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ABSTRACT

The study investigated the potential of applying humic materials to femediate pesticide

contamination from agricultural soil. The kinetics of atrazine sorption have been studied under

laboratory circumstances in slurries of whole agricultural soil from Southem Manitoba and soil

amended with commercial humic materials extracted from leonardite coal. TVo commercially

prepared leonardiæ products, Humex (GeoResoutces, Inc., Williston, ND) and Black Hills Lig

@lack Hills Liginiæ, Inc., Glenrock, WY) were examined ir the tests. Concentration changes

of atrazine free in solution, atrazine reversibly sorbed, and irreversibly sorbed atrazine were

monitored over time using an HPlC-microfiltration technique. The rate of reve¡sible sorption

was me¿sured for soil, leona¡dite ext¡act amended soil, and leonardite extnct alone.

Humex was found to decrease reve¡sible sorption but significantly increase ir¡eversible sorption

of atrazine by an agricultural soil. The concentration of atrazine free in solution was also lower

in the soil amended with Humex. Black Hills Lig was shown to significantly decrease the

concentration of free at¡azine, increase the ir¡eversible and slightly the ¡eversible sorption of

atrazine. The magnitude of these effects was specific for the type and concentration of

leonardite extracts used.

Because of their impact on atrazine sorption, and ir¡eversible sorption in particular, commercial

leona¡dite extracts could play a role in ¡emediation where at¡azine contamination of soil has

occurred. Because of economic and technical considerations, the use of commercial humic

materials in pesticide contamination abatement is most promising in the case of ex-situ or in-situ

decontamination from point source pollution. In the case of non-point source pollution,

comme¡cial humic materials might also be applied under specific circumst¿nces in the

construction of frlær strips to prevent pesticide contaminants in base flow from reaching open

bodies of water. The low cost and the effectiveness of the amendment procedure indicaæd in

these test warrant a pilot study to demonstrate the success ot the æchnique unde¡ field

c¡nditions.
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INTRODUCTION

1.1. PROBLEIVÍ STATE.MENT

Pesticide contamination of the biosphere became an envi¡onmental concem early in the 1960s

and is not expected to diminish in importance in the coming decades. Overall, there are two

principal reasons that indicate this problem is going to stay with society for some time to come.

The¡lrst reason is related to the dependency of highly productive but also 'externality-intensive'

agricultural practices on pesticide application. The seconil reason relates to the significant

buffering capacities of ærrestrial and aquatic ecosystems for toxic substances in regard to

pesticide residues. This buffering capacity ensures that by the time pollution problems are

measured and recognized subsequent policy actions do not readíly lower immediate risk because

of already high contaminant accumulations in the system (Ilallberg, 1986; Hallberg, 1989;

Leisfa and Boesten, 1989; Stigliani and Salomons, 1993). These statements are particularly

valid for pollution from non-point sources.

Preemptive and mitigatory propositions regarding pesticide pollution abatement must satisfy both

biophysical, as well as applicable regulatory / economic criteria. One of the preconditions of

determining the impact and optimum level of mitigatory or preemptive measures is a rigorous

knowledge of pesticide behaviou¡ in ecosystems, in the context of the particular meåsure. Exact

chemical / biophysical data are also required by computer simulation models that are being

developed and used to projeÆt the fate of pesticides in terrestrial, as well as aquatic ecosystems



(Mill, 1980; Aller et al,, 1985; Alexander et al., 1986; Varshney etal., 1993; Wagenet and

Hutson, 1989; Carsel et al., 1985).

The particular procedure that is the subject of this investigation involves the amendment of soil

with commercially available humic materials, and its impact on the persistence of atmzine [2-

chloro-4-(ethylamino)-6-(isopropylamino)-1,3,5-triazinel, an s-triazine herbicide extensively

used on com, sorghum, and rangeland in the æmperate climatic zones of North America and

Europe. Humic material amendment of contaminated soil is expected to result in decreased

atrazine availability in the soil. This decrease ¡esults from increased sorption of pesticide

residues.

Traditionally, measutement of pesticide sorption have relied on the me¿surement of apparent

raûe constants, associated only with free pesticide residues in the liquid phase. This approach

has been shown to give imprecise sorption equitibrium constants and high data scåtter. Such

data are inappfopriate fo¡ the accurate predictive calculation of pesticide sorption. The chemical

kinetics and the underlying anatytical chemistry necessary to obtain true equilibrium constants

have been described by Gamble and co-workels (Gamble and Khan, 1985; Gamble et al.,

1986a; Gambleetal., 1986b; GambleandKhan, 1988; GambleandKhan, 1990)' Analytical

methodology is available that permits the contiguous monitoring of all chemical species of the

pesticide, i.e., atrazine in free, reversibty sorbed, and irreversibly so¡bed states. P¡ecise

chemical data allow a more ¡eliable assessment of the potential use c^Xxme¡cial humic materials

may have in the remediation of pesticide contaminated soils'



I.2. RESEARCII OBJECTTVES

The primary pulpose of this study was to measure and demonstrate the effectiveness of

comme¡cial humic maærial as a soil amendment in the ¡emediation of pesticide contamination'

The study examined the effect such soil amendments have on the kinetics of pesticide sorption.

Specific objectives were:

àl to study the sorption of atÉzine in agricuitural soil as a function of commercial

grade humic material amendment;

bl to monitor changes in the molarity of atrazine chemical species with time in the

model soil, in the presence and absence of the humic material amendment;

cl to measute the atrazine specific sorption capacity of the test soil and humic

materials, and compare sorption equilibria of soil and humic material amended soil;

dl to provide, on thebasis of experimental results obtained, a preliminary assessment

of the poæntial use of commercial humic materials in pesticide pollution abatement and soil

¡emediation.



1.3. LIMITATIONS

aJ The humic materials, soil, and pesticide used in these experiments are only

representatives of their respective heterogeneous classes. Considering the ¡emarkable diversity

of these cåtegories of substances, caution should be exe¡cised in interpreting the results for

situations involving materials of different character.

bl These experiments provide stoichiometrically detailed info¡mation on pesticide

interaction with soil and humic materials. The dynamics of pesticide sorption and desorption

was monitored over time for three kinetic species, atrazine in solution, reversibly sorbed, as well

as irreversibly so¡bed. Kinetics and e4uilibria derived fromj this study may provide insight into

pesticide mobility in a three dimensional, heterogeneous hydrogeologic system over time in that

the stoichiometry of pesticide inte¡action has been studied. Climatic and seasonal effects are

other variables which must be addressed in other studies'

al Humic substances a¡e known to influence a number of parameters related to

organic chemical behaviour in the soil, including, but not festricted to pH, microbial

metabolism, or solubility characteristics and bioavailability of organic compounds' This study

is restricted to the measurement of the aggregate impact of these factors, as influenced by humic

material amendment, in tprms of sorption capacity phenomena'



2. LITERATUREREVIEW

The amount of ¡esearch that has been done on various aspects of pesticide/soit i-nteractions is

voluminous. The following review of related literature is centred around, but can not be strictly

limited to the reactions of pesticides, especially the herbicide atrazine' and soil components,

particularly humic materials. There are two reasons for a wider scope'

¡irfr, the justification for scientific interest in pesticide contamination lies in the fact that trâce

level ¡esidues have been reported from hydrogeologic media, mainly in intensively farmed areas'

Data on the health effects of long term low level exposures likely to be associated with this type

of poliution are scärt (I{allberg, 1986; Wasserman, 1991), and techniques to satisfactorily

remediate contaminated soil or aquifers are either too costly or currently unavailable. This study

of atrazine was intended to ptove helpfut to evaluate the practical practical applications

commercial humic materials might have in pesticide pollution control'

Second, the behaviour of pesticides in an agricultural soil is a phenomenon of numerous

variables, where pesticide sorption on humic materials is important, but it is not the,tor¿ factor

determining contamination risk. Because of the inherent complexity of the phenomena, mention

of othe¡ processes through which humic materials may also impact pesticide behaviour is

appropriaûe, e.g., their impact on plant and microbial metabolism'



2.L. FACTORS AFFECTING PESTTCIDE MOVEMEÌ{T AND DEGRÄDATION IN

TE.RRESTRIAL ECO SYS TEMS

Behaviour of pesticides in the soil is a multivariate phenomenon. The soil itself is a

heterogenous system in both chemic¿I, physical, and biologicat terms. On the other hand, the

variety of organic chemic¿ls used in agroecosystems is also very large, and thei¡ ¡e¿ctions in the

three dimensional structure of soil a¡e ultimately defined by their particular molecular structure

and characteristics. Adding seasonal / climatic variations and the consideration of the time

factor p¡esents a picture of ¡emarkable complexity.

Weber and Miller (1989) identifies the following transpo¡t processes of pesticides in the soil

environment:

"1. Absorption, exudation, and retention by crops and crop residues;

2. Runoff movement in either a dissolved or sorbed state;

3. Sorption and desorption to organic matter, clays and mineral surfaces;

4. Vapour phase diffusion; and,

5. Hydrodynamic transport, including adve¿tion and dispersion as soluble constituents of

the aqueous phase. "

While the above processes coexist and dynamically interact in a given system, their relative

weights are not equal. Sorption phenomena have been shown to play a key role in the

envi¡onmental fate of a number of pesticides, including atrazine (Talbert and Fletchall, 1965;



Li and Felbeck, 1972; l<h¿r;r,1972; Weber, 1993). The def,rnition of sorption for the present

purposes is taken from Hassett a¡rd Banwart (1989): " sorptio¿ is the term used to describe

adsorption and/or absorption when an independent determination of the nature of the process,

that is, whether it is adsorption or absorption, is not possible." The importance of soil organic

matter (SOM) in pesticide sorption phenomena has been widely acknowledged (Stevenson,

1982).

ta HI,]MIC SI,JBSTANCES

Humic substances or humus (used interchangeably) "refer to organic material in the environment

that results from the decomposition of plant an¿l animal resíduest, but that does not fatl into

any of the discrete classes of compounds such as ptotein, polysaccharides, polynucleotides, and

so on" (MacCarthy and Rice, 1991).

Humic substa¡ces or humus a¡e viewed as the most active soil components influencing the fate

of pesticides and pesticide residues primarily through sorption reactions (Weber and Miller,

1989; Stevenson, 1982). Contrary to most othel natural polymers such as ploteins o¡ nucleic

acids, humic substa¡ces are composed of a relatively high number of discrete and uniform

monomer classes (Fig. 1).

¡ l¡¡steåd of 'plant and animal ¡esidues" the brosder term of biological ¡e¡idues ¡e¡¿mmended; italics added.

1



Figure 1: A theo¡etical HA molecule structure (ICeinhempel' 1970)'

Fractionation studies have failed to identify humic material classes with accurately reproducible,

deterministic structures. Owing to ttre practically infinite number of building blocks available

for the synthesis of humic substances, their size- and molecular structure-classes are continuous,

but their charactÊristics can be interpreted and classified in statistical te¡ms' This exceptional

variability is emphasized by some as a key to understand the fundamental ¡ole humic substances



play in stabilizing geochemical processes in the lithosphere. This ¡ole is further emphasized by

the longevity of humic materials in soils: while many other organic chemicals a¡e able to

perform the tasks humic materials are able to perform (such as sorption, nutrient supply,

waterholding capacity, etc.), they are readily decomposed, either by physical, chemical or

biological forces. By withstanding decomposition, humic substances provide a basis for

continuity in soil ecosystem proc€sses (MacCarthy and Rice, 1990; MacCarthy et al.' 1990)

Within the category of humic substances, fulvic acids (FA) and humic acids (HA) exhibit the

largest sorptive capacity (Stevenson, 1982; Karickhoff, 1984; Perdue and Wolfe' 1982;

Somasundaram et al., 1991). Both humic and fulvic acid extracts contain various amounts of

associated organic molecules, most significantly amino acids, carbohydrates, fatty acids and

alkanes. These molecules are believed to be eiths physicatly adsorbed or chemically bonded

to humic materials (Stevenson, 1982). Humin is the thi¡d generally acknowledged class of

humic substances. Besides HA, FA and humin, several subclasses of humic materials have been

identified. The validity of the other classes is, however, subje¿t to scientific debate (Figure 2).

Humic substances are separated and operationally classified on the basis of their pH-dependent

solubilities, but differences between classes extend to other parameters, such as mole¿ular

weight, functional g¡oup cont€nt, bioactivity oI colour. HAs are the alkali soluble, acid

insoluble part of SOM with molecular weights up to 300,000. While they are insoluble in water

at low pH, thei¡ Na+ sals are fully water soluble. FAs are soluble in watef at both low and

high pH, with molecular weights up to 2,000 daltons. HA and FA molecules are composed of



both aliphatic and a¡omatic subunits, with a variety of functional groups,

insoluble: HUMIN soluble
I
I

I

üeat wilh ac¡d

notprecipltated: FA

redissolve in base and add elecùolyto

I

HYMATOMELAN¡C ACID precip¡tated

I

I

GRAY HAs

not precipitated

I

I

BROWN HAs

Fieure 2: Fractionation of humic substances (after Stevenson, 1982).

Due to the dissociation of H+ ions between pH 5-7 mainly from carboxylic groups, humic acids

possess an overall weak negative charge, giving humic acid molecules significant cation

exchange capacity ICECI (Stevenson, 1982; Chen and Stevenson, 1986). In summary' HAs and

FAs behave as carboxylic type cation exchangers exhibiting pH dependent solubilities. Besides

carboxylic groups HAs and FAs may carry a large variety of functional groups. Larye

r0



functional group densities enable humic substances to form complexes with inorganic or organic

compounds, including most pesticide molecules (Stevenson, 1982).

Some further complexities arise from the conside¡ation of the variability of pesticide molecules

and the variability within classes of functional groups:

(a) Becâuse of different pesticide molecular structures, it is improbable that different

pesticides use exactly the same set of binding sites on a given humic acid molecule. The binding

capacity of a particular humic acid (0") is likely to be substrate specifrc (Gamble et al., 1980;

Gamble and kngford, 1988).

(b) Due to differences in the three dimensional steric environment of functional groups, there

are differences between weak acid dissociation constants (pK^) even within the category of one

type of functional group (e.g., carboxylic). The presence of multiple titration endpoints, based

on functional group heterogeneity, has been shown experimentally (Gamble and Khan, 1992).

The implications for atrazine sorption are discussed in Chapter 2.5.

Major types of interactions between humic materials and pesticides involve ion exchange, charge

transfer me¡hanisms between electron-poor groups of HAs and electron-rich groups of the

pesticide molecule, van der Vy'aals' forces, hydrogen bonding, and coordination complexes

(stevenson, 1982). According to Bollag and Myers (1992) and Bollag (1992), biologically or

abiotically crlïa\yzæd oxidative coupling of pesticides to humic substances is also an important

reaction, potentially leading to the inactivation of xenobiotics during humification.



Fulvic acids afe water soluble, however, HA migration in soil is very slow because of their

apolar, insoluble character. Polar HA salts, e.g., potâssium humate, are however watel soluble

and able to migrate in the soit. Humic acid salts have been shown to increâse the mobility of

non-polar organic compounds INPOC] (Chiou et at,, 1986; Wershaw, 1986, etc'), and Abdul

et al. (1990) have suggested that humic materials could be used for the removal of NPOCs from

hydrogeologic systems.

2.3. HTJMIC MATERIAIS IN CROP PRODUCTION

The effect of humic substances on plant physioiogy has been studied and recognized. Positive

cor¡elations have been found between soil or foliar application of a variety of humic material

extfacts and some physiological parameters of plant growth, such as foot fo¡mation, nutrient

uptake ald total biomass (Duplessis and MacKenzie, 1983; Vaughan and Malcolm, 1985;

Lobartini et a1., 1992; Govindasmy and Chandrasekaran, 1992; Piccolo et 
^1., 

1992) '

According to Chen and Aviad (1990) humic material extracts enhance root length and se¿ondary

root formation, and to a smaller extent shoot development. The growth promoting effect is

proportional to humic material quantities added; only exreme high concentrations elicit a

negative growth response. The mechanism of this benefrcial effect is not understood in full, but

humic materials are beiieved to enhance plant growth in several ways' Most importantly,

macronutrient uptake is improved, and plant growth is influenced through a hormone-like

activity of particular fractions of humic materials that are small enough to permeate cell

membranes. While the economic feasibility of direct soil application is still subject to

L2



discussion, humic material based foliar sprays have been proven economic under some specific

ci¡cumstances. Such folia¡ sprays, containing chelated macro and/or micronutrients are used

primarily in regions where soil organic matter contents are low, and nutrient, e.g', iron,

deficiencies are frequent. The marketing base of humic materials for agricultural uses is

particularly well developed in, e.g., Spain, Italy and Israel.

Gray and Wallace (1957) has also demonstrated a relationship between bacterial numbers and

SOM, and humic materials may potentially influence plant physiology, as well as soil parameters

through their impact on microbial activity as well.

rilhile humic material content of agricultural soils is usually well under 5 % , some fossil

deposits, primarily peats and lignites may contain as much as 30fo 6070 (Stevenson, 1986)' The

chemical properties of humic materials are known to vary with the source from which they have

been extracted. Significant differences exist in molecular size, functional group content,

carbon/oxygen content, and totat acidity, features which dete¡mine reactivity and behaviour of

the molecule (Lobartini and Tan, 1988; lnbartini et al., 1992i Piccolo et aJ., 1992)'

Experiments aimed at various aspects of pesticide / humic material interactions have most often

used either soil and natural water origin, or laboratory grade humic substances; however, as

noted above, commercially available humic substances are eithe¡ lignite or leonardite in origin,

or to a smaller extent ¡elics of alluvial Bh horizons of Spodosols (Kopint Datorg, 1991;

I¡bartini et aJ., 1992).
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Industrial grade humic materials a¡e extracted from fossil deposits, and used, among other

applications, in crop production, as a fertilizer additive (Burdick, 1965; REDA' 1986; Chen

and Aviad, 1990; Lobartini et al., 1992). The product for ñeld application may be either raw

lignite or leonardite \ilith high humic material cÐntent, or more frequently, base treated, purified

HA, Folia¡ sprays containing HA chelaæd micronutrients are applied primarily in intensive

production systems, under conditions of nutnent deficiency. Referring to the previously

mentioned complexity and heterogeneity of humic materials, expecting commercial humic

material ploducts to be 'pure' from the analytical chemistry point of view is unrealistic' Purity

should be understood only in the statistical sense, and interpleted in close correlation with

whether or not it affe¡ts the practical utility of the product'

Although there is a concern regarding the economic feasibility of the general field applicability

of humic substances, due to ploduct heterogeneity and dissimilarities between soil and fossil

origin and the quantity to be applied (Stevenson, 1979), recent studies do not readily confirm

these assumptions (vaughan and Malcolm, 1985; Chen and Aviad,^xx990; Iæbartini et al.'

1992; Piccolo et aJ., 1gg2). Fossil origin humic substances, being relatively cheap and

environmentally safe soil amendments, seem to have thei¡ place in specific crop production

technologies.



2.4. ÀTRAZINE CHEJVTISTRY

Atrazine is the most widely used selective pre- and post-emergence s-triazine herbicide for the

control of b¡oadleaf and grassy weeds i¡ com, sotghum, and rangeland. It is also used for

nonselective vegetation contfol in noncrop land. Atrazine is ma¡keted under a numbe¡ of b¡and

names, such as AaEex, Gesaprim, and Accent. Major physical and chemic¿l properties of the

compound are shown in Table 1.

Table 1: Physical and chemical properties of atrazine (frottel et al. , 1990; WSSA, 1989)

Chemical formula:

Molecular weight:

Physical state:

Melting point:

Vapour pressure:

Water solubility:

Elemental analysis:

LDso(acute oral toxicity

for rats):

pK" value at 20 'C:

csHr4clN5

215.7

White, crystalline.

173-775 "C

3 x 10-7 mm Hg at 20 'C

33 mglLat2T oC

C, 44.55V0; H, 6.54%; Cl, l6.44Vo;

N,32.47%

3,800 mg/kg

1.64
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The molecula¡ structure and major degradation pathways of at¡azine are shown on Figure 3.

Atrazine undergoes hydrolysis in acidic soil during which the chlorine is replaced by a hydroxyl

group (Armstrong et al., 1967; Skipper et al., 1978). Hydroxyatrazine (AtOH) is not active

as a herbicide. Atrazine hydrolysis has been seen as a primarily chemical phenomenon,

catalyznÅ either by hydrogen ions or unionized carboxyl groups associated predominantly with

soil organic matter (Gamble and Khan, 1985). Microbial hydrolysis has been also reported, but

its significance under usual held conditions is probably seconda¡y (Kaufman and Kearney, 1970;

Mandelbaum et al., 1993).

OH

,zé-*
Chemicol "r%-*n-tO*rJ-*r-"r*,
HYdrolYsls az Hydroxyorrozrne!' ./
NZ'\Ntil

H7q-HN-c\N//c -NH-c2H5

Atrozlne --_._* cr

---.--* *7t-*Blologlcol *rn_t..t ,f _*r,
Deolkylotioñ 

Deserhyrdìllip,opvror,orrn"

Figure 3: Molecula¡ structure and degradation pathways of atrazine'
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An alternative decomposition pathway is dealþlation at the ring carbon in the 4 or 6 position,

producing either des-ethyl-atrazine (DEA) or des-isopfopyl-atrazine (DIA). Both DEA and DIA

are phytotoxic. Dealþlation is predominantly a microbial process, with preferential utilization

of the isopropyl side chain undel aelobic conditions @ehki and Khan, 1986). Reduction of

microbial degradation has been reported under denitrifying conditions, with important

implications for ahazine transfo¡mation under anoxic conditions that exist in deeper soil depths

(Nair and Schnoor, 1992). Decomposition by ring cleavage is also possible, but its importance

is insignificant as compared to other pathways (Skipper and Volk, 1972).

Based on a ¡eview of five studies in the literature, Nash (1980) has estimated the half life of

atfazine in soil between 47-110 days, with an average of 74 days. Accuracy of these estimates

highly depend upon the actual soil and climatic conditions, but also on the ability of accurate

sampling to account for material mass balance at the field level.

2,5. ATRAZINE CONTAMINATION OF SOIL AND GROLINDWATER: PATIIWAYS

AND EMPIRICALDATA

pesticide contamination of terestrial and aquatic ecosystems may occur through either diffuse

non-point pollution oI pollution from point-sources. Pollution from non-poínf so¿rc¿s is

associated with standa¡d operating practices (SOPs), overuse' and pool handling routines

inclusive (Hallberg, 1989). Non-point pollution generally entails lower contamination levels

affecting very large areas. Pollutio n ftom poínt-sources is associated with spills and other



concentrated discharges. The affected area is usually smaller, but the local concentration of the

released contaminant is high. In particular cases, where point source pollution is frequent, it

may be valid to talk about quasi-poínl source pollution because of overlap between contaminated

ateås.

The distinction between the tr o major types of pathways, viz. point-source and non-point source

poilution, is imporønt for practical purposes including the amendment of soil under investigation

in this project, The poticy choice fo¡ handling point-source contamination, if the risk is

perceived as unacceptably high, is treatment, containment, or tandfilling. In the United States'

for instance, the Comprehensive Environmental Response, Compensation, and Liability Act

(çERCLA), or, as commonly known, the superfund program, has been initiated to handle these

situations (e.g., US EPA, 1987; Gupta et a1., 1993). These procedures are by definition

reactive, in the sense that they de¿l with the situation after the contamination has occurred.

Handling the issue of non-point source pollution, on the other hand, necessitates proactive

action, as in-situ cleanup of large tracts of soil or aquifers is generally uneconomical with

techniques currently available. Non-point source pollution abatement requires techniques that

are integrated in technological, ecological and e¿onomic sense into agricultural practices, and

usually require multidisciplinary effort (e.g., Weinberg, 1990; Gassman, 1993; Hatfield,

1993).

There is no general agreeme^Xx as to what is an acceptable level of at¡azine in drinking water.

Some of the available inæmational guidelines æe summarized in Table 2'
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Table 2: Intemational guidelines for atrazine in drinking water.

wHcr

US EPAb

EC"'d

2 ¡tglL

3 pglL

0.1 pglL

. wHo (1987)

b Thurman et al. (1991)

" Council of the European Communities (1980)

d Atrazine was banned in Germany in 1991 (Gassman' 1993).

Table 3: Recommended Canadian V/ater Quality Guidelines for aúazine Cfrotter et 41., 1990)'

Uses Guidelines

Raw water for drinking water supply 60 pglL

Freshwater aquatic life 2 PglL

Agricultural uses

Livestock \flatering 60 y'glL (interim)

Irrigation L0 P'glL (inærim)

Recreational water quality/aesthetics no recommended guideline

Industrial water supplies no re¿ommended guideline
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Canadian Water Quality Guideli¡es for atrazine were published in 1990 and are summarized in

Table 3.

There are two reasons why agreement on safe levels of pesticides (or for this case, atrazine) is

difficult. First, health effects of chronic, long term exposure a¡e not known with adequate

certainty. Secondly, knowledge on the environmental fate and behaviour of most compounds,

including atrazine, is inadequate !o conduct accurate risk assessments.

At¡azine a¡rd atrazine residues have been detected by monitoring programs in soil and

groundwater in a large number of cases, both in North America and Europe. One of the earliest

comprehensive regional studies was conducted by the Pollution from I¿nd Use Activities

Reference Group @LUARG), established jointly by the United States and Canada unde¡ the

Great Lakes Water Quality Agreement. They indicated a correlation between atrazine area load

and primarily corn, soybean and vegetable production. Atrazine and atrazine ¡esidues have been

measured af 0.1-1.2 ¡rgll- concentrations in all the 11 monitored watersheds (Coote et al., 1982).

Monitoring studies conducted in the humid zones of the United States during the 1980s have

been summarized by Hallberg (1989). Regarding atrazine, he notes that this compound has been

the most frequently detected pesticide in groundwater samples in the Midwest. The typical level

of atrazine in groundwater samples from 4 Midwestem stâtes plus Maryland were estimated at

0.3-3.0 plL (Cohen et al,, 1986). Thurman et al. (1991) found atrazine residues exceeding

EPA promulgated maximum contaminant level @MCLs) ìn 52Vo of the samples taken in 12

Midwestem states.
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The pattern of surface and groundwater contamination in many European countries shows a

similar pattern to those in North America. In a comprehensive review by Iæistra and Boesten

(1989), s-triazine herbicides, primarily atrazine were the most frequently detected pesticides in

Germany, Italy, France and Denmark.

Besides empirical measurements, several computer models have been developed to forecâst

pesticide behaviour and estimate the associated environmental risk. One of the recent models,

PESTFADE, has been developed to take benefit of the detailed stoichiometric information

obtained from HPlC-microfiltration measurements, such as the ones used in the cufient study

(Clemente, 1991; Clemente et al., 1993). Another model, DRASTIC had been prepared in the

United States to dete¡mine the potential and rate of groundwater contamination by pesticides

through simulation (Alexander et al., 1986; Alle¡ et al., 1985). Using the same simulation

technique combined with available monitoring data, Lee and Nielsen (1987) identified 1,437

counties in the mainland USA, where pesticide contamination of groundwater can be expected.

They concluded that contamination of groundwater with pesticides and fertilizprs combined can

affect 53.8 million people in the continental u.s. In a separate analysis, 4,123 of 10,942

surface water samples, and 343 of 3,208 ground water samples contained ¡esidues of atrazine

(STORET, 1988). Several other models a¡e in use by different govemment agencies, but thei¡

detailed discussion is out of the context of this project.

One particular observation in regard to pesticide fate modelling is, however, appfopriate to

quote. Further data on the physical processes involved in groundwater pesticide contamination



is necessary to support preventive or ¡emedial actions with high social cost (Iæe and Nielsen,

1987). This view is supported by Villeneuve et al. (1988), who found, that the use of

deærministic hydrology models fo¡ forecasting pesticide behaviour incre¿ses the importance of

physical parameters, such as sorption and degradation kinetic data and raûs constants. According

to their sensitivity analysis, 75 to 24Vo errors of these parameters can modify final predictions

with up to Iú %, and produce a false under or overstatement of pesticide contamination risk.

2.6. ATRAZINE SORPTION BY HI]MIC SUBSTANCES

The ability of humic substances to catalyze the degradation of atrazine th¡ough sorption has been

extensiveiy studied. During the last tlree decades, the motives of study and the methods,

however, have changed. Li and Felbeck (1972), for instance, studied aÍazine / HA interaclions,

because HAs were held responsible for accelerated bioactivity loss of atrazine in cases where

SOM content was high. With the emergence of pollution problems, attention shifted towards

the need fo¡ understanding the underlying mechanisms of soil contamination.

In the practical sense, our purpose was to describe and evaluate the differences between humic

acid amended and unamended control soil with ¡esp€ct to the pesticide conømination risk. Risk

of pesticide pollution in soil is expected to be higher with higher quantities of mobile pesticide

molecules. Pesticide mobility, however, does not only imply that at a given point in time,

pe,sticide molecules are actually free in solution. When atrazine is inuoduced into a suspension

of organic soil or HA, sorption onto specific binding sites starts to take place from to. As noted
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before, not all organic molecules use the same sort of binding sites, and, in tum, not all the

binding siæs used by a particular organic molecule are the same. Some of the binding sites hold

atrazine molecules lightly, and even a weak extractant, such as methanol or water, will cause

the pesticide molecule to desorb and go into solution again, which creates increased

contamination risk. Stronger interactions between bindhg siæs and the pesticide are also

possible, and more sfongly sorbed molecules will not desorb with a we¿k or even sfonger

extractant.

The kinetic model describing the interactions of soil organic matter and organic compounds has

been pioneered by Gamble and co-wo¡ke¡s and published in a series of papers on the subject

(Gamble, 1972; Gamble and Khan, 1990; Gamble and Klan, 1988; Gamble and Ismaiiy,

1992; Wang et a1., 1992; Gilchrist et a1., 1993). In the most general form, the equilibrium

between pesticide and HA molecules in a system can be written as follows:

Kr
At(.o + HAo ê At HAcÁ) (1)

where At1.n¡ is the amount of atrazine in solution, HA¡ is the number of unoccupied binding

sites available fo¡ atrazine sorption, and At HAar) designates bound atrazine. Kr is

the weighted average equilibrium constant representing that binding sites a¡e expected to have

a wide range of affinities towards HAs.

The number of sites available for reversible sorption c¿n be described by the following simple

equation:

0¿: 0v * 0s
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where 0c is defined as the labile surface sorption cåpacity, representing the total number of

binding sites avai-lable for atrazine sorption. At any given point of time, some of these sites will

hold sorbed atrazine molecules (01 = IAtHArsI = labile sorbed), and some will be left empty

(00 : tHAol). 0" has been traditionally used to c¿lculate the distribution coefficient K¡ for

slurries of pesticide and organic soil:

Ko= ' (3)

Mo,

where Mo, represents the molarity of atrazine in the solution. Ko is intended to describe the

adsorbability of a given pesticide to a particular soil. It is, however, only an empirical constant'

The cor¡ect meaning of Ko can be calcutated using equation (3), and the true rate constant Kr

as noted in equation (1), and calculated using the law of mass action:

lAtHArrl
Kl =- ot

lAt.ql[HAo]

where Mo, is atrazine molarity in the solution, d, represents the moles of atrazine sorbed per g

of soil, and 0o is the moles of carboxylic groups not occupied by sorbed molecules, per g of soil.

Applied to the case of atrazine sorption specihcally, the weighted average equilibrium constant

for atrazine and humic acid is:

- IHA^J
Kr= 

-

[M^J tHAo]

Thus,

Ko =K, (d" -0J (0

Sorption of organic molecules on surface binding sites is a second order phenomenon depending

0L

K,=-
MAt do

(4)

(5)
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on both the concentration of the organic molecules and the concent¡ation of the adsorbent'

When the adso¡bent is in vast excess, only the concentration of the organic molecule is important

and the kinetics becomes essentially first o¡der. Once atrazine molecules are sorbed on HA

surfaces, they may either desorb o¡ diffuse into the interior of the HA molecule (d¡ = diffusion

ilto intraparticle o¡ HA intramolecular space). Another source of do may be pesticide that

becomes bound to HA with covalent binding or another mechanisms making it unextractable by

the method used. The differential rate law gives the relationship between sorption and

desorption:

dMo,
= krMe'00 - kr0r

dt

where k, is a second ordel late constant for sorption, and k, is a filst older fate constânt for

desorption. There are two observations that simplify equation (7). First, in systems where the

number of binding sites is large, the constånt for sorption will show pseudo-first o¡der instead

of second order character. Serondly, the rate of desorption has been shown to be fundamentally

lower than sorption. Thus, equation (7) is simplifted to:

dMo,

dt

kr0o has been written as k2, a pseudo-first order fate constant fo¡ labile sorption. Hence'

dM^'
= kzMn, (9)

dt

The analytical chemistry nec€ssary to meâsure the subsrate specific reversible sorption capacity

of a pesticide molecule (d.), the amount of atrazine that is free in solution at any given point of

c¡)



time (Mo),, as well as the compounded meåsurement of (M,roi * 0" is available, 0o can be

reâdily cålculated as material balance loss:

0¡:M^6-[(MoJr+0tJ (10)

The possibility of irreversible sorption either through chemical or bio-enzymatic catalysis has

been indicated for a number of compounds (Martin etal., 1979; Cheng etal.' 1983; Schneuert

et al,, 1991; Bollag and Myers, 1992). According to smith (1981), the amount of olganic

chemical that can be recovered from soil is expecæd to decrease over time. As noted by Cheng

et al. (1983) in regard to cathecol / HA interactions, decreased availability for microbial

degradation was one of the results of increased sorption. Whether this phenomenon is

disadvantageous or not from the pesticide's availability as a pollutânt point of view, depends on

whether the increase is due to reversible or irreversible sorption. The envi¡onmental risk

associated with 0o is expected to be significantly lower than it is with 0¡ or (Mo)t. Thus, even

if the rate at which a pesticide is microbiologically degraded is lowe¡ as a consequence of

sorption to soil organic matter, the level of environmental risk may not change signihcantly, if

the sorption counteracting mic¡obial decomposition is írreversíble.
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3. MATERIAI,S AND METHODS

3.1. MATERIAI,S

(a) Humic substances

Humic substances were obtained from two commercial sources (Table 4). Bulk HA was stored

at foom t€mp€rature under dry conditions, HA samples withdrawn from the containers for

testing were air dried, sieved with a <38¡rm mesh size screen' and stored at 4 'C.

Table 4: Commercial humic materials tested.

Manufacturer Product Source

GeoResources, Inc. Humex I-eonardite

Williston, ND

Black Hills Lignite, Inc. Black Hills Lig Iæonardiæ

Glenrock, WY



(b) Soil

The soil used in the experiments was Miniota sand collecæd in the Shilo region of southwesiem

Manitoba. The soil was air dried, randomly mixed, sieved with a <38¡rm mesh size screen,

and stored at 4 oC. Typical parameters of Miniota Iæamy coarse Sand from the A horizon of

a well-drained association is shown in Table 5.

Table 5: Representative analytical palameters of a Miniota I-oamy Coarse Sand (from Ehrlich

et al., 1957).

Depth(cm) 0-8

Moisture Equivalent 11.7

Organic Carbon 1 .91

Ni[ogen 0.15

C/N Ratio 12.7

Percent CO3 0'0

pH 7.1

(c) Reågents

Exactly 0.01078 g of anal¡ical grade atrazine @iedel-de Häen, purity 98%) was measured into
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a volumetfic flask, and 150 mL HPLC grade water was added. The solution was stiÍed for 72

h on a magnetic stirrer until atrazine ì,vas completely dissolved. The flask was hlled to the mark

with HPLC grade water to obtain 250 mL stock solution (2 x 10{ M), and stored at 4oC.

HPLC analyses employed lOa M standa¡ds, obtained by diluting the stock solution'

The mobile phase (l:3 water/methanol) was prepared in 1 liter lots, and stirred magnetically for

2 h prior to int¡oduction into the instrument.

(d) Experimentalsamples

Soil + HA sample combinations for kinetic tests are summarized in Table ó. Soil and HA were

calculated for a total dry weight of 0.5000 g per combination. HPLC grade water (10 mL) was

added to soil / HA samples, and they were hydrated for 48 h on a vertical shaker. Following

hydration, atrazine from the stock solution was added, to adjust atrazine molarity to 1.000 x 104

in the test samples.

Soil / HA sample combination fol sorption capacity measulements are listed in Table 7.

Aggregate weight of soil / HA was again 0.5 g/combination. Following hydration as described

for kinetic tests, the suspension was adjusæd with HPLC grade water to 25 mL.
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Table 6: Soil / HA combi¡ations for kinetic tests.

soIL

1. 100 (%)

2. 99,5

3. 99.0

4. 100

5. 99.5

6. 99.0

EÀ AMEI.IDMENT

0 (%)

0.5

1.0

0

0.5

1.0

HA TYPE INITIÄL ÀTRAZINE (M)

- 10-1

Humex 104

Humex 104

- 104

Black Hills Lig 104

Black Hills Lig 10{

Table 7: Soil / HA combinations for sorption cåpacity tests'

SOIL

r. LN (%)

2. 99

3. 99

4.0
5.0

HUMIC ACID ÄMENDMENT

0 (70)

1

1

100

100

IIA TYPE

Black Hills Lig

Humex

Humex

Black Hills Lig
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3.2. F0ITPMENT

(a) pH meter

A Perkin-Elme¡ 05669-20 digital pH meær equipped with a combination glass electrode was

used for pH meâsurements.

(b) Test vessels

Experimental samples for both chemical kinetic runs and sorption capacity meåsurements were

prepared in 50 ml Pyrex 8422 scte',¡/ cap cylinders. A Teflon coated stir ba¡ was used on a

magnetic stirring base to mix the suspension. Test vessels were placed in double walled glass

jackets connected to a tlìermostate conûolled water bath to keep slurry temp€rature constånt at

25 "C.

(c) IIPLC

A schematic representation of the HPLC system is shown on Figure 4, The HPLC system used

fo¡ the measurements of atrazine included a Rheodyne 7125 injector with a 20 pL injection loop

(1. on Fig. 4), a Watefs Associates 60004 solvent delivery system, a waters 490 programmable

multiwavelength UV detecto¡ (10.), and a Fisher Re¿ordall Series 5000 paper chart recorder.

A fust guard column (3.) with whatman 4102-010 packing, two 15 ¡rm inline microfilters (2.

and 4.), three 0.2 pm slainless steel frits (5., 6., and 7.), and a cartridge type C-18 guard

column (8.) were used to pfotect the main c-18 column (9.; Bondapak C-18, Watels Associates)

f¡om soil particles. Slurry microfiltration was done using a 0,22 pm size MSI Cameo Nylon
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66 type disposable microfilter.

Figure 4: Setup of HPLC instrument (explanation in æxt).

HPLC analytical conditions are summarized in Table 8.

Table 8: HPLC conditions for atrazine meåsurement'

sarnple

I

2. 3. 4.

detector wavelength

a,u.f.s.

p¡essufe

flow rate

chart speed

245 nm

0.02

0.8 - 1.8 MPa

1 mL min-r

0.5 cm min-t
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Retention time (tJ for atrazine was ca. 7.0 min. Considering the I mL min-r flow rate the

soil / extractânt ratio was 2.5 gLt. The volume of solvent available to extract atrazine from

1 g of soil (vJ was c¿lculated as:

Utn
v.=-

wA

where U is the flow rate, tR is the retention time of atrazine, and Wo is the weight of the

injected aliquot. This gives L7.5 L g'1 extractant for the 7.0 min ¡etention time as calculated.

As Gamble and Khan (1990) noted, the appearance of sharp and symmetrical peåks indicates that

elution time (tJ is significantly smaller than tR; thus, the method can be reliably used for

atrazine detection. Wang (1989) has shown that precision of estimation with the cur¡ent method

at 1.000 x l0r M a[azine is bette¡ ¡han 1.5%.

3.3. PROCEDT]RES

(a) Kineticmeasurements

Anatysis of slurry and filtrate samples started immediately after atrazine stock solution has been

added to the soil / HA samples. As noted before, lest samples were kept in suspension by a

magnetic stirrer, and aT 25 oC constant tempetature. Before every set of measurements, an

undiluted sample of atrazine stock solution was injected into the instrument in o¡de¡ to decreâse

data scatter because of atrazine specific binding capacity of ttre HPLC system. Every sample

injection was bracketed by the injection of a 104 M atrazine standa¡d.

p)
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Approximately 0,1 mL slurry was withdrawn from the test vessel with a syringe, and by

overfilLing the 20 p.L injection loop, it was injected directly into the HPLC instrument. The

particles > 0.2 ¡rm were mpped by the inline microfilters, but the solvent eluted the labile

sorbed atrazine (dJ motecules from the surface of trapped particles, so these molecules were

meåsured together with the unsorbed, free atrazine (MoJ in solution.

Prior to the second sample injection, the slurry sample was filæred through the MSI disposable

filter to obtain sufficient filtrate to fill the injertion loop. Soil particles ) 0.45¡rm were trapp€d

by the filter; thus, the injected filtrate was assumed to contain only atrazine molecules free in

solution (M"J.

(b) Sorptioncapacitymeasurements

Sorption capacity meåsurements involved the daily addition of 140 ¡L 104 M atrazine stock

solution to each combination, and the regular monitoring of pesticide species in the suspension.

Analysis of pesticide species in the slurry and filtrate was undertaken as described above for

kinetic meåsurements.

(c) Data analysis

HPLC peak height values we¡e introduced into a LOTUS 123, Version 2.0 spreadsheet file that

calculated atrazine me¿surements in slurry and filtrate samples and plotted them against time.

Regression analysis \ as undertaken using the F-Curve package to obtain 1-5 orde¡ polynomial

equations and corresponding regression lines, as \ryell as standard deviations for regression
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equation constants. The dynamics of some of the sorption kinetics phenomena has been such

that none of the other available packages gave adequate fit fo¡ the primary datâ set. Using F-

Curve two or in some cases three equations were necessaÐ¡ to coÍectly f1t parts of the particular

data. These polynomials were used to creåte the singte best fit curve describing the sorption

phenomenon, Three kinetic species, atrazine in solution, or reversibly æ well as irreversibiy

sorbed atrazine were plotted against time on a single graph, as illusfated on Figure 3.

Figure 5: Representation of three kinetic species, free in solution, reversibly as well as

irreversibly sorbed over time.

Note, that the Curve representing atrazine meåsurements in the slurry is not shown, becauSe it

represents not one, but the sum of frvo chemical species, 0" and Mo,.
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4. RT-SULTS

3.1. KINETIC MEAST]REMENTS

Chemical species of atrazine, as measured in kinetic experiments involving Miniota sand, as well

as HA amended Miniota sand, are shown on Figures 10-14 in the Appendix' Each graph

displays th¡ee chemical species of arazine, characteristic of the given soil / HA combination:

(a) atrazine in solution (Mo);

(b) reversibly sorbed aEazine (d);

(c) irreversibly sorbed atrazine (0o).

M^, is measured directly in the frltraæ, while (Mo,*0J values are me¿sured directly in the

slurry. As noted earlier, (Mo,+0J is an inte¡mediate value, thus it is not shor.vn on the graphs,

but used in the calculation of 0" and 0o.

At to, when the experiment begins, and atrazine is added to the suspension, all atrazine

molecules are, by definition, in solution. Thus, the Y-axis intercept for M^, is the initial

atrazine concentration (1.00 x 10a M), and zero for îrand 0r. Actual measurements of initial

free ahazine practically never gave exactly 1.00 x 104M concentration, and the Y-axis intercept

of the regression line was usually above 1.00 x l0{. Repeated tests found, that the deviation

was not cåused by experimental error, imprecise meåsurement or atrazine contamination of the

Miniota soil used in the tests. In ùerms of these measurements, the UV absorbance of atrazine

is higher when measured in a heterogeneous soil slurry. The fact that further increasing humic
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material concentration increased absorbance values, suggests that association of at¡azine with

humic materials may play a role in shifting atrazine spectral values. The regression line was

'anchored' at 1.00 x l04M on the Y-axis based on the proof that there were no atrazine residues

detected in the sample priol to the test, as analyzÊd by HPLC, and the amount of atrazine put

in the solution was known. Similarly, regression lines of labile sorbed and irreversibly sorbed

atrazine were anchored at the zeto intercept.

F¡ee atrazine concentmtion in the control sample decreases at a high rate for c¿. 3 days, then

the ¡ate of change levels out, and the regression line becomes quasi-linear. The initial rapid

drop in free afazine concentration is paralleled by a high rate of increase in d", that starts to

level out at around 2.5 x 10-5 M/L of slurry, showing the chalacteristics of a typical Iangmuir

isothefm. The existence of an initial high sorption rate and a subæquent ¡ate which is

significantly lower may indicate that there are two classes of binding sites, with different

sorption kinetics. Ir¡eversible sorption (0o), in agreement with the theory, is described by a

linear plot, with no saturation reached during the experimental p€riod. These results corespond

with the findings of Gamble and Khan (1990) obtained for the case of atrazine and Typic

Mesosol peat from Quebec. Reversible sorption capacities (0c) and-K, equilibrium constants are

shown in Table 9.

37



Tabte 9: Reversible a[azine sorption capacity and equilibrium constants of Miniota soil and

humic material amended Miniota soil.

Soil 0" (moles/g)
-K,

Miniota Sand

Miniota + 1% GEO HA

Miniota + O.5Vo GEO HA

Miniota + 1% BHL HA

Miniota + 0.5% BHL HA

1.47 x L0Á

0.93 x 10{

1,28 x 106

1.67 x l0{

1.73 x 10{

4.83 x 1d

4.71 x Iú

5.74 x lÚ

7.17 x1ú

6.44 x 102

(a) GEO HA amended soil

The dynamics of free at¡azine concentration in the GEO HA amended suspension is similar to

the case with Miniota soil (Fig. 11 and 12). The sorption appeafs to change chalacter at ca.

3 days and 8 x 10r M, when the initial rate of sharp concentration decrease moderates. The

reversibly sorbed and i¡¡eversibly sorbed chemical species curves changed compared to what has

been observed fo¡ Miniota soil with no amendment. The rate of change is related to the amount

of GEO HA added.

Figures 15-17 show a plot of respective species curves for the control as well as GEO HA

amended soils. Due to HA amendment there is a drop in free atrazine in the solution as shown

on Figure 15. The diffe¡ence in the c¿se of the LVo amendment at the end of the 40 day æsting
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period is in the order of 0.? x 10'5 M. The change is more significant in the c¿se of reversibly

sorbed atrazine (Fig. 16), and the impact of HA is manifested by a drop in reversibly sorbed

pesticide conc€ntfation. The initial rate of reversible sorption is already different, compared to

the control, from the start of the test. The ¡ate of increase in reversibly sorbed atrazine drops

significantly, especially in the case of the l% HA amendment. By the end of the 42 day

experimental period, the amount of decreåse in reversibly so¡bed ahazine for the l% case is in

the order of 45%.

Curves of ir¡eversibly sorbed atrazine are plotted on Figure 17. No saturation limit is re¿ched*

^^ y of the cases, as the slope of the curves remains positive. This is in agreement with

comparable data in the literature (Gamble and Khan, 1990). The rate of irreve¡sible pesticide

sorption incre¿ses significantly with the amount of HA added to the soil. The diffe¡ence in

ir¡eversible sorption fates is detected from the beginning of the experiment. By the end of the

tests, the l% GEIO HA amended soil exhibits an approximately fourfold inc¡ease in irreversibly

sorbed atrazine in comparison with the confol. The measurements indicate that the inc¡ease of

irreversibly so¡bed atrazine in the case of GEO HA amendment is accompanied by a drop in

both reversibly so¡bed and free atrazine levels in the slurry'

(b) BHL HA amended soil

chemicat species in the BHL HA amended slurries a¡e shown on Fig. 13 and i4. comparing

atrazine kinetics to the control on Fig. 10 shows that the kinetic character of chemical species

is similar afær BHL HA amendment. In co¡relation with theory, reversible sorption shows
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second order kinetics, while i¡¡eversible sorption is quæi-first order, The inflexion point in free

atrazine and i¡reversible sorption is seen at day 3 of the æst runs' In the case of BHL HA the¡e

was a plateau associated with reversible sorption, which indicates saturation of surface covefage

sites, i.e., a limit of surface sorption cåpacity. Reversible sorption capacity and associated

kinetic rate constânts are given in Table 9.

Respective chemical species from the control as well as the BHL HA amended combinations are

plotted on Figures 18-20. Amendment with BHL HA decreases the amount of free atrazine in

the suspension. The decrease is more noticeable than it was in the case of GEO HA amendment

in the initial phase of the test period (inflexion point at 6.7 x 10-5 M fot l% BHL HA)' but

following the initiat drop, the decre¿se of free atrazine is small, and diffe¡ences between the

effects of GEO HA and BHL HA level out at 40 days (4'8 x 10rM)'

The increase in reversible sorption was ma¡ked in the first 3 days. Due to the initial incre¿se

in dr, reversible sorption capacity of amended slurries remained higher than that of the controi

until about the 30 day mark. This effect is characteristic of BHL HA, and was not observed in

the case of GEO HA amendment. The reversible sorption capacity (0"), as shown by the quasi-

horizontal section of the post-inflexion plateâu of the curves has been calculated as 10-s M g-r

(Fig, 16).

Figure 20 illustrates the effect on ir¡eversible sorption for BHL HA (do). The curves show

inherently first orde¡ kinetics. BHL HA amendment also leads to an increase of irreversible
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sorption, the magnitude of which is in the range of 80Vo at 40 days for the 1% amendment.

contmry to what has been ^Xxserved fo¡ GEo IIA, increasing the amount of BHL IIA

amendment from 0.5Vo tn L% is not reflected in a comparable increase of i¡¡eversible sorption.

The inc¡ease of i¡¡eversible sorption was paralleled by a decrease in f¡ee atrazine in the solution,

and in the initial phase of the experiment by an increase in reversible sorption'

3.2. SORPTION CAPACITY MEASURXIUENTS

Reversible sorption capacity meåsurement of soil and HA amended soil for atrazine was

undertaken in order to confirm saturation values obtained during kinetic tests. Reve¡sible

sorption capacity, 0¿, has already been obtained from the kinetic runs, as given in Table 9,

simply because the arbitrarily chosen level of atrazine at t¡ was significantly more than sufficient

to satunte the sites available for reversible sorption, i.e., 0" < < Mor. This allowed ¡eversible

sorption curves to reach a plateau after three days following the start of tests. Results of

individual site saturation experiments are given on Figures 21-25 in Appendix 2. Results of

labile sorption saturation experiments a¡e summa¡ized on Figure 6 below.

By the end of a 75 day experimental period total aggregate aftazine concentration in the slurry

increased to 45 ¡rM. At 45 pM total atrazine concentration neither of the curves teåch a plateau,

which i¡dicates that reve¡sible sorption capacity has not been ¡eåched. Comparing curve

endpoints of Miniota soil as well as 1 % GEO and BHL humic material amended with 0" values

in Table 9 it becomes cleâr that total atrazine concentration is below saturation concentration.



REVERSI BL E SORPTI ON CAPACI TY:

COMPARISONS

-------l--
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----{----gEO HA

-=-€l-
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Tol rl Al ( ñl ct oñol .t)

Figure 6: Kinetics of ¡eve¡sible atrazine sorption in Miniota soil, humic material amended soil,

and humic material amendment (ticla are for line identification).

This is also true for the tested GEO and BHL HA. Interestingly, reversible sorption equilibria

of both BHL and GEO HAs with no soil added a¡e above humic material amended soil and the

control soil. Although experimental results from the cunent tests ate sufficient to describe the

kinetics of reversible sorption, further tests would be necessary to clarify the mechanísmbeyond

this phenomenon.
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5. DISCUSSION

The experimental section of this project have undertaken the monitoring of atrazine chemical

species under laboratory conditions with whole soil and humic material amendment. Based on

the test results, the following general conclusions can be drawn:

a,l HA amendment decreased the amount of free atrazine (M^J h the suspension. This

result was characteristic of each HA used in the tests, in terms of magnitude of the effect.

Increasing the amount of HA amendment from 0.5/o lo 1.0% resulted in a further small drop

in free at¡azine concentration in both cases.

b./ The impact on reversibly so¡bed atrazine (0) is characteristic of the type of HA applied.

HA amendment has been shown to decrease the amount of reversibly sorbed atrazine in the case

of GEO HA. Reversible atrazine sorption was initially increased in the BHL HA amended soil

above control values. These observations are supported by calculated ¡eversible sorption

capacities.

c.l Both HA amendments have significantly increased the amount of irreversibly sorbed

atrazine (do) in the suspension. The effect is HA speciftc in the sense, that the GEO HA

produced a significantly higher increase in irreversible sorption than the BHL HA, It is also a

function of HA concentration.
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Amendment of soil with SOM has been found by other authors to increase pesticide sorption

capacity. Barriuso et al. (1992) studied the impact of several types of dissolved organic matter

@OM) on the adsorption of several herbicides, and concluded that adsorption of less soluble

pesticides, including atrazine was increased. They found, that a tânnic acid amendment resulted

in incre¿sed sorption, but decreased desorption for atrazine and carbetamide, Ir¡eversible

sorption has been reported for a number of other pesticides and SOM (Schneuert et al., 1991;

Martin et aJ., 1979; Cheng et a1., 1983; Bollag and Myers, 1992).

Although for predictive purposes the availability of reversible sorption capacities and kinetic rate

constants is critical, for the purposes of practical application describing ir¡eversible sorption

effects is even more important. Incre¿sed irreversible sorption due to HA amendment is of

envi¡onmental importance, because potential consequences may include decreased toxicity of a

given pesticide in the soil or watel. Referring to Cfank (1975), Gamble et al. (1994) notes that

"steâdy state labile surface sorption drives the ¡eta¡ded intraparticle diffusion into a semi-infinite

sink". In terms of the present experiments and comparable literature data, ir¡eversible sorption

câpacity had not been reached, the rate of i¡¡eversible sorption remained positive and quasi-

linear (Gamble and Khan, 1990; Gilchrist et al., 1993; Gamble et al., 1994). What has been

demonstrated is higher r¿r¿s of irreversible sorption for humic material amended soil. Whether

higher initial rates will lead to actually higher ineversible sorption capacity should be found out

in experiments where reversible sorption rates approach zB¡o. The demonstration of inc¡eased

rates of ir¡eversible sorption alone, however, permits the contemplation of practical applicability

humic materials may have under circumstances where atrazine contamination of hydrogeological

sysûems is a matter of concem.



There have been a number of recommendations regarding the function of humic substances in

the detoxific¿tion of polluted sites. Bollag and Myers (1992) and Bollag (1992) suggest, that

detoxiflcation is possible by enzymatically coupling contaminants to humic materials. Organic

pollutants oxidatively coupled to HAs are suggested to 'lose' their contaminant character, and

become an integrated, inseparable part of the HA complex. Upon measuring the retention of

hydrophobic organic compounds, Khan a¡rd Schnitzer (1972) commented as follows: "Since

toxic pollutånts can be held very tightly by humic substances, it is likely, that their

concentrations in soils and sediments a¡e often unde¡estimated. On the other hand, humic

subslances may adsorb toxic pollutânts in such a manner as to make them unavailable to plants

and animals, so that the problem is less serious than one would expect it to be." This apparent

duality of HA behaviour in relation to pollutant behaviour may be seen as a hindrance to

meaningful predictions, As discussed in Chapter 2, however, this apparent duality, or rather,

multiplicity of potential outcomes can be explained in significant detail by exact stoichiometry.

It is true, that the stoichiometry is specific of the given HA-contaminant relationship. Howevet,

there a¡e situations, whe¡e the nature of a contamination problem is very specific, and there is

likely to be place for highly specific solutions. The need for site specific remediation objectives

is also recognized by Canadian legislative authorities:

"In o¡der to remediate a contâminated site effectively, site-specific objectives must be established

with due regard for a number of factors including existing site quality, current and proposed

uses, socioeconomic and technological factors, and physical factors that may affect the impact
of a contaminant on the environment or human heålth.'

(ccME, 1991)
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Commercial humic materials used at the rates indic¿ted are relatively cost effective, and

environmentally safe soil amendments. Average market prices for 1994 for the kinds of HA

products uæd in this p¡oject are in the range of C$100-130/ton, based on quantity and method

of shipment. The feasibility of decontamination procedures should be assessed by comparing

the effectiveness of using HAs as a decontamination medium, versus the effectiveness of

available alternative methods.

Cast in the environmental economic framework of pollution control, some policy implications,

datâ tequirements, and practicâl complexities of deciding the optimum amount of humic material

required fo¡ remediation or pollution prevention could be elucidated. For a very simplified

scenario, the marginal analysis to determine the optimal level of humic material amendment

requires the marginal control cost (MC") function for the particular technique of humic material

application, and the marginal damage cost (MCo) arising from pesticide damage be equal (e.g.,

Pe¿rce and T[mer, Ch. 5), as illustrated on Figure 7.

In order to obtain the MC" function for the cleanup or prevention technique, it is not sufficient

to know only the marginal change in the unit price of the humic material applied. As noted by

Gamble and Khan (1992), arazine sorption is directly ¡elated to internal variables, and reliance

on humic.material quantities simply causes unne¡essary dâtâ scatter. Internal variables to be

used in this case are related to the broader policy objectives of pollution control. Presuming that

these objectives require pollutants be ir¡eversibly removed f¡om the system, the potential of the

humic materials to incre¿se irreversible sorption rates and capacities is of primary importance.
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The

MCC = MCD

0 Emissions -->
<-- Emission Control 0

Figure 7: The principle for allocating the optimum amount of pollution control.

specifrcity of humic material / soil / pesticide interactions requires case-specific knowledge of

irreversible as well as reve¡sible sorption enhancing parameters. Considering a real-life

agricultural field scenario, the slope of the cost function of humic material application would be

also influenced by other non-pesticide related effects of humic materials, such as effect on yields

or soil nutrient retention capacities.

The determination of the MC¡ function would involve the determination of damage caused by

increasing rates of pesticide contamination under the given circumstances. The application of

standards seems to be the most frequently applied pollution abatement criterion (Iable 2 and 3).



Even though standards do not necessarily lead to optimum allocation of pollution control or

prevention, their apptication seems reasonable given the difficulties associated with expressing

pesticide extemalities in monetâry ærms @imentel et al', 1991; Pimenæl er al., 1992).

Based on the results obtained in HPLC-MF tests, technological alternatives cån be.contemplated

for the use of humic materials in tackling pesticide contamination risk. Such scenarios could be

used to di¡ect future ¡esearch towards field experiment and t€¿hnology-oriented development

work.

The framewo¡k fo¡ the evaluation of pesticide pollution control alternatives is given on Figure

8.

Pollutlon Control AÞproaches --- ------ --> (Ploectlve Sèlt¡tions)

./
ln Sltu

,/ -'\-
,/ -"-..-

Pcint Sourc. NonPêltìt Sourca
Polludon Polludon

I

aorlt,r*o^t Tæatment I

?

Ex Siul

I

Pcint Source

I

frcaþrË)tt

Figure E: Framework for the evaluation of pollution control altematives using humic materials.
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In the case of point source pollution reactive pesticide pollution control technologies involve

either containment, or treatment of the contaminaæd soil. Pesticide degradation rates may be

promoted in specific cases through amending the soil with external humic material. As noæd

earlier, key paftrmeters of the interacting soil, humic material as well as pesticide should be

obtained prior to field scale treatment.

Humic acids migrate very slowly in the soil. Thus, if humic material amendment is simply

spread on the surface, the pesticide sorption enhancing effect is limited to the upper few

centimeters of the topsoil. In case the amendment is tilled in, the effe¡t extends to the depth of

tilling. Humic material amendment is not expected to significantly affect the sorption and

persistence of pesticide residues below the tilled layer. Ex situ treåtment may allow mixing the

soil with humic substa¡ces, followed by containment until pesticide levels fall below acceptable

standard values.

Pesticide from point as well as non-point sources should be prevented from leåching into

groundwater or surface water supplies. In the case of point source pollution the problem is

limiæd to a small area, non-point source pollution, however, affects extensive a¡eas. Wu et al.

(1983) found that percolation to base flow and dissolution in surface overland flow are importånt

transport mechanisms. Paterson and Schnoo¡ (1992) æsted the capacity of riparian poplar tree

buffer strips in intercepting pesticide contaminated runoff or percolating subsurface flow, thus

protecting surface water supplies. Under conditions, where contaminated subsurface flow or

runoff is draining i¡to surface water bodies, humic material filled filæ¡ strips may be applied



to retain and concentrate pesticide (Figure 9).

Topsoll

HA Flhêr Strlp

Figure 9: Conditions for the application of humic material filter strip to prevent pesticide

leaching to open water bodies.

The application of humic materials in decontamination or pollution prevention technologies

requires a number of basic assumptions be investigated under given field ci¡cumstances.

(a) Atrazine measured as being 'irreversibly sorbed' by HPLC-MF, the method used in the

current study, should be confirmed as such by other methods, used in official confumatory

testing of pesticide residues. In Manitoba provincial government agencies do not maintain
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pesticide testing laboratories. Oneof the major institutions involved in æsting soil for pesticide

residues is the Envi¡onmental Sciences Cente¡ in Winnipeg. The method used by the

Environmental Sciences Center for atrazine residues involves mehtylene chloride extraction

fotlowed by gas chromatography-nitrogen phosphorus detector (GC-NPD) analysis.

(b) The pesticide me¿sured by this method as irreversibly sorbed is to be shown as

unavailable for plant uptake.

(c) Irreversibly sorbed pesticide is unlikely to desorb and migrate to groundwater.

A combination of laboratory and field experiments would be required, first to characterize soil

/ humic material / pesticide interactions in the labomtory, and field trials to test whether

laboratory predictions can be validated under conditions whete topographic, climatic as well as

vegetation factors come into effect.
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6. SUMMARY. CONCLUSIONS ANDRECOMMENDATIONS

6.1. SUMMARY

The effect of comme¡cial grade humic material amendments has been tested on the sorption

characteristics of atrazine, a herbicide causing groundwaûer contamination in the úemperate zones

of North America and Europe. The tests involved soil amendment wíth l% and 0.5% humic

material and monitoring the kinetics of atrazine chemical species over time using HPLC-

microfiltration technique. Atrazine in solution (M^) was measured in the microfiltrate of the

soil slurry, and direct injection of the slurry provided values for the atrazine in solution plus

labile sorbed stâte (MAt + d). Kinetically slow intraparticle diffusion (0o) was calcuiated from

initial at¡azine levels (More) and slurry ahazine conc€ntrations: 0¡ = M^, - [(MoJt + 0tl

Both humic materials were found to decre¿se free atrazine conc€nüation in the slurry, although

the rates of decrease were diffe¡ent. Reve¡sible sorption was decreased by GEO HA, but

inc¡e¿sed by BIIL HA, as demonstrated by kinetic rate lines and calculated labile sorption

capacities. Ir¡eversible sorption was significantly increased by GEO HA, and to a lesser extent

by BHL HA. The increase of ir¡eversible sorption is of envi¡onmental importance, because it

means that the rate at which atrazine be¡omes undetectable in the system is higher in the

presence of humic material amendment, Considering that humic materials are not pure but

highly variable from the analytical chemistry point of view, these differences in mode of action

ate not unexpected. Reversible sorption rates exhibited second order, and i¡reve¡sible rates
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quasi-first order kinetics, in accordance with literature data.

Based on the cuEent test results, commercial humic maærials are expected to play a role in

pesticide contamination abatement. The present tests demonstrate possible effects for the case

of atrazine and Miniota soil only, but comparable effects can be anticipated for some other

pesticides and soils as well. Especially soils whose innate organic matter content is low should

react to humic material amendment with incre¿sed pesticide sorption capacity. The concept of

site specific solutions for site specific contamination problems is known and accepted by

legislative authorities and the environmental remediation industry.

The economic condition for choosing the optimum amount of pollution control is interpreæd for

the case of humic material amendment, and irreve¡sible sorption capacities a¡e identified as

critically important in the determination of the marginal control cost fi¡nction. The currently

used method did not yield ir¡eversible sorption câpacities; neither are such capacities known

from the literature. Inc¡eased ral¿s of irreversible sorption were, however, observed for humic

material amended soil, which suggests potentially higher ir¡eversible sorption capacities as well.

Because of the demonstraæd effect of increasing irreversible atrazine sorption, the tested humic

matprials may play a ¡ole in both soil remediation and containment of pesticide polluûed soil.

Remediation involves either in situ or ex situ fteatment techniques. Main parameters that should

be considered in field application include solubility as well as polarity of the pesticide a¡rd humic

material, soil pH, climatic and topographic conditions, and vegetation effects. For situations
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where point-sourc€ or non-point sourc€ pollution is reaching open water bodies at tile drains,

the applicability of humic materials in constructing filter strips should be investigated'

As noted in the literature review section, commercial humic material products may affect plant

physiology, soil structure and mic¡obial activity as well. Therefore, it is important, that impacts

of humic material amendment on pollution abatement be considered ín co4junctínn wilh effecls

on othe¡ s¡yirs¡ms¡rally and economically important components of the system. Judgements

about the utility of humic materials in pesticide pollution cont¡ol should be based on their

cumulative impact on the given field situation.

6.2. CONCLUSIONS AND RECOMMENDATIONS

Based on the investigations undertaken, ¡ecommendations apply on one hand to the stntegy of

application-orienûed fr¡rther research, and on the other hand w the methodology used in this

experiment.

1. Enhancement of i:reve¡sible sorption was the effect of the highest practical importance

humic material amendment c¿used under the given test conditions. A procedure for the

measurement of irreve¡sible sorption capacity should be developed, that would clearly point out

the highest expected irreversible loss of pesticide in the soil owi-ng to humic material

amendment. Irreversible sorption e4uilibria through intraparticle diffusion take very long time

to achieve, and cunently available methods are impracticable to determine such equilibria.
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2, Atrazine or other test pesticide measured with the HPLC-MF method as irreversibly

sorbed following humic material amendment, should be also confirmed as such by applicable

extraction methods uæd in laboratories of regulatory authorities.

3. While some of the parameters relevant for pesticide remediation, such as sorption by

whole soil, pH, temperature effects, organic matter content can be modelled under laboratory

conditions, consideration of others, e.g., climatic or topographic effects demand field

experiments. For the purposes of ¿x sil¡¡ ¡emediation in a closed system, laboratory scale

models may provide sufficient information. For in situ containment or remediation, however,

labontory experiments should be used in parallel with field studies.

4. In case when humic materials are applied to an agricultural field with the purpose of

alleviating pesticide contâmination, experiments should be designed where positive yield effects

are also evaluated. If positive yield effects c¿n be also demonstrated, the marginal control cost

function of humic material application in the context of pesticide contamination abatement

decreases, that makes the æchnology more competitive. In order to examine yield effects

separately, experimental design would require holding all conditions - including pesticide

application - constant and studying yields at appropriately selected humic material amendment

quantities.

5. The applicability of humic material filær strips preventing pesticide contamination of

water bodies, as suggested in Section 5. should be tested. The applicability of the buffe¡ zone
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æchnþe for other cases, such as hazardous waste (pesticide) storage facilities should be also

investigaæd.

6.3. RECOMMENDATIONS FOR TTIE USER OF HPLC-MF

The following are observations that apply to some æchnical difficulties encountered in ¡elation

to the test methodology uæd during the cur¡ent experiment, and a¡e inænded to help ñrture

investigators design similar experiments.

1. HPLC-MF is a æchnique that involves the injection of whole soil into the HPLC

instrument. Because of the buildup of soil on frits, above-normal pressure is a frequent

phenomenon. Injecting soil slurries, that have been mixed over an extended period of time

cåuses the frits clog up faster. Designing ¡eversible sorption capacity experiments should,

therefore, pay attention to reaching ¡eversible sorption capacity prior to clogging problems

become too frequent.

2. The addition of humic materials in the cur¡ent tests lead to the partial masking of at¡azine

peaks at 245 nm and a.u.f.s. : 0.02. This effe¿t could have been dec¡eased without significant

loss of sensitivify if total amount of soil*HA in the æst vessel was decreased from

0.5 g I 25 mL to e.g. 0.25 g I 25 nI-.

3. Atthough the combination of I¡tus 123 and the F-Curve package allowed very flexible
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data analysis, the procedure requires a sequence of 5 files to obtain a fitted curve for a ¡aw data

set. The use of newer, more userfriendly packages is encouraged, that would make the data

analysis more expedient,
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APPENDIX 1: Chemic¿l Specis of Atrazine

Flgure 10: Chemical species of Atrazine in Miniota Sand.

Constants and Standard Deviations
Chemical Species X-Range Consta¡t SD

ATRAZI NE SPECI ES
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- 

t: trr.Y. a.rr.a

In Solution
(filtrate)

o-2.9

2.942

a = 9.9¡140E{5
b = -8.6021E{6
c = 1.0032E46
d = -5.0575E{8
e = 1.0899849
f = -8.41238-12
a = 8.5466E{5
b = -9.3039E{7
c = 4.2897F{D

4s842Fú
2.9689E46
4.9403E47
3.2077848
8.8488E-10
8.6983E-12
2.5346F-06
3.t76t847
7.9051E-07

h Solution +
Reversibly Sorbed
(slurry)

o42 a = 1.08878{4 1.9260846
b = -3.2743847 2.4673847
c - 2.9377849 6.4196E-09

Constants apply to polynomial equations, corresponding to the fitted curve: y = a + bx + cx2 +
dx3 + ...
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CHEMI CAL SPECI ES
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Figure 1l: Chemical species of Atrazine in Miniota Sand amended with 1% GEO HA.

Constants ând Standard Deviations

Chemical Species X-Range Constant SD

ln Solution
(filtrate)

0-2.9 a = 9.9457845
b = -1.0801E{5
c = 1.2736846
d = {.5707E{8
e = 1.4837E{9
f = -1.22388-ll

a = 8.2580E{5
b = -t.22M46
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In Solution +
Reversibly Sorbed
(slurry)
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c = 1.1849E{8 6.4041E49
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Fiqure 12: Chemical species of Atrazine in Miniota Sand amended wi¡h 0.5% GEO HA.

Constants and Ståndard Deviations
Chemical Speciæ X-Ralge Constant SD

In Solution
(filtrate)

0-2.9 a = 9.9292845
b = -1.2622845
c = 1.6541E{6
d = -9.2504E{8
e = 2.2647849
f = -2.02458-ll

a = 8.0018E{5
b = -9.659447
c = 3.748988
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7.03938{7
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In Solution +
Reversibly Sorbed
(slurry)
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b = -9.7889E{7 2.30588-07
c = 1.5036E{8 5.6643E{9

a = t.l020E{4 1.4916E-06
b = -3.89788{7 7.1815E{8
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CHEMI CAL SPECI ES
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Figure 13: Chemical species of AEazine in Miniota Sand amended with 1% BHL HA.

Constants and Ståndard Deviations
Chemical Species X-Range CoDstant SD
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(filtrate)
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Figure 14: Chemical species of Atrazine in Miniotr Sand amended with 0.57o BHL HA.

Constants Bnd Standard Deviations
Chemical Species X-Range Constant SD

In Solution
(filtrate)
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(slurry)
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ATRAZINE IN SOLUTIONI
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Fiqure I5r Impact of GEO HA (1 and 0.5%) amendment on kinetics of Atrazi¡e in solution (Mo)
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Figure 16: Impact of GEO HA (1 a¡d 0.5%) amendment on kinetics of reversibly sorbed Atrazine
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Figure 17: Impact of GEO HA (l and 0.5%) amendment on ki¡etics of irreversibly sorbed Atrazine
(0,).
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Figure 19: Impact of BHL HA (1 and 0.5%) amendment on kinetics of reversibly sorbed Atrazine
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APPEN'DIX 2: Sorotion Canacitv Meâsurements

Flgure 21: Surface sorption capacity of Miniota soil.

Constånts and Standard Deviations
Chemical Species X-Range Constant SD

REVERSI BLE SORPTI ON CAPACITY
¡t rr.tr trt t, ta0Lt

t.1

I

0. ¡

0. t

0. t

0. !

0.1

0.4

0. !

o. t

0. t

0

Reversibly Sorbed 045 a = 1.8609E{1 6.6273E42
b = 4.4699E42 1.20588{2
c = 3.0225843 5.7667844
d = -3.6315E{5 7.62248ú
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REVERSI BLE SORPTI ON CAPACITY
llòl.r¡ l.ll + lf 0E0 N^

ßlgure 22t Surface sorption capacity of Minioø soil amended with 1 Vo GEO HA.

Constants and Standard Deviations
Chemical Speciæ X-Range Constânt SD

Reversibly Sorbed a = 4.3926E{4 6.8623842
b = -3.7651E{3 1.2492842
c = 6.9698E{4 5.9786E-04
d = -2.9823846 7.9065846
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REVERSI BLE SORPTION CAPACITY
¡l ¡\latr l.ll r lt IHI li^

Figure 23: Surface sorption capacity of Miniota soil amended wi¡h I % BHL HA.

Constants and Standard Deviations
Chemical Species X-Range Constant SD

Reversibly Sorbed a = -2.2125842 9.0565E{2
b = -a.5303E{3 2.7t63842
c = 8.3070E{4 2.3601E{3
d = -2.7558E{8 7.2948847
e = -1.2567847 7.266,5E47
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REVERSI BLE SORPTION CAPACITY
!BL NA. ttC

Figure 24: Surface sorption capacity of GEO HA.

Constants and Ståndard Deviations
Chemical Species X-Range Constant

Reversibly Sorbed 045 a = -2.2125842 9.05658{2
b = 4.5303E43 2.7163842
c = 8.3070844 2.3û1843
d = -2.75588{8 7.2948847
e = -t.2567847 7.26É5E47
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REVERSI BLE SORPTION CAPACITY
!l tt^, ltc

^l | ¡r.r.¡rr rr)
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Fiqure 25: Surface sorption capacity of BHL HA,

Chemical Speciæ X-Range CoDstånt

Reversibly Sorbed a = 1.5850E42 t.3142841
b = -1.4377E42 2.4434842
c = 1.9389E{3 1.17548{3
d = -1.9708E45 1.55538-05
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APPENDIX 3: Calculation of Atrszine Molariti€s

a. Atrazine tvtòlu¡tie¡ in Slurry: In Solution (M^) 4 Reversibly Sorbed (d)

2*so,*P.
vL ' ¡r¡Ä¡

sl * s2

where s^, = c¡ncentration of at¡azine standard (M)
p, = atrazine peak height in slurry (cm)
sl = pd height of søndard injection I (cm)
S2 = peak height of standard injection 2 (cm)

b. Atrazine Mola¡ities in Filtrate: In Solution (Mo)

2*so,*pr
lvlÁr - 

-

sl *s2

where s^, = concentration of atrazine standard (M)
pr = atrazine peak height in filtrate (cm)
sl = pd height of standard injection I (cm)
s2 = p* height of søndæd injection 2 (cm)
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APPENDIX 4: Rsw Numericål Datâ from HPLC-MF Experiments

ATRAZINE SORPTION IN MIMOTA CLAY - CONTROL (SLT]RRÐ
FILE: CTGSLI,JR.DAT

DAYS AT/L SLI,]RRY

-9 . O2777 8E-03
1.063194
1.900694
3.005556
4.002083
4.8r9445
6.813889
7 .829306
9 .87 2222

11 . 813 19
13.88819
16.09028
18.04236
19.91458
22.78056
23 .8!667
26.94024
2A .967 36
32 . A7 292
35 .8027 a
3A .7 4542

1.1130748-04
1. 08 2 2 518-04
1.1415938-04
1. 178073E-04
1. 0158738-04
1. 18s5488-04
9. 9324 328-05
1.063908E-04
1. 059578E-04
1.082076E-04
1.080501E-04
1.0590228-04
r.o2777AE-04
r. 00527 2E-04
1.0496318-04
t. oo27 478-04
1. 0591228-04
1. 0035348-04
1. 04 66938-04
9.890909E-05
9,950576E-05
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ATRAZINE SORPTION IN MIMOTA CLAY - GEO CONTROL (FILTRATE)
FILE: CTRL.DAT

DAYS AT/L SLI,JRRY

ffi
1.070833
L.906944
3.013889
4.82777e
6.825695
7.833333
9.883333

71 .42222
13.93333
16.10069
18.05069
L9 .9243
22 .7 A95
23.A430
26.9479
2A .97 63
32.8819
35.8145
38.7937
40.8s97

7 .7922088-05
8. 008858-05
I .27 37 498-05
8.2800158-05
7 . 567568E-05
7.3513118-05
7.2398198-05
7.2874498-05
7.7996428-05
7. O82 6 31E-05
7.t52778E.-05
6. 643234E-05
7.042254E,-05
6.730769E-05
6.5288358-05
6.2544L7F'-Os
4 .7 47 082I.-05
4 . 9090918-0s
5. 8649098-05
4 , 983 4988-05
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ATRAZINE SORPTION IN MIMOTA CLAY AND LVo GÐ IIÄ (SLIJRRÐ
FILE: G3SLIJR.DAT

DÄYS AT/L SLURRY

1. 6342488-13
r . 07 29]-7
1.9125
3.017361
4 . O27 083
a . a47 9L7
6.836805
7.836111
9.889584

LL.82847
74 . r243r
16.09931
18.05139
19 .92639
22 .7 993
23 ,85625
26,95278
28.97778
32.88403
35 .8!597
38.79514
40.87083

1.107143E-04
1. 0 6 6 6678-04
1. 14 087 8E-04
1. 074 52 3 E-04
1. 059 2 4 6E-04
1. 1010568-04
1.o277788-04
9.725498-05
1. 007388-04
9 . 059475E-05
9.6153858-05
9.571428E-05
9.411765E-05
8.741259E-05
8.88535E-05
8 . 62A7 638-05
I . 8929898-05
8 . 55615E-05
8.8631988-05
7.6556778-O5
7 .08 609 3E-05
I . 434505E-05
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ÀTRÁ,ZINE SORPTION IN MIMOTA CLAY AND lVo GN HA 6rl.Tnerr)
FILE: G3FILT,DAT

DÀYS ATiL OF SLTJRRY (M)

6.9444448-03
1.079861
L .923 6]-7
3 . 0 61111
4.036111
4 .85625
6.845139
7.844444
9.898611

11.83681
14 . 163]-9
16 . 1118
78 . 0597 2
1-9.93472
22 .807 64
23 .86454
26.96111
28.98611
32.89305
35 .425
38.80347
40 . 87 9L7

7 .892857E-05
7 .8596498-05
7.6674368-05
6.8113528-05
7.1095158-05
7 .579185E-05
7 .7430568-05
6.9019618-05
6.8634688-05
6 .2240678-O5
6. 888112E-05
6.714286E-05
6.8512118-05
5.8741268-05
6. 114658-05
6.053512E-05
5.9040598-05
5 . 6327 998-05
5.2793A48-05
4 . 249084E-05
4 .40397 3E-05
4 .6645378-05
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ATRAZINE SORPTION IN lvtrMOTA CLAY AND 0'5Vo GÐ IIÀ (SLIIRRÐ
FILE: GI¡ISLLJR.DAT

DAYS ATIL SLURRY

2,2630798-L2
7 . 07 4306
7.9229r7
3.070139
4 . 032639
4 . A5347 2
7.O236L!
7 .841667
9.891666

11.84097
14.14653
16.10903
18.05694
19.93611
22 . AO4A6
23.8625
26.98542
28.98403
32 . A9028
3s.85139
38.8
40.87639

1. 117 4 3 8E-04
1. 1007198-04
1.168591E-04
t.]-233778-O4
1.1322168-04
0. 00010 6
1.0703268-04
1.0287918-04
1. 0583948-04
9.9929878-05
9.7699118-05
1. 057 59 2E-04
1. 078s718-04
0.00010
9 . 6594 4 3E-05
9.409836E-05
8.4191188-05
9.9465248-05
1. 02 0561E-04
9.5256178-05
9 . 78 653 6E-05
9 . 7568888-05
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ATRAZINE SORPTION IN MINIOTA CLAY AND 0,5Vo GEO IIÀ (FILTRATE)
FILE: GI¡ÍFILT.DÀT

DAYS AT/L SLT]RRY

6 .9444448-03
1. 0812 5
1.93333
3.08263
4 .04097
4 .87 847
7 . 03263
7 .85
9.899305

11.85
14.1636
16.11736
18.06528
]-9.94444
22 .81389
23 . 87 222
26.99444
28.99236
32.89028
35.83333
38.80972
40 . a9097

7.9003568-05
6. 8345338-05
7.8060058-05
6.818182E-05
6. 2569838-05
7. 3094878-05
7.2047L78-O5
7.7543188-0s
7 .37 22638-05
5.539972E-05
6.2654868-05
7.6788838-05
6 . L42857 E-05
6. 48 648 6E-05
6.3467 498-05
5.8 688538-05
6.3602948-05
5.4188958-05
5.3831788-05
5. 0474 388-05
4.5977018-05
4 . 37 60138-05
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ATRAZINE SORPTION IN MIMOTA CLAY AND LVOBÊIL TIA (SLURRÐ
FILE: B3SLUR.DAT

DAYS AT/L SLTJRRY

-3.073097E-12
0.9694445
2 . O27 0A3
2 .99t667
4 .14541-7
5.O25
7.113889
9 . L2r528

11.18125
14.1875
18.06528
19. 98056
22 . 06667
23 . A63L9
26.23954
27 .997 92
30. 19 514
32 .22847
34.06736
37.18681
40.02847

1-.2t2t2rB-04
1.1130798-04
1. 0859738-04
1. 16996E-04
1.1483628-04
1. 12104 3E-04
1.081967E-04
7.9682548-05
1.0113648-04
L. 0829278-04
1. 103 4488-04
9.9541988-05
0.00010
1. 04 87 8E-04
9 . 683 0988-05
9. 52 8 628-05
9 .7 022778-O5
9.963235E-0s
0. 00010
9 . 3785318-05
9 . 1139248-05
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ATRÀZINE SORPTION IN MIMOTA CLAY AND l%oBHL IIA (FILTRÀTÐ
FILE: B3FILT.DAT

DAYS AT/L SLURRY

8.3333348-03
1.19375
2.036111
3.000695
4.16736L
5.033333
7 .1229t7
9 . t29L67

11. 19306
L4 . L97 22
18.14028
19.9868
22.0757
23 . A7 0A3
26 .23333
28.00486
30 .204L7
32.23542
34.07292
37 . ]-9236
40.0368

9.2 503998-05
6.967818E-05
6.6063358-05
6 . 64 0316E-05
7.4759158-05
6.405959E-05
6.065574E-05
4.6984138-05
5.4545458-05
5. 821138E-05
6.3949858-05
4 .8549628-05
4 .94 80978-05
5.888502E-05
4.9647898-05
5. O16835E-05
4.3782848-05
0.00005
4 . 43 6868-05
5.235405E-05
4.3670898-05
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ATRAZINE SORPTION IN MIMOTA CLAY AND 0.5VoBHL IIÄ (SLURRÐ
FILE¡ B¿ISLIJR.DAT

DAYS AT/L SLTJRRY

3.232969E.-L2
1.179851
2 . O229r7
2 .9a9583
4.193056
5 . 022222
7.114583
9.118055

11, 18056
14.18681
18.12153
20 . !5208
22 . 07 847
23.85833
26.2368
27 .99167
30. ]-9236
32 .22292
34.06111
37.18889
40. 02639

1. 1140078-04
1.0853838-04
1. 055556E-04
L . 1-262148-04
1. 08 07 698-04
1. 02 69 3E-04
1, 0033228-04
8.878505E-05
9 . 8165948-0s
9.8181828-05
t. o277788-04
1.0020118-04
9.787234E.-05
9.4789928-05
9.6466438-05
9.0662148-05
9 . 340278E-05
9.6808518-05
8.7213118-05
9 . 5045878-05
8.7724558-05
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ATRAZINE SORPTION IN MIMOTA CLAY AND 0.5VoBHL HA FnTn¡'TE)
FILE: B4FILT.DAT

DAYS AT/L SLTJRRY

9.O277788-03
1.188194
2 . O29A6L
2.9979L7
4 .201-349
5.030556
7.r236rL
9.128472

11. 19028
14.19583
18 . 13 611
20 . ]-6042
22.09653
23.89305
26.24514
27.9993r
30,19931
32.23056
34.06805
37.19653
40.04375

8.7296428-05
7. 9015928-05
6.6975318-05
6.951456E-05
6. 615 3I4E-05
6. 3 5 547 5E-0s
5. 3488378-0s
4.4859818-05
4.9781668-05
5. 3 9394E-05
5. 629 638-05
4.8257378-05
5. 64 0 074E-0s
5. 075638-05
5.441696E-05
5. 19524 6E-05
4 . 93 05568-05
5.3191498-05
5. 0163938-05
5. 5045878-05
4 . 94 0128-05
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REVERSIBLE ATRAZINE SORPTION IN MINIOTA SOIL
FILE: MINSORP.DAT

DAYS AT/L SLTJRRY

DAYS AT/L SLURRY

-I.6294r7E'-L2 0.00000
1.843333 2.4570028-02
3 .456445 0. 00000
5.598834 -0. 15217 3 9
7.390833 -3.5273378-02
a.97 4 1.841621E-02

10. 66683 -L.9569478-O2
12.35s08 0,0907441
L4.57672 0.1489758
17 .49144 0.1234568
20.15533 0 . !717 557
22.970r1 0.3639847
25.76078 0.4008016
2A.74A22 0.6508875
31.38256 0.434L3r7
34.15805 0.7956989
37.67I5L O .7 647 059
40.88311 0.9343936
45.57311 r. L42857
40.60261 0.8866995

REVERSIBLE ATRAZINE SORPTION IN MINIOTA SOIL +
FILE: MINGSORP.DAT

lVo GEO HA

-L. r777968-L2
L .7 7 4489
3 . 47 5889
7 .397222
8.973611

10. 66683
12.35033
14.58061
17.49144
20. 16506
22.96856
25 .7 5805
28 .7 4667
31.38411
34.t5572
37.6736L
4 0 . 91111
45 .56844
50.5995

0.00000
0. 00000

-4.1580048-02
-5 . 4347 A2E-O2

0. 00000
0. 04000
1.814882E-02
5.6390988-02
o . t992032
0.1698113
0.1848429
0.305499
0.54000
o .4265403
0.683112
0.6013746
0.5872L94
1.386139
1.163311
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REVERSIBLE ATRAZINE SORPTION IN MIMOTA SOIL
FILEI MINBSORP.DAT

+ 17o BHL IIA

DAYS AT/L SLTJRRY

-7 .24LA51E-L3 0. OOOO 00
1.806389
3 . 47 4333
7.392
4.97 4389

to . 667 22
12.34956
14.58256
L7 .4926r
20.r7478
22.96856
25.7 5572
28 .7 47 44
31.3S839
34.15533
37 . 67 205
40.915
45.56417
50.60144

-4.587156E-02
-2.0833338-02
-3.846154E-02
-1.9157098-02
5.9642t58-02
0.0358423
7 .2202t78-O2
0. 160000
0.2111324
0.2083333
o .4025424
o.7 027 027
o.3044872
0.6533575
0.535117
o.9345794
r . o47 619
0.5830904

REVERSIBLE ATRAZINE SORPTION IN GEO IIA
FILE¡ GF,OSORP.DÀT

DAYS AT/L SLURRY

1.
t .805222
3.472778
5.60427I
7.392
8.974

10. 66761
12.47956
14.581
L7.49L83
20.16039
22.94056
25 .7 53
28 .7 439 4
31.38605
3 4 . L5222
37.66895
40.91383
45.56533
50.59639

0. 00000
0.041841

-5 .22L9328-02
0. 00000
0,00000
3 .9525698-02
0. 1642036
o .1462523
o.2750497
0.5692599
0.3846154
o.6779661
0.8709176
o.790378
L . 09227 9
0.866426
I . t7 3228
2 . LO97 05
1.781609
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REVERSIBLE ATRÅZINE SORPTION IN BHL IIA
FILE¡ BHIJORP.DAT

DAYS AT/L SLI,]RRY

ffi
7.79977I
3.476278
5.59A444
8.968945

10.6645
L2 . 41489
14.57633
17.48833
20.16583
22.967
25 .7 46
28.73656
31.45605
3 4 . 14522
37 . 66233
40.90761
45.55639
50.58706

0.1470588
0. 00000

-0. 1435407
-3 . 558719E-02

0. 0000 0
3 .527 337 E-O2
o.1937985
0.4008016
0.4051565
o . 45627 38
0.4848485
0.8978328
0.7804878
0.9060403
I .237 rL3
L . 657 25L
1. 00000
L.9047 62
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