbonyl-diuron fortified Molokai soil after

180 days incubation. More than 90% of the activity co-chromatographed

with a reference standard of the formyl derivative of diuron before

hydrolysis. After hydrolysis, more than 98% of the activity co

chromatographed with standard monomethyl diuron. The complete hydro

lysis to monomethyl diuron confirmed that the labeled compound was the

formyl derivative of diuron.

No TCAB (3,3',4,4'-tetrachloroazobenzene) or DCA were detected

in the B-A-M-W soil extracts. Both of these compounds would have been

detected only with the ring-labeled-diuron and not with the carbonyl

labeled-diuron. TCAB had a Rf of 0.73 with benzene-acetone (2:1), but

no spot with this Rf value was found in ring labeled soil extracts.

If DCA had been present in the ring labeled soil extracts, the activity

of the formyl derivative plus DCA spot should have been larger for the

ring label than carbonyl label because the formyl derivative and DCA

were not resolved by TLC with benzene-acetone (2:1). In fact, the

activity of the formyl derivative plys DCA spot was almost the same

for the carbonyl and ring labels, and no DCA was detected in the soil

extracts. The absence of DCA in the soil extracts was confirmed with

the chloroform based TLC solvents which are described below. The

detection limit of extractable DCA was about 5% of the initial activity

for reasons discussed below.
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Green et ale (1977) detected variable amounts of extractable DCA

in soils and sediments which contained diuron, but the amounts of DCA

reported were probably incorrect. The DCA had been measured by gas

liquid chromatography with electron capture detection (GLC-EC), and

interferences can be a problem with electron capture detection. Traces

of DCA were found during a field study of diuron soil residues, but

the unpurified analysis reagents contained GLC-EC interferences which

caused apparently high contents of DCA (Elder et al., 1979). In

general, very low levels of extractable DCA have been found in soils

containing pesticides which slowly hydrolyze to DCA (Belasco and

Pease, 1969; Beynon et al., 1974a; Khan et al., 1976b).

There was one small difference between TLC analysis of the car

bonyl and ring labeled soil extracts. After several months of soil

incubation, the ring labeled soil extracts had a diffuse band of

activity between Rf 0.6 and 0.8 which did not occur in the carbonyl

labeled extracts. The diffuse band contained less than 1% of the

extracted activity and coincided with the major concentration of

extracted soil organic matter. The soil organic matter was located

by its bluish fluorescence under long-wave ultraviolet light. The

activity of the band was probably due to DCA bound to soil organic

matter, which produced a broad zone rather than a sharp TLC spot (Hsu

and Bartha, 1974b).

TLC Development with Two Additional Solvents

Extracts of soils after 240 days were analyzed by TLC with two

chloroform based solvents to confirm the TLC results with benzene-
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acetone (2:1). Triuron and triuron monomethy1 were not resolved from

the corresponding diuron compounds by these chloroform based solvents,

but DCA and the formyl derivative of diuron were resolved. Rf values

are listed in table 10. Labeled diuron, monomethy1 diuron, demethy1

ated diuron, and the formyl derivative of diuron from soil extracts

co-chromatographed with reference standards, but no DCA was detected.

One unknown with Rf values of 0.41 in solvent Band 0.46 in solvent C

was detected. The unknown was detected only in Molokai soil extracts

with both carbonyl and ring-1abe1ed-diuron and contained only 0.8% of

the extracted activity. Although the unknown was not identified,

likely possibilities were ring hydroxy1ated diuron or the formyl

derivative of monomethy1 diuron (3-(3,4-dich1oropheny1)-1-formy1urea).

Hydroxylation of the aromatic ring of diuron was apparently very

limited in the Hi10 and Mo1okai soils.

Recovery of DCA During B-A-M-W Extraction

The high volatility of DCA caused two problems. First, DCA was

lost by volatilization during processing of extracts. Second, DCA spots

on TLC strips spread during the two weeks of autoradiography. The

spreading of DCA spots increased the detection limit of autoradiography

and made visualization of the unlabeled DCA difficult. Labeled DCA was

added to B-A-M-W extracts of blank Hi10 and Mo1okai soils in order to

estimate the minimum detectable amount of extractable DCA. The labeled

DCA added to the soil extracts was equivalent to 0.07 ppm of diuron in

the soil. Total recovery of activity in the B-A-M-W extract was 89%

for the Hi10 soil and 83% of the added activity for the Mo1okai soil.
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Recovery in the dichloromethane extract for TLC analysis was 85% for the

Hilo soil and 67% of the added activity for the Molokai soil, and polar

products were 4% for the Hilo soil and 16% of the added activity for

the Molokai soil. These polar products were probably due to the

reaction of DCA with water-soluble soil organic matter because polar

products were less than 1% when labeled DCA was added to a solvent

blank without soil and carried through the B-A-M-W procedure. When

the dichloromethane solutions of DCA-fortified soil extracts were

analyzed by TLC and autoradiography, the labeled DCA always produced

a detectable spot on the X-ray film. Because of the volatilization

losses and spreading of TLC spots, the minimum detectable amount of

extractable DCA was about 0.05 ppm in the soil or about 5% of the

initial activity.

Confirmation of Degradation Products after 180 days

The l4C-monomethyl diuron was extracted from l4C-carbonyl-diuron

fortified Molokai soil after 180 days. After alumina column isolation,

99% of the activity co-chromatographed by TLC with a reference standard

of monomethyl diuron. The monomethyl diuron was also relatively pure

by GLC with electron capture detection. The mass spectrum of the

labeled compound from soil was recorded by GC-MS and was almost

identical to the mass spectrum of reference monomethyl diuron. The

mass spectra had molecular ions at mle 218, base peaks at mle 161, peaks

from methyl isocyanate at mle 58, and peaks from 3,4-dichlorophenyliso

cyanate at mle 187. The ions had the expected chlorine isotope peaks

and agreed with published spectra (Benson and Damico, 1968; Frear et al.,
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1969; Safe and Hutzinger, 1973). The mass spectra confirmed that mono

methyl diuron was the major degradation product of diuron in soil.

Confirmation of the formyl derivative of diuron was discussed

with TLC analysis of the B-A-M-W extracts.

Additional Soil Analysis after 240 Days

TLC results with the chloroform based developing solvents were

discussed in the section on TLC analysis of the B-A-M-W extracts.

Acetone-Hydrochloric Acid Extraction of Soils after B-A-M-W

Extraction. The 240 day soil samples after B-A-M-W extraction were

further extracted with acetone-hydrochloric acid, and the results are

presented in table 11. Acetone-hydrochloric acid extracted an addi

tional 6 to 8% of the initial activity as nonpolar products from the

Hilo soil and 11 to 12% as nonpolar products from the Molokai soil.

The nonpolar products were analyzed by TLC with the following results:

Hilo soil--51% diuron, 44% monomethyl diuron, and 0.8% demethylated

diuron; Molokai soil--58% diuron, 36% monomethyl diuron, and 3%

demethylated diuron. TLC analysis was more difficult for the acetone

hydrochloric acid extracts than for the B-A-M-W extracts because high

amounts of coextractives decreased resolution and Rf values, but the

compounds in the acetone-hydrochloric acid extracts were confirmed by

co-chromatography with reference standards. The compounds found in

the acetone-hydrochloric acid extracts were the same and had almost

the same relative amounts as the compounds in the B-A-M-W extracts.

Polar products extracted by acetone-hydrochloric acid were 0.2%

or less of the initial activity for the carbonyl-diuron treated soils



Table 11

Acetone-Hydrochloric Acid Extraction of 240 Day Hilo and Molokai

Soil Samples after B-A-M-W Extraction

Label

Percent Unextracted by B-A-M-W
(Percent of Initial Activity)

Hilo

Carbonyl

12.2

Ring

27.8

Molokai

Carbonyl

20.5

Ring

28.6

Acetone-Hydrochloric Acid Fraction: As Percent of Initial Activity
Mean ± Standard Error

Nonpolar

Polar

Unextracted

6.0±0.1 7.7±0.1

0.1 0.4

6.5±0.3 l7.9±0.1

1l.0±0.5

0.2

8.2 ± 0.3

11. 9 ± 0.5

0.6

14.5 ± 0.3

00
~
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but were 0.4 to 0.6% for the ring-diuron treated soils. The additional

polar products from the ring labeled soils were probably due to binding

of DCA to water-soluble soil organic matter. The amount of activity

unextracted by acetone-hydrochloric acid was from 6 to 8% for the

carbonyl treated soils but was from 15 to 18% for the ring treated

soils. After the exhaustive acetone-hydrochloric acid extraction,

bound residues of carbonyl-diuron fortified soils after 240 days were

less than the 10% level which has been suggested as the practical limit

of significance for bound residues (Environmental Protection Agency,

1975).

Compounds with an intact urea group probably did not form bound

residues but were difficult to extract from soil, and the difficulty of

extraction increased with length of time in the soil. Activity unex

tracted from carbonyl-diuron fortified soils by the B-A-M-W procedure

was less than 5% for soil samples taken immediately after fortification

but increased to 12% in the Hilo soil and 21% in the Molokai soil after

240 days. The increase in unextracted activity from carbonyl-diuron

was probably due to aging or weathering of the residues (Chesters et al.,

1974) rather than degradation to unextracted compounds or reaction with

soil organic matter. The more exhaustive acetone-hydrochloric acid

extraction removed additional activity, and more than 50% of this

extracted activity was diuron. There are no known, naturally occurring

degradation products of diuron which would again release diuron by

hydrolysis or other chemical reactions. The increase in activity un

extracted by the B-A-M-W procedure occurred mostly during the first

120 days. The increase in B-A-M-W unextracted activity between 120
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and 240 days was only 3% in the Hilo soil and 6.5% in Molokai soil

treated with carbonyl-diuron. If degradation was causing the activity

from carbonyl-labeled diuron to become less extractable, the unextrac

ted activity should have increased with longer incubation time and more

degradation, but most unextracted activity formed during the first 120

days. The B-A-M-W procedure was tested in chapter II and extracted

almost all monomethyl diuron. Extraction efficiency for demethylated

diuron was not measured but was probably high, and low levels of de

methylated diuron were detected in both the B-A-M-W and acetone-hydro

chloric acid extracts. The recovery of demethylated diuron from soil

was reported to be similar to monomethyl diuron (Brockman and Duke,

1977). There should be little assimilation of labeled carbon from

l4C-carbonyl-diuron by soil microorganisms because the label is released

as carbon dioxide by hydrolysis.

The practical limit of significance for bound residues is 10%

(Environmental Protection Agency, 1975), but very exhaustive extraction

procedures may be required to reduce unextracted activity to less than

10% of the initial activity. The unextracted activity in 240 day soil

samples from carbonyl-diuron was greater than 10% after the B-A-M-W

procedure which included two 24 hour extractions with mixtures of polar

and nonpolar solvents. A more exhaustive acetone-hydrochloric acid

extraction in a Soxhlet apparatus removed additional compounds which

could be chemically identified and reduced the unextracted activity to

less than 10% of the initial activity for the carbonyl-diuron treated

soils.
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The larger amounts of bound activity from ring than carbonyl-

labeled-diuron after acetone-hydrochloric acid extraction were probably

due to bound DCA. Soils were fortified with l4C_DCA in the study

reported in chapter II and extracted with B-A-M-W and acetone-hydrochloric

acid, but considerable activity remained unextracted from the soil.

DCA f l4C· d . d b lIb d hrom -r~ng- ~uron appeare to e more comp ete y oun t an

14C-DCA directly added to soils because only 30 to 40% of the fortified

DCA was unextracted by acetone-hydrochloric acid. Binding of DCA is

favored by long incubation times and low concentrations (Kearney and

Plimmer, 1972; Hsu and Bartha, 1974a; Beynon et al., 1974a). The slow

rate of diuron hydrolysis probably released DCA so slowly and at such

low levels that almost all of the DCA became bound to soil rather than

being partially bound and partially extractable. If this soil degrada-

tion study had been continued beyond 240 days, the amount of bound

activity from l4c-ring-diuron would probably have continued to increase

while there would have been relatively little increase in unextracted

activity from the carbonyl-diuron because bound DCA is persistent.

Release of DCA by Acidic Hydrolysis after Acetone-Hydrochloric

Acid Extraction. The release of bound DCA by acidic hydrolysis was

optimized in preliminary experiments. Reduction of ferric iron was

required for high recovery of DCA from Molokai soil during acidic

hydrolysis but not for alkaline hydrolysis. Ferric iron was reduced

by a procedure recommended for mineralogical analysis of soils (Kinze,

141965). The recovery of C-DCA added to the Molokai soil immediately

before acidic hydrolysis was 48% without iron reduction and 81% if the

iron was reduced. Recovery of alkaline and acidic hydrolysis was
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compared with the l4C-DCA fortified soils after acetone-hydrochloric

acid extraction which were described in chapter II. The average release

of bound DCA from the Hilo and Molokai soils was 46% with alkaline

hydrolysis and 49% with acidic hydrolysis with iron reduction. Hsu and

Bartha (1974a) found that alkaline and acidic hydrolysis released about

the same amount of bound DCA, but Stubbs and Cheng (1976) reported that

acidic hydrolysis was much more efficient than alkaline hydrolysis.

DCA is readily lost by volatilization during alkaline reflux unless an

acidic volatile trap is attached to the reflux condenser, which may

explain these contradictory results. Acidic hydrolysis was chosen

instead of alkaline hydrolysis because DCA from alkaline hydrolysis

was contaminated with other labeled compounds (Hsu and Bartha, 1974a).

The results of acidic hydrolysis of the ring-diuron treated soils

after acetone-hydrochloric acid extraction are presented in table 12.

Acidic hydrolysis of the ring labeled Hilo soil released 5.5% of the

initial activity or about 1/3 of the activity unextracted by acetone

hydrochloric acid. Release from the ring labeled Molokai soil was 7.9%

of the initial activity or about 1/2 of the activity unextracted by

acetone-hydrochloric acid. Greater than 80% of the activity released

by acidic hydrolysis co-chromatographed with reference DCA on TLC,

although resolution was poor. Spot shape was irregular, and the DCA

spot had to be visualized by specific spray reagents rather than short

wave uv light because of uv interferences. Part of the DCA streaked to

higher Rf values than the main DCA spot. If the whole area covered by

DCA was included, 95% or more of the activity released by acidic hydro

lysis was DCA.
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Table 12

Acidic Hydrolysis of 240 Day Hilo and Molokai Soil Samples

after Acetone-Hydrochloric Acid Extraction

Soil Label

Hilo Molokai
Ring Ring

(As Percent of Initial Activity)
Mean ± Standard Error

Percent Unextracted by Acetone
Hydrochloric Acid

Percent Released by Acidic
Hydrolysis

17.9

5.5±0.1

14.5

7.9±0.1

There were two possible sources for the DCA released by acidic

hydrolysis, unextracted urea compounds and DCA bound to soil organic

matter. The soils probably contained some intact urea compounds because

some of the carbonyl label was not extracted by acetone-hydrochloric

acid. Estimates based on the carbonyl treated soils indicated that

intact urea compounds were about 1/3 of the Hilo unextracted activity

from ring-diuron and 1/2 of the Molokai unextracted activity from ring-

diuron. Bound DCA was partially released by hydrolysis as reported by

Hsu and Bartha (1974a). DCA fortified soils after 3 days incubation

(chapter II) were subjected to acidic hydrolysis after acetone-

hydrochloric acid extraction, and the release of the bound DCA was 41%

for the Hilo soil and 62% for the Molokai soil. The release of bound
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activity by acidic hydrolysis of the ring-diuron fortified soils was

31% for the Hilo soil and 54% for the Molokai soil. In comparison, the

release of DCA from the ring-diuron fortified soils after 240 days was

less than from the l4C_DCA fortified soils which had been incubated for

3 days, possibly because the hydrolyzable part of bound DCA decreased

with time (Hsu and Bartha, 1976). Partial recovery of DCA by hydrolysis

of the bound residues from ring-diuron treated soils was additional

evidence that the soils contained either bound DCA or other compounds

with an unaltered aromatic ring which could be hydrolyzed to DCA.

Fractionation of Bound Residues into Fulvic Acid, Humic Acid, and

Humin after Acetone-Hydrochloric Acid Extraction. Bound residues after

acetone-hydrochloric acid extraction were divided into the conventional

fractions of soil organic matter, fulvic acid, humic acid, and humin.

The results are presented in table 13. The carbonyl-diuron fortified

Hilo soil had a low level of bound residues and was not included.

There was a tendency for recovery in the three fractions to be greater

than 100% for the Molokai soil, but the cause was unknown. Fulvic and

humic acid each contained about 20% of the bound residues from the

ring-diuron Hilo soil, and the remainder was in the humin fraction.

Bound residues of the carbonyl-diuron Molokai soil were almost entirely

in the humin fraction. Fulvic and humic acid each contained about 10%

of the bound residues from the ring-diuron Molokai soil, but most of

the bound residues remained in the humin fraction. Bound residues of

the l4C-DCA fortified soils (chapter II) were also fractionated, but

these results were not included in table 13. Fulvic and humic acid

each contained 30% of the bound residues from the DCA fortified Hilo
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Table 13

Fractionation of Bound Residues after 240 Days into Fulvic Acid,

Humic Acid, and Humin after Acetone-Hydrochloric

Acid Extraction

Soil Label

Hilo
Ring

Molokai
Carbonyl

Molokai
Ring

As Percent of Bound Residues
Mean ± Standard Error

Fulvic Acid

Humic Acid

Humin

22 ± 1

18 ± 1

60 ± 2

3±1

l±l

103 ± 3

10 ± 1

7 ± 1

96 ± 2

soil and 15% of the bound residues of the DCA fortified Molokai soil,

and the remainder of the residues were in the humin fraction. The humin

fraction contained the largest amount of bound residues in every case.

The carbonyl label in the Molokai soil, which probably corresponded to

urea containing compounds, was almost entirely in the humin fraction.

Based on the activities remaining in the carbonyl treated soils, about

1/3 of the bound residues in the ring-diuron treated Hilo soil and about

1/2 in the ring-diuron treated Molokai soil were probably urea containing

compounds. The fractionation of bound residues of the ring-diuron

treated soils was similar to the DCA fortified soils, if the urea con-

taining compounds were completely retained by the humin.

In other bound residue studies, fulvic acid contained most of the

bound residues from aniline type compounds (Ambrosi et al., 1977;
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Bandal et al., 1976), but most bound residues from diuron and DCA in

the Hilo and Molokai soils remained in the humin fraction. This

different fractionation of bound residues was probably caused by

differences in soils. Trivalent cations like iron and aluminum are

known to reduce the extraction of organic matter from soils (Porter,

1967), and the Hilo and ~10lokai soils have much higher contents of

free iron and aluminum than most temperate region soils. Length of

soil incubation may also affect the fractionation of bound residues

(Bandal et al., 1976). There was no obvious explanation for the almost

complete retention in the humin fraction of Molokai bound residues

from carbonyl-diuron.

Recovery of Activity from Carbonyl and Ring-Labeled-Diuron

after 240 Days

Recovery of activity from carbonyl and ring-labeled-diuron after

240 days is presented in table 14. Recoveries included the cumulative

uptakes of activity by the oat shoots which were 3.5% for carbonyl

diuron treated Hilo soil, 2.9% for the ring-diuron treated Hilo soil,

and 0.86% of the initial activity for the carbonyl and ring-diuron

treated Molokai soil.

Recovery of the carbonyl label slowly declined and was 76% in the

Hilo soil and 88% in the Molokai soil afetr 240 days. The loss of

carbonyl label was probably caused by hydrolysis of the urea group of

diuron. In other words, hydrolysis of diuron during the 240 day period

was about 24% in the Hilo soil and 12% in the Molokai soil. This amount

of diuron hydrolysis was in reasonable agreement with soil incubation
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Table 14

Recovery of Activity from Carbonyl and

Ring-Labe1ed-Diuron after 240 Days

Hilo Soil Molokai Soil
Label Percent Recovered, As Percent of Initial Activity

Mean ± Standard Error

Carbonyl

Ring

76.4 ± 1.4

93.3±0.6

87.6±1.6

98.2±1.2

studies with 14C-carbonyl-diuron in which labeled carbon dioxide was

measured directly (McCormick and Hiltbold, 1966; Lopez and Kirkwood,

1974; Doyle et a1., 1978; Elder et al., 1979). When these published

short-term incubations were extrapolated on a linear basis, the

estimated diuron hydrolysis in 240 days ranged from 6.4 to 31.2% with

a mean of 17%. The agreement with the diuron hydrolysis rates estimated

for the Hilo and Molokai soils was good, even though soil type, tempera-

ture, plant growth, and length of incubation differed between experi-

ments.

Recovery of ring-labe1ed-diuron remained high throughout the

experiment. Recovery of ring label declined to 93.3% in the Hi10 soil

after 240 days, but there was no definite decline in recovery of ring

label from the Molokai soil. The ring label was so stable that its

rate of loss could not be accurately determined in a 240 day period.
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Proposed Diuron Degradation Pathway in Soil

A pathway for diuron degradation in soil is proposed in figure 8.

Diuron was degraded by demethylation to form monomethyl diuron and

demethylated diuron. Monomethyl diuron was a major product but only

traces of demethylated diuron were detected. Demethylated diuron

probably did not accumulate because its rate of hydrolysis was more

rapid than its rate of formation from monomethyl diuron. The urea

compounds were difficult to extract from soil but did not form major

amounts of bound residues because bound activity from carbonyl-diuron

after 240 days was less than 10% of the initial activity after acetone

hydrochloric acid extraction. DCA was probably produced by hydrolysis

of the urea group but probably bound to soil organic matter and was

not detected in soil extracts. Bound DCA was persistent and tended to

accumulate as the urea group was hydrolyzed. Because of the persistence

of bound DCA, total and bound activity were higher from ring than

carbonyl-diuron. Some DCA was released by acidic hydrolysis of the

bound residues from ring-diuron. The formyl derivative of diuron was

probably a minor side product which slowly hydrolyzed to monomethyl

diuron.

Uptake of Diuron Residues by Oat Shoots

Adsorption of Diuron, Monomethyl Diuron, and Triuron to Hilo and

Molokai Soils. The results of adsorption measurements are presented

in table 15. Adsorption of these compounds was measured to aid in

interpreting the plant uptake results described in the next section.

Adsorption of triuron was larger than monomethyl diuron in both soils,
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Table 15

Adsorption of Diuron, Monomethy1 Diuron, and Triuron

to Hi10 and Mo1okai Soils

Diuron Monomethy1 Diuron Triuron
Percent K

d
K Kd K Kd KSoil Organic oc oc oc

Carbon
Mean ± Standard Error

Hi10 5.2 41.0 ± 0.2 785 ± 4 66.3 ± 0.1 1270 ± 10 92.7±0.7 1780 ± 20

Mo1okai 1.4 47.1±3.1 3410 ± 220 115 ±3 8320 ± 210 138 ±2 10,000 ± 160

Pa1eka 1.3 5.3 ± 0.6 417 ± 50 n.d.* n.d.* n.d.* n.d.*

*n.d. - not determined

\0
0'\
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and adsorption of monomethyl diuron was larger than diuron in both

soils. The adsorption of triuron was more than twice as great as

diuron adsorption, and adsorption of monomethyl diuron was 1.5 to 2

times the adsorption of diuron. Triuron and monomethyl diuron should

be less available to plant uptake than diuron. The Molokai soil

adsorbed more of all three compounds than the Hilo soil.

This sample of Molokai soil had unusually high adsorption of

diuron. The K of the Hilo soil for diuron was close to publishedoc

K values, but the Molokai K value for diuron was much higher thanoc oc

published values (Hamaker and Thompson, 1972). K values should beoc

relatively constant because diuron is primarily adsorbed to soil

organic matter. Although the Hilo soil had a much higher organic

carbon content than the Molokai soil, more diuron was adsorbed by the

Molokai soil than Hilo soil. The Paleka soil, which was a different

sample of Molokai soil, had a Kd about one-ninth as large as the

Molokai soil sample used in this experiment. The Freundlich adsorption

coefficients in units of ).lmole/kg and ).lmole/l were Kf =29.7 and lin =

0.70 for the Molokai soil. Mukhtar (1976) found Freindlich constants

of Kf = 12.5 and lin = O. 76 for another Molokai soil sample or about 42%

as much adsorption as the Molokai soil of this experiment. The

unusually high adsorption of this Molokai sample may have been due to

charcoal from sugarcane burning (Yuen and Hilton, 1962), but there was

no reason for expecting a higher than normal charcoal content. Plant

uptake of diuron from this highly adsorptive Mo1okai soil should be

much less than from a more normal soil. The high adsorption might also

cause slower degradation and make extraction more difficult than for
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a less adsorptive soil.

Fertilization and Growth of Oats. The fresh and dry weights of

the oat shoots were much smaller during the fifth and sixth months than

for the first four months. Because of this large difference in growth,

the oat shoot weights for the first four months are presented in

different tables from the fifth and sixth months. The fresh weights

of oat shoots are presented in table 16 for the first four months and

in table 17 for the fifth and sixth months. The dry weights of oat

shoots are presented in table 18 for the first through fourth months

and in table 19 for the fifth and sixth months. The mean oat shoot

weights and L.S.D' O• 05 values (least significant differences between

means at the 5% level) are presented in these tables. The overall

monthly means of oat shoot weights and L.S.D' O.05 between the monthly

means are also presented in these tables because there were no signi

ficant differences between oat shoot weights in the carbonyl-diuron,

ring-diuron, and control soils.

The poor growth of oats during the fifth and sixth months was

due to lack of fertilizer. Fertilizer additions, which were listed in

table 9, had been stopped during the fifth and sixth months because an

excesssive accumulation of salts was suspected. The fertility status

of the soils before and after 6 months of oat growth are presented in

table 20. There was no change in pH of the soils. The electrical

conductivity of the saturation extract increased for the Hilo soil but

decreased for the Molokai soil. Plant growth may be reduced if the

electrical conductivity is greater than 2 rnmho/cm (Black, 1965), but

both soils were much below 2 mmho/cm after 6 months. The decision to



Table 16

Fresh Weights of Oat Shoots from

First through Fourth Months

Fresh Weights (g/shoot)
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Soil Label First
Month

Second
Month

Third
Month

Fourth
Month

Hilo Carbonyl 1.00 1.29 1.43 1.21
Hilo Ring 1.04 1.37 1.49 1. 34
Hilo Control 1.18 1.29 1.29 1. 34

Overall Monthly Means 1.07 1.31 1.40 1. 30for Hilo Soil

Molokai Carbonyl 0.96 1.08 1.18 1.00
Molokai Ring 0.93 1.02 1.17 1.02
Molokai Control 0.94 0.91 1.14 1.02

Overall Monthly Means 0.94 1.00 1.16 1.02for Molokai Soil

L.S.D. 0. 05 for Fresh Weights (g/shoot):

For Hilo soil: Individual treatment means 0.39;
Overall monthly means 0.22

For Molokai soil: Individual treatment means 0.17;
Overall monthly means 0.10



Table 17

Fresh Weights of Oat Shoots from

Fifth and Sixth Months

Fresh Weights (g/shoot)
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Soil Label Fifth
Month

Sixth
Month

Hila Carbonyl 0.37 0.26
Hila Ring 0.35 0.23
Hila Control 0.30 0.20

Overall Monthly Means
for Hila Soil 0.34 0.23

Molokai Carbonyl 0.58 0.31
Molokai Ring 0.53 0.28
Molokai Control 0.62 0.31

Overall Monthly Means
for Molokai Soil 0.58 0.30

L.S.D. 0. 05 for Fresh Weights (g/shoot):

For Hila soil: Individual treatment means 0.13;
Overall monthly means 0.08

For Molokai soil: Individual treatment means 0.11;
Overall monthly means 0.06



Table 18

Dry Weights of Oat Shoots from First

through Fourth Months

Dry Weights (g/shoot)

101

Soil Label First
Honth

Second
Month

Third
Month

Fourth
Month

Hilo Carbonyl 0.101 0.133 0.165 0.155
Hilo Ring 0.105 0.146 0.177 0.159
Hilo Control 0.119 0.145 0.151 0.162

Overall Monthly Means 0.108 0.141 0.164 0.159for Hilo Soil

Molokai Carbonyl 0.103 0.107 0.122 0.112
Molokai Ring 0.097 0.105 0.125 0.117
Molokai Control 0.103 0.092 0.124 0.115

Overall Monthly Means 0.101 0.101 0.124 0.115for Molokai Soil

L.S.D' 0• 05 for Dry Weights (g/shoot):

For Hilo soil: Individual treatment means 0.043;
Overall monthly means 0.025

For Molokai soil: Individual treatment means 0.018;
Overall monthly means 0.010.



Table 19

Dry Weights of Oat Shoots from

Fifth and Sixth Months
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Soil

Hilo
Hilo
Hilo

Label

Carbonyl
Ring
Control

Dry Weights

Fifth
Month

0.054
0.055
0.048

(g/shoot)

Sixth
Month

0.040
0.037
0.031

Overall Monthly Means
for Hilo Soil 0.052 0.036

Molokai
Molokai
Molokai

Carbonyl
Ring
Control

0.090
0.085
0.097

0.050
0.047
0.055

Overall Monthly Means
for Molokai Soil 0.091 0.051

L.S.D' 0• 05 for Dry Weights (g/shoot):

For Hilo soil: Individual treatment means 0.022;
Overall monthly means 0.013

For Molokai soil: Individual treatments means 0.017;
Overall monthly means 0.010



Table 20

Fertility of Hilo and Molokai Soils

Before and After 6 Months

of Oat Growth
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Hilo Soil Molokai Soil

Characteristic Before
Oat

Growth

After
Six

Months

Before
Oat

Growth

After
Six

Months

pH 5.6 5.6 6.6 6.7

electrical conductivity
of saturation extract 0.16 1.1 2.1 1.0
(rnmho/cm)

exchangeable
potassium (ppm) 58 73 112 324

nitrate in saturation
extract (ppm on O.D. 4.2 3.2 15 1.8
soil basis)
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discontinue fertilization during the fifth and sixth months because of

excessive salinity was obviously incorrect. The Molokai soil had

sufficient exchangeable K, 324 ppm, but the Hilo soil was probably

deficient with 73 ppm of exchangeable K after 6 months. Both soils

were deficient in N after 6 months and had less than 4 ppm of N03-N in

the saturation extract. The poor growth of oats during the fifth and

sixth months was due to deficiencies of N, K, and probably other

elements.

There was some variation in oat growth during the first four

months, but diuron never significantly reduced growth below the control

growth. The amounts of diuron taken up by the oat shoots were too low

to cause acute phytotoxicity, although diuron may have slightly and

nonsignificantly reduced oat growth during the first month in the Hilo

soil. Oat growth was better in the Hilo soil than the Molokai soil.

In the Hilo soil, oat growth was significantly more during the second

through fourth months than the first month. In the Molokai soil, oat

growth was lower for the first and second months than the third and

fourth months. The month to month growth variation was less for the

Molokai soil than the Hilo soil. Although the cause of oat growth

variation was not definitely known, it was probably primarily due to

varying soil fertility from month to month. Light intensity had also

been low for the first two weeks of the first month before old fluores-

cent bulbs were replaced. The measured light intensity was 130 for the

first half and about 170 uEinsteins m-2sec-l for the second half of

the first month.
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Activity of Oat Shoots. The uptake of activity by the oat shoots

is presented in table 21 for the first through fourth months and in

table 22 for the fifth and sixth months. The activity of the oat

shoots was expressed as ppm of diuron equivalents on a dry weight

basis. Diuron contents were corrected for activity of oats grown in

the control soils which had not been treated with diuron. The control

oats contained low levels of activity, equivalent to about 0.02 ppm

diuron, due to photosynthetic assimilation of labeled carbon dioxide.

Activity of oat shoots from Hilo soil was greater than for Molokai

soil, but the trend with time was similar in both soils. The difference

in activity of the oat shoots between the Hilo and Molokai soils was

much larger than expected from the difference in adsorption. The dis

tribution coefficient of diuron adsorption was only 15% larger for the

Molokai than Hilo soil, but activity of oat shoots from the Hilo soil

was more than three times as large as from the Molokai soil. The larger

activity of oat shoots from the Hilo soil was probably related to the

much higher water content of the Hilo soil than Molokai soil because

water contents at 60 cm tension were Hilo 102% and Molokai 35%; thus

more diuron would have been in solution in the Hilo soil. There were

major declines in oat shoot activity between the first and third months,

but only small and nonsignificant decreases between the third and fourth

months. The largest decrease in oat shoot activity occurred between

the first and second months, and subsequent decreases were smaller.

There were no significant decreases in oat shoot activity between the

fourth and sixth months, but oat activities for the fifth and sixth

months were not reliable because of very poor growth during those months.



Table 21

Activity of Oat Shoots from First

through Fourth Months

Activity of Oat Shoots

(Expressed as PPM of Diuron Equivalents
on Dry Weight Basis)

Soil Label
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Hila
Hila

Molokai
Molokai

Carbonyl
Ring

Carbonyl
Ring

First
Month

6.64
5.27

1. 68
1. 64

Second
Month

3.41
2.77

1.00
0.99

Third
Month

2.28
1.96

0.67
0.68

Fourth
Month

2.15
1.88

0.54
0.56

L.S.D·O.OS:

For Hila Soil - 0.53 ppm

For Molokai Soil - 0.16 ppm



Table 22

Activity of Oat Shoots from

Fifth and Sixth Months

Activity of Oat Shoots
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Soil Label

(Expressed as PPM of Diuron Equivalents
on Dry Weight Basis)

Hila
Hila

Molokai
Molokai

Carbonyl
Ring

Carbonyl
Ring

Fifth
Month

2.54
2.10

0.47
0.45

Sixth
Month

2.18
2.06

0.51
0.43

L.S.D· 0. 05:

For Hila soil - 0.80 ppm

For Molokai soil - 0.13 ppm
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The trend of oat shoot activity from month to month was probably

not due to variation in oat growth or soil removed by sampling. Al

though oat shoot growth generally increased from the first to fourth

months, this increase in growth should not have decreased uptake of

diuron because the cumulative uptake of diuron by the oat shoots was

less than 5% for both soils. For the theoretical reasons discussed in

chapter I, concentration of urea herbicide in plant shoots should be

relatively independent of plant growth if the transpiration ratio and

soil solution concentration of herbicide are constant. In a growth

chamber, minor growth changes should have little effect on the transpi

ration ratio. Monthly variations in growth of oat shoots were relatively

large for the Hilo soil but were minor for the Molokai soil. For the

Hilo soil, the overall mean dry shoot weight for the first four months

was 0.143 g/shoot, and the maximum deviation of an individual treatment

mean was 29%. For the Molokai soil, the overall mean dry shoot weight

for the first four months was 0.110 g/shoot, and the maximum deviation

of an individual treatment mean was 16%. The monthly means for the

Molokai soil ranged from 0.101 to 0.124 g/shoot dry weight. For Molokai

soil treated with carbonyl-lab eled-diuron , there was no significant

difference between oat growth during the first, second, and fourth

months, but growth was significantly larger during the third month.

Oat shoot activity of the carbonyl-diuron treated Molokai soil had no

relationship to oat growth and declined regularly from the first through

fourth month. The month to month variations in oat growth probably

had little effect on the ppm of diuron equivalents in the oat shoots.
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The amount of soil per pot was reduced from 475 g on an oven-dry

basis during the first month to 400 g during the fourth month of oat

growth. The number of oat shoots was reduced from 10 for the first

month to 8 per pot for the fourth month in order to keep the soil per

oat plant approximately constant. The uptake of strongly adsorbed

herbicides should not be highly dependent on the amount of soil per

plant. Atrazine per shoot increased by only 50% when the number of

plants was reduced from 6 to 1 per pot (Hoffman and Lavy, 1978). The

amount of soil removed by sampling should have had a negligible effect

on oat uptake of diuron.

More activity was taken up by oats from the carbonyl-labeled-

diuron than ring-labeled-diuron in the Hilo soil, but there was no

difference between plant uptake of the labels in the Mo1okai soil.

If the ring-labeled-diuron had been pure, there should have been little

difference in plant uptake between the carbonyl and ring labels because

there was little diuron degradation during the first four months.

Differences in plant uptake of the labels should have occurred only

after extensive degradation had created significant differences

b h 1 b 1 I f h l4C 'd' , d b 11%0etween tea e s. n act, t e -r1ng- 1uron conta1ne a out

l4C-triuron which was more adsorbed to soil than diuron and which should

have slightly reduced the oat shoot activity in the ring-diuron treated

'I Th ff f h l4C' h b 11S01 s. e e ect 0 t e -tr1uron may ave een too sma to cause

the uptake of ring activity to be lower than carbonyl for the Molokai

soil. Plant uptake of ring label activity was smaller than the carbonyl

label from the Hilo soil, but the difference between labels was too

large to be explained solely by the l4C-triuron impurity. The first
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month oat uptake of ring label activity from the Hilo soil was only 79%

of the carbonyl label, but ring labeled material contained 89% l4C_ring_

diuron. The cause of the larger than expected difference between the

labels in Hilo soil was not identified.

Comparison of Oat Shoot Activity

and Diuron Content of Soil

Comparisons of oat shoot activity and diuron content of soil are

presented in figure 9 for Hilo soil and in figure 10 for Molokai soil.

The oat shoot activity and diuron in soil are expressed as percent of

the first month values in order to facilitate comparisons. Diuron con-

tents of the soils as percent of the initial activity were calculated

by multiplying the percent activity extracted with the B-A-M-W procedure

by the percent diuron measured by TLC. Diuron contents of the soils

were estimated for the middle of each month because the oats were grown

in the soil for the whole month.

Activity of the oat shoots decreased more rapidly than diuron con

tent of the soil for both the Hilo and Molokai soils. By the third and

fourth months, there were major differences between activity of the oat

shoots and diuron remaining in soil. Diuron content of the Hilo soil

was 2.0 times the oat shoot activity after four months, and Molokai

diuron content was 2.3 times the oat shoot activity after 4 months.

Oat shoot activity reached an approximately stable value after four

months because there was no decrease for the Hilo soil and only a small

decrease for the Molokai soil between the third and fourth months.

There were no significant decreases of oat shoot activity between the
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fourth and sixth months, but the results for the fifth and sixth months

were not reliable because of very poor oat growth during those months.

The availability of diuron to the oats probably decreased with time

because adsorption of diuron to soil was increasing with time and so

initial availability of diuron was higher than availability after four

months. The adsorption of diuron to the soils may have reached an

equilibrium value, or ultimate adsorption, after about three months,

and so the activity of the oat shoots did not change very much after

the third month. Oat shoot activity should correspond to oat bioassay

of diuron, and diuron content of the soils to chemical analysis. Thus,

the chemical analysis values for these soils would have been 2.0 to 2.3

times as large as the bioassay values after 4 months, if chemical

analysis and bioassay were identical for the first month. For direct

comparison of chemical analysis and bioassay, the soils would have to

contain phytotoxic amounts of diuron.

Some small effects were not included in the above comparison, but

these effects would increase the difference between the oat shoot

activity and diuron content of the soil. The only major degradation

product of diuron was monomethyl diuron, which had reached 20% in the

Hilo soil and 14% of the initial activity in the Molokai soil by the

end of the fourth month. Monomethyl diuron should be about 1/2 as

available to plant uptake as diuron because the distribution coeffi

cients for adsorption to soil were about twice as large for monomethyl

diuron as diuron (table 15). Activity of the oat shoots for the fourth

month would have been slightly lower if the soil had not contained some

monomethyl diuron. The soils also contained some diuron which was not
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extracted by the B-A-M-W procedure because acetone-hydrochloric acid

extracted additional diuron from the soils after 240 days. If the soils

had been extracted throughout the experiment with acetone-hydrochloric

acid, the measured diuron contents of the soils would have been a few

percentage points larger.

Comparison of Diuron Persistence Measurements

Pesticide persistence can be expressed in different ways, and Katan

et al. (1976) have questioned the division of pesticides into persistent

and nonpersistent categories if nonpersistent pesticides form bound

residues. Different measures of diuron persistence are presented in

table 23. Persistence was expressed as time required for dissipation

of the first 50% (TD50). The TD50 values for activity of oat shoots

and diuron in soil were estimated graphically. The activities of the

oat shoots were plotted at the midpoint of each month because oats

were grown throughout the month. Diuron content of the soil was

measured with the B-A-M-W procedure and was expressed as percent of

activity initially added to the soil. The TDSO values for the carbonyl

and ring labels were inaccurate because the decrease in recovery after

240 days was linearly extrapolated to 50% loss. For the ring label,

the decrease in recovery after 240 days was assumed to be less than

10% in order to calculate a minimum estimate of persistence.

Activity of the oat shoots declined by more than 50% in less than

2 months in both soils, but these TD50 values were somewhat misleading.

Activity of the oat shoots declined rapidly during the first and second

months but reached a stable value by the fourth month, and so extrapo

lations based on the TD50 value would be incorrect. Activity of the



Table 23

Comparison of Diuron Persistence

Heasurements

Time for 50% Dissipation
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Activity of oat shoots

Diuron in soil

Carbonyl label

Hila
Soil

1.6 months

4.6 months

- 1.4 years

Mo1okai
Soil

1.9 months

5.6 months

- 2.7 years

Ring label >3 years > 3 years
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oat shoots declined more rapidly than diuron content of the soil, which

implies that availability should be an important factor in the bioassay

of diuron soil residues.

The TDSO for diuron in soil was from 4.6 to S.6 months. Although

these TDSO values were derived from a laboratory experiment, they were

in reasonable agreement with field studies in Hawaii for which diuron

was measured by chemical analysis. The estimated times for SO% dissi

pation of diuron were from 2.S to 8 months (Green et al., 1977) and

2 to 3.S months (Mukhtar, 1976) in sugarcane fields. The estimated

TDSO values for pineapple fields were 6 to 7 months (Elder et al.,

1979) and 7 to 13 months (Green et al., 1977). There were, of course,

large differences between the field persistence measurements due to

sampling variation and different environmental conditions, but the

field results did imply that some diuron could persist in field soils

for more than 1 to 2 years.

The calculated persistences of the carbonyl and ring labels were

relatively long. The TDSO for the carbonyl label was 1.4 years in the

Hilo soil and 2.7 years in the Molokai soil. The TDSO of the ring

label was greater than 3 years in both soils. The long persistence

of the ring label was expected from published results with l4C-DCA

and substituted ureas. The estimated persistence of bound DCA in

soils was from 2 to 10 years (Bartha, 1971; Chisaka and Kearney, 1970;

Suess and Eben, 1973), and urea compounds were more persistent than

their aniline derivatives (Cheng et al., 1978).
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Implications of Plant Availability and

Soil Degradation of Diuron

The dissipation of diuron phytotoxicity in soil can probably be

described by two phases--a relatively rapid initial phase due to

declining availability because of increased adsorption and a slower

phase due to degradation. Diuron which has been freshly applied to

soil will have a relatively high availability because the initial

adsorption to soil is relatively small. Adsorption of diuron to soil

probably increases during the first few months until the ultimate

adsorption is reached, after which the adsorption changes slowly.

Decrease in phytotoxicity during the first few months is primarily

due to decreasing availability which can reduce the phytotoxicity to

1/2 to 1/3 of the initial amount. After the relatively rapid decline

in availability, further dissipation of phytotoxicity is dependent on

degradation which is a slower process. Because of the two phases of

phytotoxic dissipation, herbicidal effectiveness can decline rapidly

after application, but there can still be carry-over problems with

sensitive crops at the end of the crop cycle. Diuron controlled weeds

for only 2-3 months in Hawaiian sugarcane fields (Yuen and Hilton, 1962;

Bowen, 1967; Sund, 1964). This relatively short period of weed control

could not easily be reconciled with the long chemical persistence of

diuron if availability was not important to weed control. In another

field study of diuron, decrease of phytotoxicity was rapid just after

application, but low levels of phytotoxic residues persisted for a long

time (Marriage et al., 1975). These field results were explained by

changes in microbial populations, but could also have been explained
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by different phases of availability and degradation.

The comparison of bioassay and chemical analysis of substituted

urea herbicides is affected by availability, phytotoxic degradation

products, and completeness of extraction. The interrelationship of

these factors will be illustrated with a simple numerical example.

Assume that the true content of aged diuron in soil is 1 ppm, which

is the amount of diuron which would be measured chemically with an

exhaustive extraction procedure. The availability of this diuron

has been reduced one-half by adsorption and so the true bioassay

value for the diuron would be 0.5 ppm. The true chemical calue

would be twice as large as the true bioassay value. Bioassay would

systematically underestimate the true herbicide content of the soil

because the bioassay calibration curve compensates only for the initial

availability of diuron and not for the lower availability after diuron

has been in the soil for several months. In reality, however, the

bioassay value would be increased by monomethyl diuron, and incomplete

extraction would decrease the chemical analysis of diuron. Monomethyl

diuron could accumulate to the same amount as the residual diuron

after about 1 year (chapter IV) and is about 1/2 as phytotoxic as diuron.

If the soil contained 1 ppm of monomethyl diuron in addition to 1 ppm

diuron, phytotoxicity from monomethyl diuron would be equivalent to

0.25 ppm of freshly applied diuron because monomethyl diuron is about

1/2 as phytotoxic as diuron and because the availability of the aged

monomethyl diuron would be about 1/2 its initial availability. The

observed bioassay value including the effects of both diuron and mono

methyl diuron would be 0.75 ppm of diuron. If extraction was only 70%
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efficient for diuron, the observed chemical value for diuron would be

0.70 ppm. The observed amounts of diuron would be almost the same for

bioassay (0.75 ppm) and chemical analysis (0.70 ppm) be~ause of the

compensating factors of monomethyl diuron and incomplete extraction.

Published comparisons of chemical analysis and bioassay of urea

herbicides may have reached different conclusions because of phytotoxic

degradation products and incomplete extraction. The amounts of phyto

toxic degradation products were not measured in any of the published

studies, so a completely accurate comparison of bioassay and chemical

analysis was not possible. Chemical values for diuron appeared to be

higher than bioassay values in a field study in Hawaii because the

chemical values were corrected for recovery due to incomplete extrac

tion (Elder et al., 1979). Linuron adsorption to soil increased with

time and the rate of replenishment of the soil solution was slow, which

implied that chemical analysis of linuron should eventually be higher

than bioassay (Walker, 1973). Chemical analysis for chlorobromuron

was higher than bioassay when the soils were extracted with the

exhaustive acetone-hydrochloric acid procedure. Chemical values for

chlorobromuron were about twice as large as bioassay after 100 days

of field degradation (Guth et al., 1969). (Chlorobromuron is

3-(3-chloro-4-bromophenyl)-1-methoxy-l-methylurea.) Guth et al.

(1970) claimed that the agreement between chemical analysis and bio

assay for chlorotoluron was good, but their results can be interpreted

differently (Eberle and Gerber, 1976). Chlorotoluron (3-(3-chloro-4

methylphenyl)-l,l-dimethylurea) is identical to diuron except that one

chlorine is replaced with a methyl group. After 150 to 180 days, chemical
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analysis was about 45% larger than the oat bioassay for chlorotoluron.

Chlorotoluron was also measured by Chlorella algae bioassay of the

acetone-hydrochloric acid extract. The Chlorella bioassay of the

extract was up to 90% larger than the oat bioassay of the soil and was

always larger than the chemical analysis of unchanged chlorotoluron.

The Chlorella bioassay results strongly suggested that the availability

of chlorotoluron to oat bioassay of soil was lower than expected and

that the soil contained phytotoxic degradation products.

Khan et al. (1976b) reported higher oat bioassay values than

chemical values for diuron, but the chemical analysis values were

probably too low because the extracted diuron was dissolved in hexane

for chemical analysis. Diuron was probably not completely dissolved

by the hexane for reasons discussed in appendix 5.

Chemical analysis and bioassay of urea herbicides were approximately

the same in most published reports (Guth et al., 1969; Guth et al., 1970;

Marriage et al., 1975; Hance et al., 1977; Eberle and Gerber, 1976),

but the agreement was partly due to counterbalancing errors of incom

plete extraction and phytotoxic degradation products. Hance et al.

(1977) compared chemical analysis and bioassay of linuron four years

after field application, but linuron was extracted from soil by shaking

for 1 hr with methanol. Shaking with methanol for 1 hr extracted less

than 70% of the diuron from Hilo and Molokai soil (table 7 in chapter

II). Phytotoxic degradation products were not determined in these

published comparisons but would decrease the difference between chemical

analysis of the parent herbicide and bioassay. In some of these studies,

the chemical analysis method was not specific for the substituted urea
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herbicide, which further complicated comparisons between chemical

analysis and bioassay. For reasons discussed in appendix 3, monomethyl

diuron will interfere with diuron analysis by gas-liquid chromatography

unless monomethyl diuron is separated from diuron during cleanup.

The difference between chemical analysis and bioassay is probably

larger for diuron than almost all other herbicides. Chemical values

of diuron would have been 2.0 to 2.5 times larger than bioassay values

in aged soils because the ultimate availability was lower than the

initial availability of diuron to oats. The difference between

chemical analysis and bioassay of diuron developed mostly during the

first four months in this experiment and would probably have increased

only slowly with additional soil aging. Chemical analysis should be

larger than bioassay only for persistent herbicides which are highly

adsorbed to soil but which are completely extracted for chemical

analysis. Diuron is more persistent than most herbicides, and many

herbicides would be largely degraded after 4 months. Chemical analysis

and bioassay were the same for two substituted urea herbicides, f1uo

meturon and metobromuron, which were less adsorbed to soil and less

persistent than diuron, even though the soils were extracted with

acetone-hydrochloric acid (Guth et a1., 1969). Chemical values of

atrazine in aged soils were larger than bioassay, but the difference

was smaller than for diuron (Hurle, 1977; Walker, 1973). The adsorp

tion of diuron to Hila and Molokai soil was large, which may also have

increased the difference between chemical analysis and bioassay for

diuron. In general, chemical analysis and bioassay of herbicides have

been approximately equivalent (Hurle, 1977; Eberle and Gerber, 1976).
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A large difference between chemical analysis and bioassay would be

expected only for a persistent herbicide which is strongly adsorbed to

soil and which has been in the soil for more than several months.

Phytotoxic degradation products have not been independently

measured in published comparisons of chemical analysis and bioassay

of herbicides. Eberle and Gerber (1976) argued that phytotoxic degra

dation products from urea and triazine herbicides were negligible

because bioassay and chemical analysis of the unchanged herbicide

were approximately equivalent. Their argument was not necessarily

correct because declining availability of the parent herbicide may have

been counterbalanced by an accumulation of phytotoxic degradation prod

ucts. According to the kinetic model described in chapter IV, the Hila

and Molokai soils would have contained enough monomethyl diuron after

1 year to influence bioassay of diuron. Research comparing chemical

analysis and bioassay of herbicides should include chemical measurement

of phytotoxic degradation products.

Recommendations about Phytotoxic Carry-over of

Diuron Residues in Hawaii

Carry-over of diuron phytotoxicity in Hawaii is primarily a problem

when pineapple or sugarcane are replaced with crops sensitive to diuron.

Carry-over is less serious in sugarcane fields because their higher

moisture contents are more favorable to diuron degradation than drier

pineapple fields. The duPont label instructions for diuron specify

that sensitive crops should not be planted until 2 years after the last

diuron application. Although the estimated TDSO of diuron in this
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laboratory experiment was about 6 months, this rate of degradation

should be high enough to prevent major carry-over of phytotoxic resi

dues after 2 years if conditions are favorable for degradation.

Approximately 10 kg/ha of diuron, equivalent to 5 ppm in soil, is

applied every two years to sugarcane and pineapple fields. From 5 to

20% of this amount would be expected to remain after 2 years, which

would be equivalent to 0.25 to 1.0 ppm in the soil (chapter IV).

Observed degradation rates of diuron in the field were similar to the

laboratory. Field soils were found to contain the following amounts

of diuron: 2 years after the last diuron application in sugarcane

fields 0.44, 0.51, and 1.3 ppm; and 2 to 3 years after the last diuron

application in pineapple fields 0.86, 1.1, and 1.1 ppm (Green et al.,

1977; Elder et al., 1979; Mukhtar, 1976). There was some tendency for

diuron to persist longer in pineapple fields than sugarcane fields.

Field residues of diuron can be evaluated by bioassay which

directly relates to phytotoxicity, but bioassay of diuron residues in

pineapple fields is neither simple nor quick. There will never be a

true blank or control soil which has had identical treatments to the

pineapple field except that no diuron was applied. In reality, the

control will be soil from a nearby area on which pineapple was not

grown and will differ from the pineapple soil in pH and fertility

status. The fertility of the control soil and pineapple soil must be

equalized before conducting the bioassay. Growth reduction in a bio

assay of pineapple soils would not definitely establish phytotoxic

levels of diuron because other factors, even other herbicides, could

reduce growth. Another disadvantage of bioassay is that the oat plants
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must generally be grown for 3 to 4 weeks for a significant response to

the herbicide.

Chemical analysis can be useful in evaluating field residues of

diuron because of the limitations of bioassay and because chemical

analysis can be completed in a few days. Chemical values of diuron

should be larger than bioassay if the extraction is exhaustive, but

this difference is not a major concern for field studies because (1)

extraction is often incomplete, (2) monomethyl diuron will increase

the apparent bioassay of diuron, and (3) other sources of variation

are larger. For a wide range of soils, variation in initial adsorption

of diuron will be larger than the difference between chemical analysis

and bioassay. Chemical analysis values do not directly relate to

phytotoxicity because of variable soil adsorption. Diuron at the

1 ppm level did not cause observable phytotoxicity in either the Molokai

or Hilo soil of this experiment, but both of these soils had high diuron

adsorption. Growth of oats was reduced by 0.5 ppm of freshly applied

diuron in a laboratory bioassay of the Paleka soil which was the blank

soil for a field study of diuron residues at two sites in Hawaii (Elder

et al., 1979). One field site contained 0.81 ppm of aged diuron resi

dues, but no phytotoxicity was observed. The other site contained

only 0.41 ppm diuron, but phytotoxicity was observed in strips across

the field because diuron was concentrated in bands corresponding to

the prior placement of the pineapple rows. Aged field residues of

diuron will probably have negligible phytotoxicity if the soil contains

less than 0.5 ppm, and the diuron is evenly distributed in the top

15 cm of soil. Hawaiian soils with higher adsorption of diuron would
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probably not exhibit phytotoxicity even with 0.5 to 1 ppm of aged diuron

residues. Field soils at the end of a two year sugarcane or pineapple

crop would be expected to contain 0.5 to 1.5 ppm diuron and also about

0.5 to 1.5 ppm monomethyl diuron. These levels of diuron carry-over

could occasionally be phytotoxic to some crops, but would generally

be dissipated in 6 to 12 months if field conditions were favorable for

degradation. Adsorption of diuron by the Molokai, Hilo, and Paleka

soils was presented in table 15, and specific suggestions about diuron

analysis are made in appendix 3.

Several practical measures can accelerate the dissipation of

phytotoxic diuron residues in pineapple fields. The field should be

tilled crosswise to the rows of pineapple to eliminate bands of high

diuron concentration and to incorporate the diuron residues in the top

15 cm of soil. Irrigation and growth of crops tolerant to diuron

should accelerate diuron degradation. Phytotoxic diuron residues at

the end of a pineapple crop disappeared after about 6 months when

conditions were favorable for degradation (Elder et al., 1979).

Long-Term Residue Problems from Bound DCA

Bound DCA should gradually accumulate from slow diuron hydrolysis

because bound DCA is persistent. Bartha (1971) estimated that 4 to 10

years would be required for the degradation of bound DCA to carbon

dioxide. Since bound DCA is persistent, the availability of bound DCA

to plants should be studied (Kaufman, 1976). Comparing oat uptake of

activity from carbonyl and ring-diuron treated soils would have given

some indications of bound DCA availability, if degradation of the diuron
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had been extensive. No information about availability of bound DCA

residues was obtained in this experiment because the ring-labeled

diuron was impure and because degradation to bound DCA was very limited

in the four months for which oat growth was good.

DCA which is bound to soil organic matter should not be available

for plant uptake, but bound DCA may be released by microbial activity

and taken up by plants. DCA bound to humic acid was released by fungal

action, and the process was analogous to mineralization of nitrogen in

soil organic matter (Hsu and Bartha, 1974b). When DCA was directly

added to soil, up to 9% was taken up by plants, but this uptake was

higher than would be expected for bound DCA (Suess et al., 1973). DCA

was taken up by plants from nutrient solution, but DCA was mostly re

tained by the roots and translocation to the shoots was limited

(Fuchsbichler et al., 1978a). Residues in plants were less than 0.03

ppm when the plants were grown in soil containing about 0.5 ppm of a

herbicide which had partically degraded to bound DCA (Beynon et al.,

1974b). The availability of soil bound residues to plants has been

mostly directly studied by Fuhremann and Lichtenstein (1978) and

Fuchsbichler et ale (1978b). Soils which contained bound residues

from methyl parathion were dispersed in sand, and three 2-week cycles

of oats were grown in the sand-soil mixture. The oats took up 5% of

the bound residues, and about half of the activity was in the oat

shoots. Although the activity of the shoots was not definitely

identified, most of the activity was nonpolar and was probably part

of the pesticide molecule rather than naturally occurring compounds

(Fuhremann and Lichtenstein, 1978). Fuchsbichler et ale (1978b)
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detected traces of DCA in oat shoots which had been grown in soil

containing bound DCA. DCA was released from the oat shoots by alkaline

hydrolysis and identified by gas-liquid chromatography. Even with

artificial conditions favoring plant uptake, less than 1% of the bound

DCA was taken up by the oat shoots, and the concentration in the oat

shoots was less than 0.02 ppm. They speculated that bound DCA might

be taken up while still attached to low molecular weight humic sub

stances or might be released as DCA by hydrolysis in the rhizosphere.

Their extraction procedure was not specified so some unbound DCA from

incomplete extraction may also have contributed to plant uptake.

Binding of DCA to soil organic matter considerably reduced the avail

ability of DCA to plant uptake. The availability of soil bound residues

to plants was low, but some bound residues could be taken up and

translocated to plant shoots.

Analysis of field grown rice grain detected more DCA than expected

from the above experiments with labeled compounds (Still and Mansager,

1969). Propanil (3' ,4'-dichloropropionanilide) is a herbicide for rice

and is rapidly hydrolyzed to DCA. Even rice not treated with propanil

contained 0.5 to 1 ppm DCA, and commercial rice samples also contained

DCA. According to Hsu and Bartha (1976), the probable source of DCA

in the rice which had not been treated with propanil was soil bound

DCA from earlier propanil applications. DCA in the rice grain, which

was released by alkaline hydrolysis, was determined both colorimetrically

and by gas-liquid chromatography. Although the identity of DCA was not

definitely confirmed, there were no interferences from rice grown in a

greenhouse or in rice sampled before the introduction of propanil. The
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presence of DCA in untreated rice at these levels is puzzling because

uptake and translocation of soil bound DCA to rice grains should be

small. If correct, these results would imply higher than expected

availability of bound DCA.

There are several reasons for believing that bound DCA soil residues

from diuron hydrolysis will not be hazardous. DCA becomes bound in soil

and also becomes bound in plants. The soil binding reduces availability

to plants (Fuchsbichler et al., 1973a; Fuchsbichler et al., 1978b), and

plant· bound residues are not available to animals (Sutherland, 1976).

Thus, binding in soil and in plants will reduce both the exposure and

hazard of DCA to animals and humans. The accepted residue method for

substituted ureas in plants is alkaline hydrolysis which is also the

best available method for analysis of bound anilines in plants (Voss

and Geissbuhler, 1971). If uptake of bound anilines by plants were

large, alkaline hydrolysis of plant samples would have detected large

amounts of substituted urea equivalents. In fact, urea herbicide

residues in plants appear to be low, so soil bound anilines probably

have low availability under actual field conditions (Voss and Geiss-

buhler, 1971; Geissbuhler and Schredt, 1967).

SUMMARY

Hilo and Molokai soils were fortified with 1 ppm of either

l4C-carbonyl-labeled-diuron or l4C-ring-labeled-diuron. Oats were

grown in the treated soils for six successive monthly cycles with 29 C

day/22 C night temperatures. The soils were incubated at 30 C for an

additional 60 days after the last month of oats. Activity of the oat
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shoots was determined by combustion. Activity of the soil was measured

by combustion before extraction for total residues and after B-A-M-W

extraction for unextractcd or bound residues. Nonpolar products were

analyzed by thin-layer chromatography (TLC).

Diuron degradation was similar in the Hilo and Molokai soils.

Extracted activity declined slowly for both carbonyl and ring labels.

For the carbonyl label, activity of the total residues decreased slowly

while unextracted activity increased slowly. Activities of the total

and bound residues were higher from the ring label than carbonyl label.

When soil samples after 240 days were exhaustively extracted with

acetone-hydrochloric acid, unextracted activity was less than 10% in

both soils from the carbonyl-labeled-diuron and IS to 18% of the

initial activity from the ring-labeled-diuron. Diuron and monomethyl

diuron were the major nonpolar compounds by TLC analysis. Traces of

demethylated diuron and a formyl derivative of diuron were found, but

no extractable DCA was detected. Some DCA was released by acidic

hydrolysis of the bound residues from ring-diuron. The amounts of

polar products were always negligible. The estimated times for dissi

pation of the first SO% (TDSO) were 4.6 to S.6 months for diuron,

1.4 to 2.7 years for the carbonyl label, and greater than 3 years

for the ring label of diuron.

A pathway for diuron degradation in soil was proposed. Diuron

was demethylated to monomethyl diuron and demethylated diuron. The

demethylated diuron was hydrolyzed to DCA which probably bound to soil

organic matter and was not detectable in soil extracts. Compounds con

taining an intact urea group were difficult to extract but did not form
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major amounts of bound residues.

Activity of the oat shoots declined from the ~irst to fourth month,

but there was little change in activity of the oat shoots after the

third month. Activity of the oat shoots declined more rapidly than

diuron content of the soil, and the declining availability of diuron

to the oats was attributed to increasing adsorption by the soil.

Initial adsorption of diuron by the soil was probably relatively low

and plant availability relatively high. The ultimate adsorption,

which was reached after 3 months, was higher than the initial adsorp

tion, and plant availability was correspondingly lower. Because a

bioassay calibration curve only compensates for initial and not ultimate

availability, chemical analysis of diuron should be about twice as large

as bioassay of aged soil samples. Incomplete extraction and phytotoxic

degradation products could cause apparent agreement between the observed

chemical analysis and observed bioassay, even if the true chemical

analysis and bioassay were different. These results were discussed

in relation to field studies of diuron persistence, evaluation of

phytotoxic carry-over by chemical analysis and bioassay, and long-

term residue problems from bound DCA.



CHAPTER IV

APPLICATION OF A SIMPLE KINETIC MODEL TO DIURON

DEGRADATION IN HILO AND MOLOKAI SOILS

INTRODUCTION

Modeling attempts to describe complex processes by mathematical

equations. Chemical transformations are often described by first-

order kinetics which are mathematically simple and can be solved

exactly by differential equations. The basic assumption of first-order

kinetics is that the rate of transformation is proportional to the

concentration or, in other words, that a constant percent of the chemi

cal is transformed per unit time. Pesticide degradation in soils often

approximately fits first-order kinetics (Goring et al., 1975; Hamaker,

1972). If a model successfully describes a process and has been verified,

quantitative predictions can be made. Even if not quantitatively success

ful, mathematical models can point out interrelationships which might

have been missed with qualitative approaches.

Degradation of diuron in soil was reported in chapter III, and

these data are fitted to a first-order kinetic model in this chapter.

The objectives were to find out how well first-order kinetics describe

diuron degradation in Hilo and Molokai soils, to estimate the relative

persistence of diuron, monomethyl diuron, and demethylated diuron, and

to make predictions about further degradation after the 240 day period

observed in this experiment.
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MATERIALS AND METHODS

Data for Modeling Diuron Degradation in Soil

The degradation of diuron in soil was described in chapter III,

and only the degradation of l4C-carbonyl-diuron was modeled. The

l4C-carbonyl-diuron data were divided into three categories for model

ing. D represented diuron in soil, ~1 represented monomethyl diuron,

and (N+C) represented the sum of demethylated diuron and labeled carbon

dioxide from l4c-carbonyl-diuron. All of the amounts were expressed

as percent of the initial activity. Demethylated diuron and labeled

carbon dioxide were usually lumped together because the demethylated

diuron levels were too low to be accurately measured. The cumulative

activity of oat shoots was added to diuron concentration in soil be

cause most of the activity taken up by the oats was diuron and because

plant uptake was removal of diuron by a process other than degradation.

The amounts of activity removed by the oat shoots were small: 3.5%

from the Hilo soil and 0.86% from the Molokai soil. (N+C) was estimated

by difference and was (IOO-(D+M+bound residues). Bound residues were

the activity unextracted from carbonyl-diuron treated soils after

B-A-M-W extraction. Two different approaches were considered, and

assumptions about bound residues differed for each approach. For the

first assumption, bound residues were ignored except for calculating

the (N+C) value. For the second assumption, bound residues were added

to D and M because the bound or unextracted residues from carbonyl

diuron after B-A-M-W extraction were partly unextracted diuron and

monomethyl diuron for reasons discussed in chapter III. The bound

residues were partitioned between D and M at levels proportional to
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the observed concentrations of D and M in soil extracts. The standard

errors of the data for modeling were the following when expressed as

percent of the initial activity: Hi10 soil, D-1.7, M-O.6, (N+C)-1.9,

Mo10kai soil, D-O.9, M-O.5, (N+C)-1.3.

Fit of Diuron Degradation to First-Order Kinetics

The basic assumption of first-order kinetics is that

dC
dt -kC

where dC/dt is the rate of degradation of a chemical, C is the concen-

tration of a chemical, k is the rate constant, and t is time. A larger

rate constant indicates faster degradation or a less stable chemical.

Because the rate constant depends on environmental factors, conditions

during soil degradation must be constant for a simple application of

first-order kinetics. The solution to the above differential equation

is 1n C/CO = -kt where Co is the initial concentration. A regression

line was calculated for the logarithm of diuron concentration in Hi10

and Mo10kai soil against time. If diuron degradation in the soils

followed first-order kinetics, these regression lines should be linear

and have a high correlation coefficient.

Computer Calculation of Rate Constants

A computer program had been developed by Khan et a1. (1979) for

modeling soil transformation of urea to ammonia to nitrate. This com-

puter program calculated the best fit of rate constants for diuron

degradation by this linear sequence:



kl
D--------+

k2
M--------+ (N+C) •
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where kl is the rate constant for degradation of diuron to monomethyl

diuron, and k2 is the rate constant for degradation of monomethyl diuron

to demethylated diuron and labeled carbon dioxide. The computer program

assumed first-order kinetics and expressed the fit of predicted and

measured values as residuals. Small residuals indicated a good fit be-

tween model predictions and observed values.

In one computer run, the demethylated diuron (N) and labeled carbon

dioxide (C) were separated so that persistence of demethylated diuron

could be roughly estimated. The linear sequence for this case was

kl
D-------~

k2
M-------~

k3
N--------+ C

where k3 was the rate constant for degradation of demethylated diuron

to labeled carbon dioxide.

Extrapolation of Diuron Degradation

up to 30 Months

The rate constants which had been calculated by the computer program

were substituted into equations which predicted diuron degradation with

time. These equations were part of the computer program for calculating

rate constants and were the exact solutions of the differential equa-

tions derived from first-order kinetics. The amounts of diuron, mono-

methyl diuron, and sum of demethylated diuron and labeled carbon dioxide

were calculated for up to 30 months with the assumption that the rate

constants did not change during this period.
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RESULTS AND DISCUSSION

The degradation of diuron appeared to be adequately fitted by

first-order kinetics in both soils because the correlation coefficient

of the logarithm of diuron in soil against time was r=0.998 for Hi10

soil and r=0.990 for the Molokai soil. Although the correlation co

efficient was high for the Mo1okai soil, the rate of degradation in

the Mo1okai soil appeared to increase after 120 days when evaluated

graphically. Conditions had not been exactly constant throughout the

240 day degradation period, but the differences apparently had little

effect on the rate of diuron degradation. Oat growth had been good

for the first four months but was poor for the fifth and sixth months.

The soils were incubated without oats for 60 days after the sixth

month of oat growth, and the incubation temperature was 30 C instead

of the 29 C day/22 C night temperatures when oats were grown.

Rate constants which were calculated by the computer program are

presented in table 24. For assumption #1, the bound residues were

ignored except for calculating the quantity of (N+C). The mathematical

model fits a linear sequence of transformations, and assumption #1 did

not exactly fit the linear sequence of the model because part of the

bound residues were diuron and monomethyl diuron. An advantage of

assumption #1 was that the D and M values were actually measured by

the B-A-M-W extraction. For assumption #2, the bound residues were

partitioned between D and M in order to achieve a better fit to the

linear sequence of the model. Assumption #2 should approximate the

results which would have been obtained with a very exhaustive extraction

such as with acetone-hydrochloric acid. The amounts of D and Mwere



Table 24

First-Order Rate Constants for Diuron Degradation

in Hi10 and Mo1okai Soils

k1 - rate for D to M

k2 - rate for M to (N+C)
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Assumption II

Hila Soil

Residuals

1

2

0.1152

0.1050

0.2043

0.1776

0.0251

0.00894

Molokai Soil

1

2

0.0906

0.0746

0.1575

0.1122

0.0443

0.0428
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larger for assumption #2 than #1, and the rate constants of assumption

#2 were smaller (slower degradation) than for assumption #1, as expected.

Assumption #2 was expected to fit the linear sequence of the model

better than assumption #1, and the residuals for assumption #2 were much

smaller than assumption #1 for Hilo soil. There was little difference

in residuals between assumption #1 and #2 for the Molokai soil.

The calculated rate constants indicate both the rate of degradation

and relative persistence of compounds. Degradation was more rapid in

the Hilo than Molokai soil, and monomethyl diuron was less persistent

than diuron in both soils. The kl for diuron degradation in Hilo soil

was about 1.4 times the kl in Molokai soil, and these rate constants

were consistent with the experimental results. The k2 for monomethyl

diuron degradation was 1.5 to 1.75 times the kl for diuron degradation

in both soils. Because monomethyl diuron was less persistent than

diuron, monomethyl diuron should not accumulate to high levels in

soils. The model fitted the Hilo soil data better than the Molokai

soil because residuals were smaller for the Hilo than Molokai soil.

Degradation in the Hilo soil was extrapolated with the computer

calculated rate constants up to 30 months, and the results are pre

sented in figure 11. The data in figure 11 were based on assumption

#2 for l4C-carbonyl-diuron. The fit between predicted and observed

values for the first 8 months was good for diuron and monomethyl

diuron. The CO2 of the graph included both demethylated diuron and

labeled CO2 (N+C). The fit of observed and predicted CO2 values was

good except for the first few months. The observed CO2 values were

estimated by difference, and there was probably a systematic overestimate
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by about 5%. The trend of the observed CO2 points was similar to the

predicted CO2 line because the slope was low for the first four months

but increased for the fourth through eighth months.

The kinetic model predicted that monomethyl diuron would never

increase to more than 30% of the initial diuron application but would

be greater or equal to the remaining diuron after 15 months. The

maximum monomethyl diuron concentration would occur between 6 and 8

months. After only 33% of the diuron remained, monomethyl diuron

would be about 25% of the initial application, which would be high

enough to affect the bioassay of diuron. After 2 years, the Hilo soil

would still contain about 10% of the initial application as diuron and

10% as monomethyl diuron. If the predicted degradation is relevant to

field situations, sugarcane and pineapple soils should still contain

detectable amounts of diuron and monomethyl diuron at the end of the

crop cycle, which is about 2 years after the last diuron application.

Extrapolation of the degradation curves up to 30 months was justified

because of the good fit between observed and predicted values for the

Hilo soil during the first 8 months but may underestimate actual

persistence because degradation often slows down after an initial

relatively rapid phase (Goring et al., 1975). The actual rate constants

are, of course, affected by environmental factors, but the rate con

stants based on this experiment should be similar to degradation in the

field when soil water levels are maintained for good crop growth because

conditions were consistently favorable for plant growth and degradation

in the growth chamber.
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The predicted CO2 curve for the Hilo soil had an initial lag phase

during which CO2 release was slow, but the predicted rate of CO2 pro

duction increased after 4 months. The trend of the observed CO2 points,

which were estimated by difference, was similar to the CO2 evolution

predicted by the model. The lag phase in CO2 production was not due to

a change in degradation rates because the predictions up to 30 months

assumed unchanged rate constants. The lag phase was caused by a rela

tively stable intermediate between diuron and CO2 evolution. The

evolution of CO2 was slow initially because there was very little

monomethyl diuron, and the evolution of CO2 increased as monomethyl

diuron accumulated. A lag phase in carbon dioxide evolution should

occur for any organic compound which is degraded to a relatively stable

intermediate before degradation to carbon dioxide. Many pesticides have

intermediate degradation products and should exhibit a lag phase in

carbon dioxide evolution because of the kinetic consequences of inter

mediate products. The usual explanation of a lag phase is that micro

organisms require some time to adapt by enzyme induction or to increase

in numbers for utilization of xenobiotics, and this process is well

established for 2,4-D (Kearney and Kaufman, 1975). For more persistent

pesticides, the accumulation of stable intermediates is more likely to

cause a lag phase. For example, the evolution of carbon dioxide from

soil incubation of triazine herbicides increased after 12 weeks, which

may have been the time required for accumulation of intermediate products

(Kearney and Kaufman, 1975).

Short-term measurements of CO2 evolution may overestimate pesticide

persistence because of the lag phase. According to figure 11, 50% of
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l4C-carbonyl-diuron should have been degraded to l4C02 after 12 months

in the Hilo soil. The estimated TDSO of the carbonyl label was 17

months if the observed CO2 value for 4 months was linearly extrapolated

and 22 months if extrapolated by first-order kinetics. The estimated

TDSO of the carbonyl label would probably have been much longer if

l4C02 had been directly measured during a 1-2 month incubation because

the CO2 data in this study were estimated by difference and were probably

too high by a few percent. The rate of l4C02 evolution has been reported

to decline rather than increase with time in many soil incubations with

l4C-labeled pesticides. The declining evolution of l4C02 in these

studies may have been due to exhaustion of available organic matter for

microorganism growth because the soils were incubated for months without

organic matter additions (Goring et al., 1975; Hamaker, 1972). In this

experiment with diuron, the oat roots supplied sufficient organic matter

to maintain an active microbial population, and the estimated rate of

l4ca 1· d d· . h .2evo ut10n ten e to 1ncrease W1t t1me.

The first-order kinetic model did not describe diuron degradation

in Molokai soil as well as for the Hilo soil. Predicted diuron degrada-

tion up to 30 months is presented in figure 12, and the data in figure

12 were based on assumption #2 for l4C-carbonyl-diuron. The observed

diuron and monomethyl diuron points crossed the predicted lines at about

five months, and deviations of the observed points from the predicted

lines were large by the eighth month. Extrapolation of degradation

to 30 months was not reliable because of the poor fit during the first

eight months, but the predicted pattern of degradation was similar for

the Molokai and Hilo soils. After 2 years, the model predicted that
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the Molokai soil would still contain about 15% of the initial application

as diuron and 20% as monomethyl diuron.

The poor fit of the model to Molokai soil was related to a change

in rate constants at 4 months. To evaluate this change quantitatively,

the regression lines of the logarithm of diuron concentration against

time were calculated separately for 0 to 4 and 4 to 8 months. The

slope of the 4 to 8 month line was more than twice as large as the

slope of the line for 0 to 4 months, which indicated that degradation

was faster during 4 to 8 months than 0 to 4 months. Rate constants

were separately calculated with the computer program for the 0 to 4 and

4 to 8 month periods. Splitting the degradation data at four months

improved the fit of observed and predicted values and reduced residuals

to about 1/5 of the residuals for the whole 0 to 8 month period, but

changes in rate constants were not consistent. When the 0 to 4 was com

pared with the 4 to 8 month period, the diuron rate constant increased

by more than 2 while the monomethyl diuron rate constant decreased by

about 1/2. The first-order kinetic model failed to adequately describe

diuron degradation in Molokai soil either because the rates did not

follow first-order kinetics or because the rate constants changed in

an unpredictable manner.

The rate constant for demethylated diuron degradation was calcu

lated with the computer program for both the Hilo and Molokai soils.

Demethylated diuron was much less persistent than diuron because the

rate constant for demethylated diuron was 28 times that of diuron in

the Hilo soil and 14 times that of diuron in the Molokai soil. Even

with these large rate constants, the predicted demethylated diuron
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values were larger than the observed values. Demethylated diuron is

probably hydrolyzed much more rapidly than it is formed from monomethyl

diuron. A less likely explanation for low demethylated diuron levels

is that monomethyl diuron is hydrolyzed more rapidly than it is con

verted to demethylated diuron. Monomethyl diuron is resistant to

chemical hydrolysis and was hydrolyzed more slowly than diuron in

aqueous solution (El-Dib and Aly, 1976). Demethylated diuron levels

will probably be very low in most soils, although organic amendments

may increase the amount of demethylated diuron (Bozarth and Funderburk,

1971; Doyle et al., 1978).

SUMMARY

Soil degradation of diuron which was described in chapter III was

fitted to a mathematical model which consisted of a linear sequence of

transformations with first-order kinetics. The model adequately de

scribed degradation of diuron in Hilo soil but did not accurately

describe degradation in the Molokai soil. The model did not fit the

Molokai soil data either because the kinetics were not first-order or

because the rate constants changed in an unpredictable way. The model

indicated that monomethyl diuron was less persistent than diuron and

should not accumulate to high levels and that demethylated diuron was

much less persistent than diuron.

Diuron degradation was extrapolated to 30 months with the mathe

matical model. The model predicted that monomethyl diuron would not

exceed more than about 30% of the initial diuron application and that

monomethyl diuron would exceed diuron remaining in the soil after 16
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months. According to the model, the soil would contain enough monomethyl

diuron to affect bioassay of diuron when 1/3 of the initial diuron

application remained. After 2 years, the model predicted that the soils

would still contain 10 to 20% of the initial application as diuron and

10 to 20% as monomethyl diuron.

Lag phases in the evolution of l4C02 from l4C-labeled pesticides

have generally been attributed to effects of microorganisms, but the

first-order kinetic model suggests another possible explanation. Even

though the rates of the linear sequence of transformations were constant,

there was a lag phase in l4C02 evolution because of the accumulation of

intermediate products, and a lag phase in l4C02 evolution would be

expected whenever intermediate degradation products accumulate. Short-

of l4C02 . . ·d .term measurements may overest~mate pestlcl e pers~stence

because of the lag phase.
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APPENDIX 1.

SOURCES, PURIFICATION, AND SYNTHESIS OF

UNLABELED REFERENCE COMPOUNDS

INTRODUCTION

Unlabeled reference compounds were obtained for the identification

of diuron degradation products in soil (chapter III) and for identifi-

. f h l4C' . . . h l4C . 1 bId d' (cat~on 0 t e -tr~uron ~mpur~ty ~n t e -r~ng- a e e - ~uron appen-

dix 2). When reference standards could not be directly purchased, the

standard compounds were synthesized. Because all of the synthetic

methods were routine and straightforward, they will be only briefly

described in this appendix. In general, the syntheses were based on

the methods of Crosby and Tang (1969).

MATERIALS AND METHODS

DCA (3,4-dichloroaniline), practical grade from Baker Chemical

Company, was recrystallized three times from hexane. The recrystal-

lization solutions were decolorized with Norit.

DCP isocyanate (3,4-dichlorophenylisocyanate), practical grade,

was purchased from Baker Chemical Company and was used without purifi-

cation.

Trichloroaniline (TCA) isomers (2,3,4-TCA; 2,4,5-TCA; 2,4,6-TCA)

were purchased from RFR Corporation and were 95% pure.

Linuron (3-(3,4-dichlorophenyl)-1-methoxy-l-methylurea) was

isolated from a commercial 50% wettable powder formulation and was
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recrystallized twice from ethanol.

Urea compounds were synthesized from 3,4-dichlorophenylisocyanate

(DCP isocyanate) and the appropriate amine. Diuron was synthesized

from dimethylamine and DCP isocyanate in acetone and was recrystallized

three times from benzene-ethyl acetate (1:1 v/v) and finally recrystal

lized from ethanol. Monomethyl diuron was synthesized from methylamine

and DCP isocyanate in acetone and was recrystallized three times from

benzene-ethyl acetate (1:1 v/v). Demethylated diuron was synthesized

from ammonia and DCP isocyanate in acetone and was recrystallized three

times from benzene-ethyl acetate. Sym-bis (1,3-bis(3,4-dichlorophenyl)

urea) was synthesized from DCA and DCP isocyanate in acetone and was

recrystallized from ethanol. The formyl derivative of diuron (3-3,4

dichlorophenyl)-l-formyl-l-methylurea) was synthesized by refluxing

DCP isocyanate and N-methyl forrnamide in toluene for 3 hours. The

formyl derivative was recrystallized once from toluene.

Ethyl carbamate of DCA (ethyl 3' ,4'-dichlorophenylcarbamate) was

synthesized by dissolving DCP isocyanate in absolute ethanol and was

recrystallized from hexane.

Dichloroacetanilide (3',4'-dichloroacetanilide) was synthesized

by dissolving DCA in acetic anhydride and was recrystallized twice

from toluene.

TCAB (3,3' ,4,4'-tetrachloroazobenzene) was synthesized by reflux

ing DCA with active manganese dioxide in benzene for 6 hours (Wheeler

and Gonzalez, 1964). The crude product was recrystallized from

benzene-hexane and then acetone.
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Unlabeled 2,3,4-triuron (3-(2,3,4-trichlorophenyl)-1,1-dimethylurea)

was synthesized by chlorination of diuron. Chlorine gas was bubbled

through a dichloromethane solution of diuron, and two principal products

were detected by TLC. The compound with a Rf value near to diuron was

separated by an alumina column which had a 3.0 cm inner diameter and

contained 50 g of neutral alumina (activity IV). After evaporation of

dichloromethane, about 200 mg of reaction mixture residue were applied

to the alumina column, and the column was eluted with 300 ml of

hexane-benzene (1:1). The alumina column separation was repeated four

times in order to obtain a larger amount of compound, and the compound

after alumina column separation was recrystallized three times from

hexane. The identity of the compound was determined by its mass

spectrum, and the positions of the chlorines were determined by

hydrolysis to the corresponding trichloroaniline. The urea compound

was hydrolyzed by reflux for 12 hr in 6 N aqueous hydrochloric acid.

After cooling, the aqueous solution was made alkaline, and the tri

chloroaniline was extracted with hexane. The hexane solution was

analyzed with the GLC columns described in appendix 2 (table 27).

Melting points were measured with a Buchi melting point apparatus.

Mass spectra were recorded with a Finnigan Series 3000 GC Peak

identifier, quadrupole mass spectrometer with electron impact

ionization at 69.5 electron volts. Samples were introduced on a

solid probe, which was heated to 130 to 180 to vaporize the samples.

TLC procedures were described in chapter III.
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RESULTS AND DISCUSSION

Common names or abbreviations, chemical names, formulas, and

molecular weights of compounds are listed in table 25. Melting

points, mass spectra and Rf values are listed in table 26. Structures

of some of the compounds are shown in figure 13.

Identities of the synthesized compounds were confirmed by melting

points and mass spectra. Measured melting points were within 1 to 3 C

of literature melting points except for sym-bis. The sym-bis melting

point was about 10 C lower than previously reported because of im

purities or inaccurate measurement.

Mass spectra of all synthesized compounds had the expected molecular

ions and base peaks and also had the expected relative peak intensities

from chlorine isotopes. Diuron had an intense base peak at mle 72

(Benson and Damico, 1968). Monomethyl diuron, demethylated diuron, and

sym-bis had base peaks at mle 161 from DCA+ ion (Benson and Damico, 1968).

The formyl derivative of diuron had a base peak at 187 mle due to

3,4-dichlorophenylisocyanate ion. Ethyl ion (C2H5+) was the base peak

for the ethyl carbamate of DCA. The acetyl group produced the base peak

at mle 43 for dichloroacetanilide. The TCAB base peak at mle 145 was

probably due to a C6H3C12+ ion.

The 2,3,4-triuron had a molecular ion at mle 266 with three

chlorine atoms and a base peak at mle 72 from the dimethylisocyanate

ion, which confirmed that one chlorine had been added to the aromatic

ring of diuron. The trichloroaniline from hydrolysis co-chromatographed

with 2,3,4-TCA and was clearly separated from 2,4,5-TCA on GLC columns

A and B of table 27. Thus, the compound synthesized by chlorination

of diuron was 2,3,4-triuron.



Table 2S

Common Names, Chemical Names, Formulas, and Molecular

Weights of Diuron and Related Compounds

ISO

Common Name or Chemical Name Formula Molecular
Abbreviation Weight

DCA 3,4-dichloroaniline C6HSC12N 162.02

DCP isocyanate 3,4-dichlorophenyl- C7H3C12NO l8S.0l
isocyanate

Dichloroacetanilide 3' ,4'-dich1oroacet- CSH7C1 2NO 204.06
anilide

Demethylated 3,4-dichlorophenylurea C7H6C12N2O 205.04
Diuron

Diuron 3-(3,4-dichlorophenyl)- CgHlOC12N20 233.10
l,l-dimethylurea

Ethyl Carbamate ethyl 3' ,4 '-dichlorophenyl- CgHgC12N02 234.07
of DCA carbamate

Formyl Derivative 3-(3,4-dichlorophenyl)-1- CgHSC12N202 247.08
of Diuron formyl-l-methylurea

Linuron 3-(3,4-dichlorophenyl)-1- CgHlOC12N202 249.l
methoxy-l-methylurea

Monomethyl Diuron 3-(3,4-dichlorophenyl)- CSHSC12N2O
2l9.07

l-methylurea

Sym-bis 1,3-bis(3,4-dichlorophenyl) C13HSC14N2O 3S0.03
urea

2,3,4-TCA 2,3,4-trichloroaniline C6H4C1 3N
196.46

2,4,S-TCA 2,4,S-trichloroaniline C6H4C13N 196.46

2,4,6-TCA 2,4,6-trichloroaniline C6H4C13N
196.46

TCAB 3,3' ,4,4'-tetrachloroazo- C12H6C14N2 320.01
benzene

2, 3, 4-Triuron 3-(2,3,4-trichlorophenyl)- CgHgC1 3N2O
267.S4

l,l-dimethylurea
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Melting Points, Mass Spectra, and Rf Values

Synthesized and Purified Compounds
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Compound
Melting

Point
(C)

Mag; Spec trum (m/e) *
Molecular Base

Ion Peak

Rf
**Value

DCA 71-73 n.d.+ n.d.+ 0.58

Dich1oroacetani1ide 122-124 203 (2C1) 43 0.46

Demethy1ated Diuron 157-159 204 (2C1) 161 (2C1) 0.22

Diuron 158.5-161 232 (2C1) 72 0.46

Ethyl Carbamate of n.d.+ 233 (2C1) 29 0.64
DCA

Formyl Derivative 141-143.5 246 (2C1) 187 (2C1) 0.58
of Diuron

Monomethy1 Diuron 157-160.5 218 (2C1) 161 (2C1) 0.37

Sym-bis 269-276 348 (4C1) 161 (2C1) 0.60

TCAB 159-160 318 (4C1) 145 (2C1) 0.73

2, 3, 4-Triuron n.d.+ 266 (3C1) 72 *n.d.

*Number of C1's in parentheses is the number of chlorine atoms
in the ion as estimated from relative intensities of chlorine
isotope peaks.

**TLC developing solvent was benzene-acetone (2:1 v/v).

+not determined



Diuron: R1=R2 = CH3

Monomethyl Diuron: R1=CH3, R2 =H

Demethylated Diuron: RI =R2 =H

Formyl derivative of di uron:

R1 =CHO, R2 =CH3

Linuron: RI =OCH3 , R2 =CH3

CI{O)NH2

CI
3,4- Dichloroan iline

CI\O)N=C=O
CI

3,4- Dichlora phenyl isocya nate

Fig. 13. Structures of Diuron and Related Compounds
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Some of these compounds were not resolved by TLC with benzene

acetone (2:1 v/v). DCA, sym-bis, and the formyl derivative of diuron

were not resolved, and diuron and dich1oroacetanilide were a130 not

resolved. Compounds which were not separated with benzene-acetone

(2:1) were resolved with the chloroform based solvents listed in

table 10.

Purity of the synthesized compounds was checked by TLC, and only

the formyl derivative of diuron had a major impurity. When the formyl

derivative was analyzed by TLC with benzene-dioxane-ethanol (75:20:5

v/v) , it contained about 5% of an impurity which was probably sym-bis.

The sym-bis contamination was probably due to pyrolysis of the formyl

derivative to DCP isocyanate during recrystallization from toluene

which has a boiling point of III C.
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APPENDIX 2.

SOURCES, PURIFICATION, AND SYNTHESIS OF

l4C-LABELED COMPOUNDS

INTRODUCTION

The l4c-carbonyl-diuron was obtained from two sources. The

l4C-carbonyl-diuron from one source was purified by preparative TLC

because it contained a high level of impurities. The l4C-ring-diuron

was synthesized from (14C)-3,4-dichloroaniline (DCA). Radiochemical

purity of the l4c-ring-diuron was initially checked by cutting TLC

strips into 2 rom segments and appeared to be more than 99% radiochemi-

cally pure. After the radiochemical synthesis was published (Elder

and Koch, 1977) and the soil degradation study begun (chapter III),

radiochemical purity was checked by autoradiography of TLC strips

because autoradiography has better resolution than cutting TLC strips

into segments. An impurity with a Rf value slightly larger than

d · d d' h l4C . d' b d' h d~uron was etecte ~n t e -r~ng- ~uron y autora ~ograp y, an

the impurity contained about 11% of the activity. The impurity was

eventually identified as l4C-triuron and was due to a l4C-trichloro

14aniline impurity in the C-DCA. This appendix describes a single-

step microsynthesis of l4C-ring-labeled-diuron from l4C_DCA and

. f h l4C d' d l4C' b l' 1separat~on 0 t e - ~uron an -tr~uron y a um~na co umn

chromatography.
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MATERIALS AND METHODS

The silica gel TLC sheets and TLC procedures were the same as

described in chapter III, unless otherwise specified. Radioactivity

was measured by the methods described in chapter II.

Sources and Purification of l4C-Carbonyl-Diuron

E. I. DuPont De Nemours and Co., Inc. donated l4C-carbonyl-diuron

with a specific activity of 0.96 mCi/rnrnol. It had a radiochemical

purity of 98% and contained 1.5% monomethyl diuron by TLC analysis

with benzene-acetone (2:1). This l4c-carbonyl-diuron was used without

purification for the extraction experiments of chapter II.

The United States Department of Agriculture, Agricultural Research

Service Metabolism and Radiation Research Laboratory at Fargo, North

Dakota donated 0.1 mCi of l4C-carbonyl-diuron with a specific activity

of 4.0 mCi/rnrnol. Radiochemical purity of the l4C-carbonyl-diuron was

checked by TLC analysis, and it contained some monomethyl diuron and

a large amount of an impurity with a Rf larger than diuron. The

l4C-carbonyl-diuron was purified on a preparative TLC plate from EM

Reagents (silica gel 60, F-254, layer thickness 0.5 rnrn, 20 by 20 ern,

with glass support). The l4C-carbonyl-diuron solution was evaporated

to a small volume and applied to the plate as a band. The plate was

developed twice for 10 em in benzene-acetone (80:20 v/v). The zones

which contained diuron, monomethyl diuron, and the high Rf impurity

were separately scraped off the plate and eluted with acetone. Radio

chemical purities of the separated compounds were measured with the TLC

procedures described in chapter III. The impurity with a high Rf was
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identified by TLC co-chromatography and its mass spectrum by ~he

procedures described in appendix 1.

Synthesis and Purification of l4C-Ring-Diuron

Th l4C ' d' 'f' db' TLC' h be -r~ng- ~uron was pur~ ~e y preparat~ve ~n t e pu -

lished synthesis (Elder and Koch, 1977). Pyridine and acetonitrile

were purified by distillation, and the acetonitrile was dried with

phosphorus pentoxide before distillation. Dimethylcarbamoyl chloride

was purchased from Eastman. (Caution: Dimethylcarbamoyl chloride may

be a carcinogen and causes skin, eye, and respiratory irritation.)

Labeled DCA (ring-U-14C, 4.5 mCi/mmol) was purchased from California

Bionuclear Corporation, and it had a stated radiochemical purity of 98%.

The l4C_DCA had been stored in benzene to reduce radiolysis.

Forty-five milliliters of the benzene solution were evaporated to

about 0.1 mI. One milliliter of acetonitrile, 0.2 ml of pyridine, and

0.3 ml of dimethylcarbamoyl chloride were added, and the solution was

kept in the dark at 20-22 C for 3 days. The reaction mixture was

diluted with 50 ml of 2 N aqueous hydrochloric acid, and the product

was extracted with three 10-ml portions of dichloromethane. The com-

bined dichloromethane extracts were spotted on a preparative TLC plate

from EM Reagents (silica gel 60, F-254, 0.5 rom layer thickness on glass

support), which was developed twice for 10 em with benzene-acetone

(80:20 v/v). The zones corresponding to diuron and monomethyl diuron

were scraped off the TLC plate and eluted with acetone. The identities

of the l4C-ring-diuron and l4c-ring-monomethyl diuron were confirmed by

mass spectroscopy as described in appendix 1. Radiochemical purity was
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initially measured by cutting TLC strips into 2 rom segments (Elder and

Koch, 1977).

After the l4C-triuron was detected by autoradiography of TLC

sheets, resolution of l4C-triuron and l4C-diuron was checked with

several TLC developing solvents. The resolution and amount of

l4C-triuron were determined by autoradiography and liquid scintillation

counting of TLC spots.

The l4C-triuron was separated from l4C-diuron by alumina column

chromatography. The alumina column was 40 g of neutral alumina AG7,

100-200 mesh, activity IV from Bio-rad Laboratories in a 1.8 cm I.D.

glass column. The mixture of l4C-diuron and l4C-triuron was dissolved

in 7 ml of benzene-hexane (3:1) and applied to the alumina column.

The column was eluted first with 400 ml benzene-hexane (3:1) and then

with 300 ml benzene. Activities of 10 to 25 ml fractions from the

alumina column were monitored, and the l4C-triuron eluted before the

l4C-diuron but was not completely resolved from diuron. The l4C-triuron

1 d · 300 410 1 . f l4C· d l4C d' .e ute 1n - m, a m1xture 0 -tr1uron an - 1uron 1n

410-450 ml, and l4C-diuron in 450-600 ml from the alumina column.

Th ., f l4C d' d l4C' fl' 1e pur1t1es 0 - 1uron an -tr1uron a ter a um1na co umn

separation were checked by TLC and by GLC with the 2% SE-30 column

described in appendix 3. The l4C-triuron impurity was identified by

its mass spectrum and was introduced into the mass spectrometer through

a gas chromatograph (appendix 3) and on a solid probe (appendix 1).

After alumina column separation, the l4C-triuron was hydrolyzed

. d . l4C . hI . 1 . f " h .to 1tS correspon 1ng -tr1c oroan1 1ne or compar1son W1t an 1m-

purity detected in l4C-DCA. The l4C-triuron was refluxed for 12 hr in
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aqueous 6 N hydrochloric acid. After cooling, the aqueous solution was

made alkaline and extracted with chloroform or hexane. The chloroform

extracts were analyzed by TLC, and the hexane extracts by GLC. The TLC

and GLC analyses were the same as described below for l4C_DCA•

The purity of l4C_DCA was checked by TLC and GLC. The developing

solvents for the silica gel TLC sheets were benzene-acetone (2:1 v/v)

and benzene-ethyl acetate (5:1 v/v) (Fishbein, 1967). The purity of

l4C_DCA was checked on the two GLC columns described in table 27. The

detector was an electron capture detector with 63Ni foil from Tracor.

After the l4C-triuron had been identified, another 0.1 mCi of

l4C_DCA was purchased from California Bionuclear Corporation. The

l4C-ring-diuron synthesis was repeated in order to confirm that the

synthesis could produce high purity l4C-ring-diuron. This second

synthesis was the same as the first with the following exceptions.

The dimethylcarbamoyl chloride was purified by distillation to reduce

the yield of l4c-ring-monomethyl diuron. The purity of the l4C_DCA

was checked by GLC before the start of the synthesis. The impure

l4C-ring-diuron from the second synthesis was purified with the alumina

column procedure described above for separating l4C-diuron and l4C_t r i_

uron instead of the preparative TLC of the first synthesis.

(14 C)-triuron monomethyl (3-(3,4,5-trichlorophenyl)-1-methylurea)

was a probable degradation product of l4C-triuron and was synthesized

by a simple procedure. The l4C-triuron was converted to a formyl

derivative by reflux with N-methylformamide, and the formyl group was

removed by mild hydrolysis to produce the l4C-triuron monomethyl. About

10 ~g of l4C-triuron were dissolved in 5 ml xylene and 0.5 ml N-methyl

formamide, and the solution was refluxed for 1 hr. After cooling, the



Table 27

Separation of DCA and Trichloroaniline Isomers

by Gas-Liquid Chromatography (GLC)

Column A: 5% SE-30 on Gas Chrom Q (60/100 mesh),
112 em glass column, 4 rom I.D., nitrogen
carrier gas 39cc/min. Temperatures:
injector 210 C, column 170 C,
detector 230 C.

Column B: 5% OV-225 on Gas Chrom Q (80/100 mesh),
122 em glass column, 4 mm I.D., nitrogen
carrier gas 60 cc/min. Temperatures:
injector 220 C, column 200 C,
detector 244 C

Column

159

Compound A B

Retention Time (Min)

3,4-dichloroaniline (DCA) 2.11 2.7

2,4,6-trichloroani1ine (TCA) 1.95 1.18

2,4,5-trichloroani1ine (TCA) 3.07 3.12

2,3,4-trichloroani1ine (TCA) 3.45 3.85

14C . hI '1' 4.63 7.07-tr1c oroan1 1ne
(probably 3,4,5-TCA)
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solution was evaporated to a small volume with a stream of air at room

temperature. Fifteen milliliters of 0.5 M aqueous sodium hydroxide

were added, and the solution was heated at 70 C for 25 min. After

cooling, the aqueous solution was made up to 100 ml with distilled

water and extracted three times with 5 ml chloroform. The combined

chloroform extracts were evaporated to dryness, and the residue was

transferred to an alumina column which contained 10 g of neutral alumina

(activity IV) 100-200 mesh in a 1.8 em I.D. glass column. The alumina

column was eluted with 100 ml benzene and then with 100 ml of benzene

chloroform (1:1 v/v), and the l4C-triuron monomethyl eluted from the

alumina column in the last 75 ml of benzene-chloroform (1:1). An

, 1 f l4C' d" . d h h thequ1va ent amount 0 pure -r1ng- 1uron was carr1e t roug ese

same synthetic procedures to confirm that the l4C-diuron would be

14converted to C-monomethyl diuron.

D dat i f h l4C ' d' 1 l4C' , ,egra at10n 0 t e -r1ng- 1uron p us -rlng-bduron m1xture

in soil had produced a TLC spot between diuron and monomethyl diuron

with benzene-acetone (2:1) development (chapter III). This compound

with a Rf between diuron and monomethyl diuron was tentatively identi-

f " d Lth h h' d l4C ' h 1 S '1 f1e W1t t e synt eS1ze -tr1uron manomet y. 01 extracts 0

the l4C-ring-diuron fortified Molokai soil after 6 months were over

spotted with the l4C-triuron monomethyl to check for co-chromatography.

The Rf values of l4C-triuron monomethyl were also measured in the

chloroform based solvents listed in table 10.
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RESULTS AND DISCUSSION

Purification of l4C-Carbonyl-Diuron

As received, the l4C-carbonyl-diuron (specific activity 4.0 mCil

mmol) from the Metabolism and Radiation Research Laboratory contained

44% diuron, 12% monomethyl diuron, and 42% of an impurity with a Rf

value greater than diuron. After preparative TLC, about 43 ~Ci of

l4C-carbonyl-diuron were obtained, and its radiochemical purity by

TLC was about 97%. This l4C-carbonyl-diuron was used in the soil

degradation experiment described in chapter III.

Th . l4C b l' 't 'd 'f' d th 1 b te major -car ony 1mpur1 y was 1 ent1 1e as e y car ama e

of DCA (ethyl 3' ,4'-dichlorophenylcarbamate) by TLC co-chromatography

and mass spectroscopy. After preparative TLC purification, more than

99% of the l4C-impurity co-chromatographed with a reference standard

of ethyl carbamate of DCA when benzene-acetone (2:1) was the TLC

14developing solvent. The C-compound and standard ethyl carbamate of

DCA had matching mass spectra with molecular ions at mle 233, base

peaks at mle 29, and other peaks at mle 27, 45, 63, 133, 161, and 174.

The ethyl carbamate of DCA was probably formed by radiolysis during

storage in or transfer with ethyl alcohol. Substituted phenyl ureas

can be converted to carbamates by hot alcohol solutions or by exposure

to light (Lee and Fang, 1971; Sidwell and Ruzicka, 1976).

Synthesis and Purification of l4C-Ring-Diuron

Th d ' h ' 1 'ld f l4C 'd' 71% f h f'e ra 10C em1ca Y1e 0 -r1ng- 1uron was 0 or t e 1rst

synthesis with preparative TLC purification, and the starting amount

of l4C-DCA had been 3.2 mg. The radiochemical yield of l4C-ring-

h 1 d ' 9 5% Th l4C 'd' d l4C 'monomet y 1uron was • o. e -r1ng- 1uron an -r1ng-
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monomethyl diuron were identified by mass spectroscopy and TLC co-

chromatography, but the TLC strips had been cut into 2 mm segments

rather than being visualized by autoradiography (Elder and Koch, 1977).

Af h l4C 0 0 "d Of' d .., h l4Cter t e -r1ng-tr1uron was 1 ent1 1e as an 1mpur1ty 1n t e -

ring-diuron, the original mass spectrum of the l4C-diuron plus l4C_

triuron mixture was reexamined and was found to contain the molecular

ion of triuron at m/e 266. The molecular ion of l4C-triuron was about

1/10 as intense as the molecular ion of l4C-diuron and had not been

noticed initially because of background interferences.

After the l4C-triuron was detected by autoradiography of TLC

sheets, TLC solvents were tested for resolution of diuron and triuron.

The Rf values of l4C-diuron and l4C-triuron, respectively, were the

following: benzene-acetone (2:1) 0.42 and 0.48; chloroform-ethanol

(95:5) 0.36 and 0.36; benzene-dioxane-ethanol (75:20:5) 0.34 and 0.38;

ethyl acetate 0.41 and 0.47; and double development in benzene-acetone

(80:20) for 10 cm 0.52 and 0.60. The radiochemical contents of the

impure l4C-ring-diuron were 89% l4C-ring-diuron and 11% l4c-ring-triuron,

d h · 0 l4C 0 d' dOl 11 0an t 1S 1mpure -r1ng- 1uron was use 1n a most a exper1ments

reported in this dissertation.

After alumina column separation, the l4C-triuron was about 98%

radiochemically pure by TLC. The l4C-triuron contained only a trace of

diuron by GLC analysis on a 2% 8E-30 column with electron capture

detection. When the l4C-triuron was analyzed by gas chromatography-

mass spectroscopy, the triuron completely decomposed in the GLC column,

and the only compound detected by mass spectroscopy was trichlorophenyl

isocyanate (molecular ion m/e 221). When the l4C-triuron was introduced
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into the mass spectrometer on a solid probe, a molecular ion at mle 266

with three chlorines and a base peak at mle 72 as well as the trichloro-

phenylisocyanate ion at mle Z2l were observed. This mass spectrum con

firmed that the l4C-triuron had one more chlorine on the aromatic ring

than diuron.

The14C-triuron after alumina column separation was hydrolyzed to

its corresponding l4C-trichloroaniline in order to identify the tri

chloroaniline isomer and to locate the source of the l4C-triuron. The

l4C_TCA did not co-chromatograph with DCA when the TLC sheets were

developed in benzene-ethyl acetate (5:1), but the l4C_TCA and DCA spots

were not resolved. The l4C-trichloroaniline had a longer GLC retention

time than DCA and the reference TCA isomers listed in table 27. The

. . . . l4C DCA 'd 'f' d . h h l4C . hI '1'major 1mpur1ty 1n - was 1 ent1 1e W1t t e -tr1c oroan1 1ne

from l4C-triuron hydrolysis as described below.

When the I4C-DCA from California Bionuclear was analyzed by the

GLC columns listed in table 27, it had a major impurity peak with a

retention time much longer than DCA but which did not match the available

reference isomers of TCA. The impurity peak was basic because it was

not extracted from 6 N aqueous hydrochloric acid by hexane but was

completely extracted from alkaline solution by hexane. The impurity

14peak from C-DCA was actually larger than the DCA peak because of the

high sensitivity of the electron capture detector to highly chlorinated

compounds. The impurity peak from l4C-DCA co-chromatographed with the

l4C-trichloroaniline from l4C-triuron hydrolysis on GLC columns A and B

of table 27. The activity of the l4C_DCA impurity peak was calculated

from the peak area of the l4C-trichloroaniline from l4C-triuron
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hydrolysis, and the impurity was estimated to contain 11% of the activity

of l4C_DCA. Although the l4C-DCA appeared to be pure by TLC, the

l4C . hI 'I' ., b bl t d db'-tr~c oroan~ ~ne ~mpur~ty was pro a y no etecte ecause ~t was

not easily resolved from DCA by TLC. Thus, the source of l4C-triuron

d · h h' f l4C . d' l4C' hI 'I'ur~ng t e synt es~s 0 -r~ng- ~uron was a -tr~c oroan~ ~ne

impurity in the l4C_DCA•

The l4C-impurity in the l4C_DCA was probably (14 C)-3,4,5-trichloro-

aniline, although it could not definitely be confirmed because a refer-

ence standard was not commercially available. There are six possible

trichloroaniline isomers, and the l4C-TCA was definitely not 2,3,4-TCA;

142,4,5-TCA; or 2,4,6-TCA because the C-TCA had a much longer GLC

retention time than reference standards of these TCA isomers (table 27).

There are two indirect reasons for believing that the l4C-trichloro-

aniline did not contain a chlorine ortho to the amino group. First,

the mass spectra of substituted phenyl ureas with an ortho chlorine

usually have peaks at (M-Cl)+ from elimination of the ortho chlorine

(Benson and Damico, 1968). For example, the unlabeled 2,3,4-triuron

which was synthesized from unlabeled diuron in appendix 1 had an ion

at mle 231 from a single chlorine elimination. The mass spectrum of

the l4C-triuron had no ion at mle 231 from chlorine elimination. Second,

an ortho chlorine reduces the nucleophilicity of the aniline, and it

would not readily react with dimethylcarbamoyl chloride to form an

urea. For example, the yield of urea from 2,4,5-TCA was very low when

the reaction conditions were the same as for the synthesis of diuron.

Since the l4C-TCA in the l4C_DCA did react readily with dimethylcarba

moyl chloride, the l4C_TCA probably did not contain an ortho chlorine.
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The l4C-TCA impurity in the 14C_DCA was probably (14 C)-3,4,5-trichloro-

aniline, although the 2,3,5-TCA and 2,3,6-TCA isomers cannot be abso

lutely excluded. The l4C-triuron was probably (14c-ring)-3-(3,4,5-tri

chlorophenyl)-l,l-dimethylurea. The probable structures of l4C-triuron

and l4C-triuron monomethyl (3-(3,4,5-trichlorophenyl)-1-methylurea) are

illustrated in figure 14.

Th hes I f l4C . di d . h d h'e synt eS1S 0 -r1ng- 1uron was repeate W1t a secon s 1p-

ment of l4C_DCA. The second shipment of l4C_DCA from California Bio-

nuclear Corporation also contained about 11% of an impurity which co

chromatographed by GLC with the l4C_TCA from 14C-triuron hydrolysis

(table 27). Reaction of dimethylcarbamoyl chloride with the impure

14C_DCA produced a mixture of l4C-diuron and l4C-triuron. After

1 · I . f' . b 67 C' f l4C . d'a um1na co umn pur1 1cat10n, a out ~ 1 0 -r1ng- 1uron were

obtained from the 100 ~Ci of 14c-DCA• Radiochemical purity was checked

by TLC with double development in benzene-acetone (80:20 v/v) and by

single development in chloroform-ethanol (95:5 v/v). The purified

14C-ring-diuron had a radiochemical purity of about 99% and contained

about 0.2% l4C-triuron. This repetition of the synthesis established

that high purity l4C-ring-labeled-diuron could be synthesized from mg

amounts of l4C-DCA, when the l4C-ring-triuron was removed by alumina

column chromatography. If the l4C_DCA had been pure, the l4c_ring_

diuron could have been purified by less difficult alumina column or

preparative TLC procedures, and the yield would have been larger.

Th 'f' d 14C . d l4C . h 1e pur1 1e -tr1uron was converte to -tr1uron monomet y

'th . I h' Wh l4C . d' . dW1 a s1mp e synt et1c sequence. en -r1ng- 1uron was carr1e

through the same synthetic sequence, it was converted to a l4C-compound
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Fig. 14. Probable Structures of 14C-Ring-Labeled-Triuron and

14c-Ring-Labeled-Triuron Monomethyl
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which co-chromatographed with standard monomethyl diuron, which estab

lished the validity of the synthetic sequence. The l4C-triuron mono

methyl co-chromatographed on TLC strips with l4c-ring-labeled-compound

which was detected between diuron and monomethyl diuron in extracts of

ring-labeled-diuron treated soils but which did not occur in carbonyl

diuron treated soils. Thus, the l4c-ring-compound which had a Rf be-

tween diuron and monomethyl diuron by TLC with benzene-acetone (2:1)

was tentatively identified as triuron monomethyl. Triuron should be

demethylated to triuron monomethyl by analogy with diuron degradation.

SUMMARY

Ethyl carbamate of DCA (ethyl 3' ,4'-dichlorophenylcarbamate) was

a major impurity of the l4C-carbonyl-diuron which had been donated by

the ARS Radiation and Metabolism Laboratory. The ethyl carbamate of

DCA had probably formed by radiolysis of l4C-carbonyl-diuron during

storage in or transfer with ethanol. After preparative TLC, radio

chemical purity of the l4C-carbonyl-diuron was 97%.

The l4C-ring-labeled-diuron which had been synthesized from

l4C-DCA was still impure after preparative TLC. The impure l4C-ring-

diuron, which had been used in the soil degradation study of chapter

III, contained 89% l4C-ring-diuron and 11% l4C-ring-triuron (3-(3,4,5

trichlorophenyl)-l,l-dimethylurea). The l4C-triuron had formed from

a l4C-trichloroaniline impurity of the l4C_DCA. The l4C-diuron and

l4C-triuron were separated by alumina column chromatography. Some

l4C-triuron monomethyl (3-(3,4,5-trichlorophenyl)-1-methylurea) from

demethylation of triuron was detected in extracts of soils fortified with

h " " f l4C "d" d l4C" "t e 1mpure m1xture 0 -r1ng- 1uron an -r1ng-tr1uron.
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APPENDIX 3.

EVALUATION OF GAS-LIQUID CHROMATOGRAPHIC (GLC) COLUMNS FOR

ANALYSIS OF INTACT DIURON AND RELATED COMPOUNDS

INTRODUCTION

Many gas-liquid chromatographic (GLC) methods have been published

for diuron, but the identity of the GLC peak from diuron injections has

not always been clear. In many cases, diuron decomposed to 3,4-dichloro

phenylisocyanate (DCP isocyanate) when injected into the GLC column

(Saunders and Vanatta, 1974; Buchert and Lokke, 1975; Jarczyk, 1975).

Others have claimed that the GLC peak from diuron injection was intact

diuron, but these claims have been disputed (Henkel, 1966; McKone and

Hance, 1969; Onley et al., 1968; McKone, 1969, Khan et al., 1976b). Two

recent publications reported direct GLC determination of substituted

phenyl ureas similar to diuron without decomposition and the GLC peaks

were identified as the intact urea compounds by gas chrornatography-

mass spectroscopy (GC-MS) (Buser and Grolimund, 1974; Khan et al., 1975).

In order to detect GLC peaks from the intact urea compounds, the columns

had to be treated with Silyl-8, a silanating reagent which deactivates

polar sites on the solid support and glass surfaces. Extensive silani

zation was also required for GLC analysis of thermally unstable carba

mates (Williams, 1971).

A specific GLe method for diuron analysis in soils would be useful

for the evaluation of phytotoxic soil residues. Alkaline hydrolysis is

the accepted method for substituted urea herbicide residues in plants
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but is nonspecific and greatly overestimates phytotoxic soil residues

(chapter I). Residues of urea herbicides in soils can be specifically

determined by high-pressure liquid chromatography (HPLC) (Farrington

et al., 1977), but HPLC is not as frequently used for pesticide residue

analysis as GLC due to low sensitivity and interferences because detec

tion is usually based on ultraviolet absorption. After the free N-H

of diuron is methylated, the methylated diuron can be determined by GLC

without decomposition, but the method is not specific because monomethyl

diuron and demethylated diuron are converted to the same derivative as

diuron (Greenhalgh and Kovacicova, 1975; Tanaka and Wien, 1973; Lawrence

and Laver, 1975; Buchert and Lokke, 1975; Lawrence, 1976). In a

recently published GLC method, an ethyl derivative of linuron was formed,

and application of this method to diuron might allow separate and

accurate determination of diuron, monomethyl diuron, and demethylated

diuron (Glad et al., 1978).

The objective of this study was to determine whether underivatized

diuron could pass through a GLC column without decomposition to DCP

isocyanate. GLC chromatograms were initially evaluated for evidence

of decomposition and an intact diuron peak. Diuron is less volatile,

more polar, and should have a much longer retention time than DCA and

DCP isocyanate (Katz and Strusz, 1969; Weed Science Society of America,

1970). When injected into some GLC columns, diuron produced a peak

with a retention time much longer than DCA and DCP isocyanate, and this

peak was tentatively identified as intact diuron. The identity of the

peak with long retention time was confirmed by GC-MS for a 2% SE-30

column. Only the qualitative elution of intact diuron from GLC columns
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was evaluated. Quantitative accuracy and linear response of the intact

diuron peak were not determined, and peak shape was not optimized by

adjusting the injector temperature.

MATERIALS AND METHODS

Apiezon L, SE-30, XE-60, Carbowax 20M, and OV-17 liquid phases for

GLC were purchased from Applied Science, Inc. Gas Chrom Q and Chromo

sorb W solid supports, dimethy1dichlorosilane, and silane treated glass

wool were also purchased from Applied Science. Gas Pack FS was pur

chased from Chemical Research Services. Silyl-8 was purchased from

Varian Aerograph.

GLC columns were prepared according to the recommendations of

Liebrand and Dunham (1973). The columns were glass with 4 rom inner

diameter and were usually treated with dimethyldichlorosilane. The

liquid phases were usually coated on Gas Chrom Q (80/100 mesh), but

Chromosorb W (100/120 mesh) after modification with Carbowax 20M (Aue

et al., 1973) and Gas Pack FS (80/100 mesh) were also used. Gas Pack

FS is a silanized, Teflon coated diatomaceous earth, which should

eliminate tailing of polar compounds due to adsorption on the solid

support. For Silyl-8 treatment, the columns were heated to 150-200 C

with 10 to 20 cc/min of nitrogen carrier gas, and 20 ~1 of Silyl-8

were slowly injected five to ten times. In order to minimize pyrolysis,

columns were plugged with silanized glass wool, and no glass wool was

placed at the front of some columns.

The GLC columns were evaluated by injecting 5 ~l of standard

solutions containing from 1 to 100 ng of compound. Sources of compounds
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were given in appendix 1. Standard solutions were prepared by dissolving

50 mg of compound in 10 ml acetone and making serial dilutions with

benzene to the appropriate concentrations. The gas chromatograph was

from Micro Tek Instruments, Inc. with a 63Ni electron capture detector

from Tracor. The detector was maintained at about 240 C. The GLC

columns were evaluated at 130 to 170 C because other substituted ureas

had been analyzed in this temperature range (Buser and Grolumind, 1974).

Injections were on-column for short columns (35-40 cm) and into an

injection port for the 122 cm columns.

A 2% SE-30 on Gas Chrom Q (80/000 mesh) column was prepared for

gas chromatography-mass spectroscopy (GC-MS) of diuron and monomethyl

diuron. The column was silanized glass with an inner diameter of about

2 rom, and the packed length of the column was about 40 cm. The column

was conditioned at 250 C with 20 cc/min of nitrogen carrier gas for

2 days. After the column temperature was reduced to 150 C, the column

was treated 15 times with 20 ~l of Silyl-8 with 5-10 cc/min of nitrogen

carrier gas. Column conditions for GC-MS analysis were the following:

20 cc/min of helium carrier gas, injector temperature 180 C, column

150 C, and separator 170 C. Mass spectra were recorded with a Finnegan

Series 3000 GC Peak identifier, quadrupole mass spectrometer with

electron impact ionization at 69.5 electron volts.

RESULTS AND DISCUSSION

The GLC chromatogram from diuron injection depended on column

conditions. With conditions conducive to pyrolysis such as high injec-

tion port temperature and unsilanized active sites on the solid support,
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diuron rapidly decomposed and produced a GLC peak with almost the same

retention time as DCP isocyanate. With improved column conditions,

diuron slowly decomposed to produce a broad tail from the solvent peak

because of the short retention time of DCP isocyanate. If diuron

slowly but completely decomposed in the GLC column, the tail from the

solvent peak would return to the baseline when all diuron had decomposed.

If pyrolysis was reduced enough, there would be a small peak with long

retention time due to intact diuron after most diuron had decomposed

to DCP isocyanate in the column. With good conditions, almost no

diuron decomposed to DCP isocyanate, and there was no tail from the

solvent peak or elevated baseline between the solvent peak and intact

diuron peak. The intact diuron peak had a much longer retention time

than DCA and DCP isocyanate.

Columns which were evaluated for intact diuron analysis are listed

in table 28. The solid support was Gas Chrom Q (80/100), unless other

wise noted in a footnote to the table. The flow rate of nitrogen carrier

gas was 40 to 50 cc/min for columns #1-3 and 100 cc/min for columns #4

12. The injector temperature was 200 to 215 C for columns #1-3 and

124 to 199 C for columns #4-12. Columns #4-12 were treated with Silyl-8

but columns #1-3 were not treated with Silyl-8. Examples of the GLC

chromatograms are shown in figure 15 and 16. Diuron completely decom

posed to produce a tail from the solvent peak in the 2% SE-30/0.05% XE

60 column (column #8 in table 28) before Silyl-8 treatment (figure 15).

After Silyl-8 treatment, a large intact diuron peak was observed with

the same column and conditions, and there was little tailing from the

solvent peak or baseline elevation between the solvent peak and the



Table 28

GLC Columns Tested for Analysis of Intact Diuron

Retention Time (min)

Column Liquid Phase Column Column Diuron Intact
Number Length Temperature DCP

(cm) (C) isocyanate DCA Pyrolysis Diuron
Peak Peak

No Si1yl-8 Treatment

1 20% Apiezon L 122 210 4.2 5.9 4.35 ***
n.o.***

2 5% SE-30 122 160 2.05 3.3 2.15 n.o.
3 1.5% XE-60 40 75-190* 4.9 11. 7 s.d.+ ***n.o.

Si1yl-8 Treated

4 Carbowax 20M** 35 150 <1.0 1.12 s.d.+ ***n.o.
5 3% OV-17** 33 170 -0.3 -0.7 s.d.+ n.o.***
6 2% SE-30/0.2% Carbowax 20M 35 150 <0.2 0.8 s.d.+ ***n.o.
7 1.5% XE-60 34 150 <0.5 0.56 s.d.+ 29.0
8 2% SE-30/0.05% XE-60 33 150 <0.3 -0.15 *** 3.21n.o.
9 5% SE-30 122 160 0.9 1.4 0.9 20.8

10 2% SE-30 37 150 <0.3 <0.25 *** 2.4n s o ,
11 1. 5% SE-30 34 130 <0.3 0.2 *** 5.2n.o.
12 4% SE-30-H+ 35 150 0.8 n.d.++ s.d.+ 17 .5

*Temperature programmed from 75 to 190 C at 5 Cimino
**Co1umn packing or solid support was Carbowax 20M-modified Chromosorb W (100/120 mesh).

*** b d f d' ",n.o. - not 0 serve rom 1uron 1nJect1on.
+s.d. - slow decomposition to produce tail from solvent peak.

++n.d. - not determined.
+++Solid support was Gas Pack FS (80/100 mesh).

I-'
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intact diuron peak (figure 16).

Diuron completely decomposed in many columns, and no intact diuron

pead was observed for these columns. Gas chromatography of intact

diuron was reported to be possible with the 20% Apiezon L (column #1

in table 28) and 5% SE-30 columns (#2 in table 28) (Onley et al., 1968;

McKone, 1969), but diuron rapidly decomposed to DCP isocyanate in both

of these columns. The pyrolysis peak from diuron decomposition had

almost the same retention time as DCP isocyanate and a shorter retention

time than DCA. The published retention time of the "diuron" peak was

also shorter than DCA for the Apiezon L column (Onley et al., 1968),

which is unlikely because of the high volatility of DCA. After Silyl-8

treatment and increasing nitrogen flow to 100 cc/min, an intact diuron

peak was observed at 20.8 min on the 5% SE-30 column (#9 in table 28),

although most diuron slowly decomposed to DCP isocyanate in the column.

The retention time of the intact diuron peak on the 5% SE-30 column was

more than 10 times as long as the retention times of DCP isocyanate and

DCA. The 20% Apiezon Land 5% SE-30 columns, as normally prepared and

operated, measure the DCP isocyanate from diuron pyrolysis rather than

intact diuron.

Some substituted phenyl ureas had been analyzed without decomposi

tion on a 1.5% XE-60 column with temperature programming (column #3 in

table 28) (Katz and Strusz, 1969). Diuron produced a broad smear from

slow decomposition on this column, and no intact diuron peak was ob

served. The substituted ureas analyzed by Katz and Strusz (1969) were

probably more stable for GLC analysis than diuron for reasons which are

discussed with column #7.
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Diuron completely decomposed on all columns containing Carbowax

20M. Column #4 was a very thin coating of Carbowax 20M on Chromosorb W

prepared according to Aue et al. (1973). Although this Carbowax 20M

modified Chromosorb W column was successful for thermally unstable

carbamates (Lorah and Hemphill, 1974), diuron decomposed completely

in the column. The Carbowax 20M-modified Chromosorb Wwas coated with

3% OV-17 for column #5, but diuron also decomposed completely in this

column. A small intact peak from monomethyl diuron was observed at

57 min on the 3% OV-17 column after Silyl-8 treatment, but most mono

methyl diuron decomposed in the column. Column #6 was 2% SE-30jO.2%

Carbowax 20M on Gas Chrom Q. The small amount of Carbowax 20M was

added to reduce tailing of polar compounds (Mon et al., 1967), but

diuron decomposed completely on this column also. Diuron will

apparently decompose on any GLC column which contains even a small

amount of highly polar liquid phase.

An intact diuron peak was observed on a short, isothermal 1.5%

XE-60 on Gas Chrom Q column after Silyl-8 treatment (column #7), but

most diuron decomposed in the column. The retention time of diuron,

29 min, was also too long for practical analysis. With the same analysis

conditions as diuron, linuron was stable and had an acceptable retention

time, 6.75 min. The retention times of other urea compounds on the

1.5% XE-60 column were the following: formyl derivative of diuron

10.0 min and monomethyl diuron 109 min. An intact peak from demethyl

ated diuron was observed when the column temperature was raised to

190 C, although there was considerable decomposition at this temperature.

Linuron was analyzed on a 1.5% XE-60 column, and the GLC peak was
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identified as intact 1inuron by GC-MS (Khan et a1., 1975). Linuron is

the same compound as diuron except that one methyl group is replaced

with a methoxy group, but 1inuron is apparently more stable at high

temperatures, is easier to analyze by GLC, and has a shorter retention

time than diuron. Although direct measurements of thermal stability

have indicated the opposite, direct GLC analysis of N-methoxy,N-methy1

ureas has been easier than analysis of N,N-dimethylureas (Buser and

Grolimund, 1974). Linuron was analyzed by Katz and Strusz (1969) on

1.5% XE-60 and 5% SE-30 columns, but the response of diuron was poor

on both of these columns.

Short columns with low loadings of nonpolar SE-30 on Gas Chrom Q

were the best columns for diuron analysis, which has also been reported

for other substituted ureas (Buser and Grolimund, 1974). The 5% SE-30

column (#9) was the same column as #2 except that it was treated with

Si1yl-8. After Si1yl-8 treatment of the 122 cm 5% SE-30 column, an

intact diuron peak was observed at 20.8 min, but there was still some

diuron decomposition in the column. The retention time of diuron was

reduced by shortening the column to 34-37 em and reducing the amount

of SE-30 to 1.5-2% (columns #10 and 11). Retention times of the intact

diuron peak were 2.4 and 5.2 min with column temperatures 150 and 130 C,

and there was very little diuron decomposition in these columns (#10

and 11). Diuron peak shape was good on the 1.5-2.0% SE-30 columns, but

monomethy1 diuron tailed severely. A small amount of XE-60 (0.05%) was

added to 2% SE-30 for column #8, but the small amount of XE-60 had

little effect on diuron decomposition or tailing of monomethyl diuron.

GLe chromatograms of diuron on the 2% SE-30{O.05% XE-60 column were
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shown in figures 15 and 16.

Column #12 was 4% SE-30 on Gas Pack FS. Gas Pack FS was a

diatomaceous earth solid support which had been coated with Teflon

and silanized, and it should eliminate the tailing of polar compounds.

There was an intact diuron peak with this column, but most diuron de

composed in the column. Gas Chrom Q was a better solid support than

Gas Pack FS for diuron analysis.

GLC of intact diuron without decomposition was possible only with

carefully chosen conditions. The liquid phase had to be nonpolar like

SE-30, and diuron will probably decompose on liquid phases as polar

or more polar than XE-60. The column had to be short, about 40 cm,

and the liquid phase loading low for acceptable retention times. The

solid support had to be a carefully deactivated diatomaceous earth

such as Gas Chrom Q. Silyl-8 treatment of the column was essential,

and no intact diuron peak was observed on any column which had not

been treated with Silyl-8. Even with a good column, diuron decomposi

tion was rapid at temperatures above 160 C.

Compounds related to diuron were resolved by the 2% SE-30 column

(#10). DCP isocyanate and DCA were not separated from the solvent

peak and had retention times of less than 0.3 min. Linuron and the

formyl derivative of diuron did not decompose in the column, had good

peak shapes and had shorter retention times than diuron. Monomethyl

diuron had a retention time more than twice as long as diuron and

usually tailed severely. The tailing of demethylated diuron was so

severe that no peak was observed at a column temperature of 150 C, but

a broad peak was observed when the column temperature was raised to
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170 to 190 C in order to reduce tailing. Monomethyl diuron and

demethylated diuron did not decompose to DCP isocyanate as readily

as diuron but tailed severely because of adsorption to polar sites in

the column. Of the urea compounds tested t diuron decomposed most easily

in the GLC column.

GLC peaks from intact diuron and monomethyl diuron with the 2%

SE-30 on Gas Chrom Q column were confirmed by GC-MS. The retention

time of diuron on the GC-MS column was 6.3 min, and the mass spectrum

of the intact diuron peak had a molecular ion at mle 232 and base peak

at mle 72. The retention time of monomethyl diuron on the GC-~1S

column was about 14 min, and the mass spectrum of the monomethyl diuron

peak had a molecular ion at role 218, base peak at mle 161, and an ion

from methyl isocyanate at mle 58. The retention time of the monomethyl

diuron peak was somewhat variable because of the severe tailing, and

so retention times were longer for smaller amounts of monomethyl diuron.

The retention times on the GC-MS column were not comparable to the

retention times in the gas chromatograph with electron capture detection

(GC-EC) in table 28 because of different column inner diameters and

different carrier gas flow rates. In addition t the GC-EC carrier gas

was nitrogen while the GC-MS carrier gas was helium. A much larger

portion of diuron and monomethyl diuron decomposed to DCP isocyanate

in the GC-MS column than the GC-EC column. Larger amounts of compounds

were injected into the GC-MS than the GC-EC column t but larger amounts

should reduce the percent decomposition if decomposition is catalyzed

by active surfaces. Before GC-MS analysis, the column had been stored

for about a week after Silyl-8 treatment at room temperature. Some
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silyl groups which deactivate the solid support may have been hydrolyzed

during this period, but injection of Silyl-8 into the GC-MS just before

some standards did not greatly reduce decomposition. During condition-

ing at 250 C, an o-ring seal had broken, and the GC-MS column may have

been exposed to the atmosphere at 250 C for 2 days. Although SE-30 is

generally considered to be resistant to oxidation, the column may have

been changed enough by this high temperature exposure to increase diuron

decomposition.

The 2% SE-30 column was used for several analyses. The retention

times on the 2% SE-30 column with electron capture detection (#10 in

table 28) were 2.4 min for l4C-diuron and 5.4 min for l4C-triuron. The

separation of l4C-diuron and l4C-triuron by alumina column chromato-

graphy was monitored with this GC-EC column (appendix 2). Monomethyl

diuron in soil extracts was quantitatively determined from peak areas

with the column at 170 C and electron capture detection. The column

temperature was raised to 170 C in order to reduce tailing of monomethyl

diuron. This GLC analysis provided an indirect measure of residual

monomethyl diuron in soil from field applications of diuron (appendix 4).

14Identification of C-monomethyl diuron from soil degradation of diuron

was confirmed with a 2% SE-30 column by GC-MS (chapter III).

Although diuron can be analyzed with a 2% SE-30 GLC column without

decomposition, routine quantitative analysis of diuron with this column

will probably be difficult. The column would have to be specially

prepared because it is shorter than normal GLC columns. Repeated

Silyl-8 treatments would probably be required to minimize diuron de-

composition. Whenever the GC-EC column was removed from the gas
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chromatograph, the column had to be retreated with Silyl-8 when

reinstalled to reduce diuron decomposition to acceptable levels. For

unexplained reasons, decomposition of diuron and monomethyl diuron ill

the GC-MS column was large, which was an example of the difficulties of

completely eliminating diuron decomposition in the GLC column. The

quantitative accuracy of diuron analysis and the effect of soil and

plant extracts on the 2% SE-30 column were not studied, but accuracy

and reliability will probably be poor because of variable diuron de

composition in the column.

For evaluation of phytotoxic diuron soil residues, GLC determination

of the DCP isocyanate from diuron pyrolysis is probably acceptable. If

the inlet temperature is high (about 260 C), diuron will rapidly decom

pose to DCP isocyanate and prodt1ce a GLC peak with the same retention

time as DCP isocyanate. When DCP isocyanate from diuron pyrolysis is

measured, standard-sized columns can be used, and no derivatization is

required. The DCP isocyanate from diuron pyrolysis can be measured by

electron capture (EC) detection after alumina column cleanup (McKone,

1969; Green et al., 1977; Elder et al., 1979) or by alkali flame ioniza

tion detection (AFID) without cleanup (Khan et al., 1976b; Jarczyk,

1975). Diuron could be extracted from soil by the B-A-M-W procedure

(figure 2 in chapter II), but quicker methods would be adequate for

field samples. Soil samples could be extracted by shaking for 4 hours

with methanol, methanol-water (9:1), or acetone-water (9:1). The

extracting solvent could be filtered off and evaporated until an aqueous

solution remained, and the diuron could be extracted from the aqueous

solution into dichloromethane or chloroform. The residue from
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evaporation of the dichloromethane or chloroform extract could be cleaned

up for electron capture detection or analyzed directly by AFID. Hexane

should not be used as a solvent for diuron for reasons discussed in

appendix 5, but benzene or more polar solvents should be acceptable.

Measurement of DCP isocyanate from diuron pyrolysis is neither

specific nor highly accurate. Any urea compound which is not removed

during cleanup steps and which contains a 3,4-dichlorophenyl group

will also produce a DCP isocyanate peak by pyrolysis. The only major

degradation product of diuron in soil was monomethyl diuron (chapter

III). Analysis of phytotoxic soil residues should include monomethyl

diuron because it is about half as phytotoxic as diuron. Demethylated

diuron, which is not phytotoxic, should not interfere with diuron

analysis because only traces of demethylated diuron were detected in

soil (chapter III). The coefficient of variation of DCP isocyanate

peak areas from diuron pyrolysis was up to 20% (McKone, 1969; Buser and

Grolimund, 1974; Elder et al., 1979). This level of variation is

acceptable for measuring phytotoxic soil residues because the variation

in phytotoxicity is larger due to variable soil adsorption and other

factors. GLC measurement of diuron by pyrolysis to DC~ isocyanate is

a poor analytical method but is probably acceptable for evaluating

phytotoxic carry-over of diuron soil residues.

SUMMARY

Almost all published gas-liquid chromatographic (GLC) methods for

diuron measured the 3,4-dichlorophenylisocyanate (DCP isocyanate) from

diuron pyrolysis, but an intact diuron peak was observed with a 2% SE-30
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on Gas Chrom Q column. Si1yl-8 treatment, an inert solid support, a

short column, and low loading of a nonpolar liquid phase were required

to minimize diuron decomposition in the column. Linuron, a N-methoxy,

N-methy1urea, was easier to analyze by GLC without decomposition than

diuron, a N,N-dimethy1urea. GLC analysis of the DCP isocyanate from

diuron pyrolysis is probably acceptable for the evaluation of phytotoxic

diuron soil residues.
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APPENDIX 4.

RESIDUAL MONOMETHYL DIURON CONTENT OF HOLOKAI SOIL

FROM FIELD APPLICATIONS OF DIURON

INTRODUCTION

Labeled monomethyl diuron was identified by gas chromatography

mass spectroscopy (GC-MS) in soil extracts of l4C-carbonyl-diuron

treated Molokai soil after 6 months (chapter III). The amount of

monomethyl diuron measured by gas chromatography with electron capture

detection (GC-EC) was higher than expected from the radioactivity. The

low specific activity of the l4C-carbonyl-diuron in the soil extract

was probably caused by dilution with unlabeled monomethyl diuron which

persisted in the Molokai soil from previous field applications of

diuron, and the residual monomethyl diuron in the field soil was

estimated by isotope dilution. Estimation of monomethyl diuron by

isotope dilution was indirect and less accurate but required less work

than extraction and analysis of the Molokai blank soil.

MATERIALS AND METHODS

The l4C-carbonyl-diuron treated ~lolokai soil after 6 months was

extracted, and l4C-carbonyl-monomethyl diuron was isolated by alumina

column chromatography (chapter III). After alumina column purification,

the l4C-monomethyl diuron from the Molokai soil was 99% radiochemically

pure by TLC. There were few other peaks by GC-EC and GC-MS, and the

monomethyl diuron was identified by GC-MS (chapter III). A solvent
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blank without soil which was carried through the same procedures as the

soil extract had no peaks which interfered with the monomethyl diuron

by GC-EC.

For calculating specific activity, the total amount of monomethyl

diuron in the soil extract was measured by GC-EC with the 2% SE-30

column at 170 C, which was described in appendix 3. The peak areas

of duplicate injections were measured, and the monomethyl diuron con-

centration of the soil extract was calculated from peak areas of

standard solutions of monomethyl diuron. The activity of the soil

extract which had been analyzed by GC-EC was determined by liquid

scintillation counting. The specific activity was calculated by

dividing the dpm/ml of solution by the ~g of monomethyl diuron/ml

14of solution. The specific activities of pure C-carbonyl-monomethyl

diuron and pure l4C-ring-monomethyl diuron, which were described in

appendix 2, were measured by the same procedures as a check on

accuracy.

14The specific activity of the C-carbonyl-monomethyl diuron in

the soil extract was lower than the specific activity of the pure

14C-carbonyl-monomethyl diuron, and the lower specific activity of the

soil extract was probably due to dilution with unlabeled monomethyl

diuron from the Molokai soil. 14The ppm of C-monomethyl diuron in the

Molokai soil was estimated from TLC analysis and activity of the B-A-M-W

extract (chapter III). The residual monomethyl diuron content of the

Molokai soil from field applications of diuron was calculated with the

formula for isotopic dilution analysis (Wang and Willis, 1965):
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where Cl =amount of labeled monometbyl diu ron measured by the B-A-M-W

procedure, C2 =amount of residual monomethyl diuron in soil from field

14applications of diuron, Sl = specific activity of pure C-monomethyl

diuron, and S2 =specific activity of monomethyl diuron in soil extract.

RESULTS AND DISCUSSION

The measured as percent of expected specific activities were the

following: pure l4c-ring-monomethyl-diuron 107, pure l4C-carbonyl

14monomethyl diuron 87, and C-monomethyl diuron extracted from soil 35.

The expected specific activity was stated by the supplier of the radio-

chemical and assumed no dilution with unlabeled compound. The GC-EC

measurement of monomethyl diuron was reasonably accurate in spite of

tailing of the GLC peak because the measured and expected specific

activities of the pure compounds were close. The low specific activity

of the monomethyl diuron extracted from soil was probably due to dilution

with unlabeled compound. The residual soil content of unlabeled mono-

methyl diuron from field applications of diuron was estimated as 0.3 ppm

by the isotopic dilution formula.

The estimated monomethyl diuron content of the field soil was in

reasonable agreement with the kinetic model in chapter IV, although the

kinetic model did not accurately describe diuron degradation in the

Molokai soil. When the Molokai soil was sampled, the field was being

prepared for sugarcane planting, and so the last field application of

diuron was about 2 years before sampling. After sampling, the soil was
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incubated for 6 months in a growth chamber so the total period between

field application of diuron and estimation of residual monomethyl diuron

was about 30 months. The kinetic model discussed in chapter IV predic

ted that 14% of the initial diuron application would persist as mono

methyl diuron after 30 months. If field application of diuron was

equivalent to 5 ppm in the soil as assumed in chapter III, the kinetic

model predicted that the Molokai soil should contain 0.7 ppm of residual

monomethyl diuron, and 0.3 ppm was measured by isotopic dilution.

Diuron and monomethyl diuron must persist for a long time in field

soils in order for monomethyl diuron to be detectable about 30 months

after the last diuron application.

SUMMARY

Residual soil content of unlabeled monomethyl diuron was measured

by an indirect isotopic dilution method. The Molokai soil contained

about 0.3 ppm of monomethyl diuron from field applications of diuron

after 6 months incubation in the growth chamber, which may have been

about 30 months since the last field application of diuron.
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APPENDIX 5.

LIMITATIONS OF HEXANE AS A

SOLVENT FOR DIURON

INTRODUCTION

Khan et ale (1976b) reported lower chemical analysis than bioassay

of diuron in soil. They extracted diuron from soil with methanol.

After the methanol was evaporated to dryness, the residue was dissolved

in hexane for gas-liquid chromatographic (GLC) analysis. Diuron should

have a low solubility in hexane because diuron has a high solubility in

polar solvents such as acetone (53,000 ppmw) but low solubility in non

polar solvents such as benzene (1200 ppmw) (Weed Science Society of

America, 1970). Hexane is less polar than benzene, and the solubility

of diuron in hexane should be lower than in benzene. Diuron could also

be adsorbed to polar surfaces such as glass from hexane solution. The

objective of this experiment was to determine if the lower chemical

analysis than bioassay of diuron might have been due to losses of

diuron by incomplete dissolution in or adsorption from hexane.

MATERIALS AND METHODS

Adsorption of diuron from hexane solution to glass fiber filter

paper was determined. A hexane solution containing 0.2 ~g/ml of

l4c-ring-diuron was prepared, and 5 ml of the solution was filtered

through Whatman GF/C glass microfiber paper which was held on the

fritted glass support of a Pyrex microanalysis filter holder from
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Millipore Corporation. The activity of the solution before and after

filtration was determined by liquid scintillation counting.

The dissolution of diuron deposits in initial hexane washes and

in subsequent acetone washes was determined. A 0.5 ml acetone solution

of l4c-ring-diuron which contained either 2 or 80 ~g of diuron and a

known amount of activity was evaporated to dryness in a 50 ml beaker

with compressed air at room temperature. Each beaker was swirled

three times with 10 ml of hexane for 15 sec, and activities of the

combined hexane washes were measured. Each beaker was subsequently

swirled three times with 10 ml acetone, and activities of the combined

acetone washes were measured. Each treatment was done in duplicate.

RESULTS AND DISCUSSION

Diuron in hexane solution was mostly adsorbed to the glass fiber

filter paper. The filtered diuron solution had only 14% of the activity

of the hexane solution before filtration. The adsorption mechanism was

probably similar to silica gel thin-layer chromatography because glass

has a relatively polar surface and hexane is a nonpolar solvent. A

number of solvents which were more polar than hexane were filtered

through the same apparatus without any detectable adsorption of diuron,

but there was a small amount of adsorption from benzene solution

(chapter II, table 2).

The dissolution of diuron deposits in hexane and acetone washes

is presented in table 29. With 2 ~g of diuron, almost all activity

was in the initial hexane washes and none in the subsequent acetone

washes. With 80 ~g diuron, 58% of the activity was recovered in the
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Table 29

Dissolution of Diuron Deposits in Initial Hexane

Washes and in Subsequent Acetone Washes

Percent Recovery

Amount In Initial In Subsequent Totalof
Diuron Hexane Washes Acetone Washes Recovery

Mean ± Standard Error

2 llg 78 ± 3 0.8 ± 0.2 79 ± 3

80 llg 58 ± 7 34 ± 8 92 ± 1

initial hexane washes and 34% in the subsequent acetone washes. The

low amount of diuron was completely dissolved by the hexane washes,

but the larger amount of diuron was incompletely dissolved. The total

recovery was less than 100% for both the 2 l1g and 80 l1g treatments

because diuron may have been adsorbed from hexane solution to the glass

pipet which measured an aliquot for liquid scintillation counting. The

low total recovery was not due to volatilization because volatilization

of diuron was negligible during evaporation of 0.5 ml acetone solutions

in other experiments.

Khan et al. (1976b) measured the recovery of their diuron analysis

method with a 20 g sample of blank soil fortified at the 0.1 ppm level.

The total amount of diuron in the fortified soils was 2 llg, and the

measured recovery was 80 to 90%. Some of their field soil samples

contained up to 4 ppm diuron by bioassay, which would correspond to

80 llg diuron in a 20 g sample. The measured recovery of their fortified
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samples was probably acceptable because of the low level of diuron, but

diuron content of the field samples was underestimated by chemical

analysis because diuron was incompletely dissolved by hexane. The

incomplete dissolution of diuron in hexane probably caused the chemical

analysis values to be lower than bioassay. The actual loss of diuron

by incomplete dissolution in hexane would depend on amount of diuron,

volume of hexane, length of shaking, and the effect of co-extractives

from the soil. The final volume of the hexane solution of Khan et al.

(1976b) was 0.5 mI. The GLC method of Khan et al. (1976b) would

probably be acceptable if diuron were dissolved in a solvent more polar

than hexane for GLC analysis.

Linuron was also dissolved in hexane for GLC analysis (Khan et al.,

1975), but linuron has high enough solubility in hexane that losses due

to incomplete dissolution would probably be negligible (Weed Science

Society of America, 1970). Linuron might still be lost from hexane

solutions by adsorption. TMP (2,2,4-trimethylpentane) is similar to

hexane and has been used as a solvent for diuron (McKone, 1969).

Losses of diuron due to adsorption and incomplete dissolution might

occur for TMP as well as for hexane.

SUMMARY

Hexane is a poor solvent for diuron because diuron can be lost by

adsorption to glass surfaces and by incomplete dissolution. Khan et al.

(l976b) reported higher bioassay than chemical analysis of diuron in

soil, but their chemical values may have been too low because of in

complete dissolution of diuron in hexane.
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