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ABSTRACT

This thesis concerns aqueous batch—type adsorptiahes, laboratory degradation studies
and laboratory packed soil column and field leaghstudies which were conducted to
determine the influence of soil properties on reten degradation and mobility of atrazine
and metolachlor in Ngabu clay, Thyolo clay, Makakady clay loam, Bvumbwe loamy sand
and Chancellor College sandy loam. A snapshot gumas also conducted to assess ground
and surface water contamination by atrazine analatlor in the Zomba/Bvumbwe region.
No herbicide residue was detected in the groundwsdenples. In surface water samples
atrazine was detected in 38% and metolachlor wasctekel in 15% of the samples. The
concentrations of the herbicides were at their ésglsoon after the first run off event after
herbicide application. The concentrations, howewvere generally below the World Health
Organization's (WHO's) recommended maximum guigeliaues. Following the first run off
event concentrations of herbicides steadily deeckagith time, decreasing to zero within
eight weeks of herbicide application at 37% of Weder sampling points that had herbicide
contamination. Light soaking rains, higher clay teon, flat land, longer distance between
agricultural land and surface water body (filterarga), lower herbicide application rates and

herbicide incorporation seemed to reduce herbieigmrt to surface water.

The L-type and C-type sorption isotherms were oleskfor atrazine and metolachlor on all
soils, such that the adsorption of atrazine andlaetlor are described well by Freundlich (r

= 0.96 to 0.99), Linear {= 0.90 to 0.990, Langmuir{= 0.80 to 0.96) and Temkin?(x 0.94

to 0.99) isotherms. The atrazine and metolachleogadion conformed to the isotherms in the
following order: Freundlich > Temkin > Linear > Lgmuir. The adsorption coefficientsgfk

at 25'C, of both herbicides were related to soil orgamidon content (r = 0.88** for atrazine

and r = 0.99*** for metolachlor) and cation exchangapacity (r = 0.98*** for atrazine and r

= 0.89** for metolachlor). The Jfor atrazine was also related to clay content@841*).

After the first 24-hour desorption period, the amisuof herbicide desorbed from the
Bvumbwe, Chancellor College, Makoka, Ngabu and Tdgwils ranged from 10-40, 4-22,
12-27, 0.75 -10 and 3-25 %, respectively, of thebicede that had adsorbed. The degree of
desorption depended on type of soil and the inttacentration of herbicide. Desorption was
hysteric in all cases, being more irreversiblehat lbwest herbicide concentrations adsorbed.



Desorption was inversely related with organic cartd= -0.85 for metolachlor and -0.75 for
atrazine), clay {r= -0.78 for metolachlor and -0.64 for atrazine)l @ation exchange capacity
(r* = -0.91 for metolachlor and -0.74 for atrazinehu$ the Ngabu soil with highest organic
matter and high clay content had least desorptibereas the Bvumbwe soil with lowest

organic matter and clay contents had the most gésor

Degradation of the two herbicides was initiallytfaad then followed by a slow degradation
process. The degradation of atrazine and metolaafde described well by simple first order
(SFO), bi exponential (DFOP) and hockey stick (iHBjtic models = 0.95 - 0.99, 0.97 -
0.99 and 0.91 — 0.99, respectively). Atrazine aredotachlor degradation conformed to the
kinetic models in the following order: DFOP>SFO>H3®e half —lives for SFO model varied
from 25 - 45 days for atrazine and 28 - 58 daysn@tolachlor, and were significantly
correlated with adsorption coefficient$<r0.99 for atrazine and = 0.87 for metolachlor),
and clay (f= 0.88 for atrazine and £ 0.92 for metolachlor) and organic matter corgdrit

0.83 for atrazine and £ 0.77 for metolachlor) of the soils.

The mobility of herbicides was affected by theemity of herbicide adsorption by soil
constituents (g, solubility of the herbicide in water, initial evater content at the time of
herbicide application, the level of water inputeaftherbicide application and herbicide
longevity (half life). The leaching of herbicidesisvinversely related to soi} k? = - 0.99**
for atrazine and?r= - 0.91** for metolachlor). Horizontal movememtf atrazine was
affected by soil texture and amount and timingaaffall. Mobility index (MI) values showed
that leaching of the two herbicides followed the desr Bvumbwe>Chancellor
College>Makoka>Thyolo>Ngabu. This order was conéidn by the groundwater

contamination potential (GWCP) ratings derived gghre simple decision aid model.

These results indicate that export of herbicidesdter bodies can be reduced by maintaining
high organic matter in soils, not applying herbegdvhen soil is too wet or too dry, following
recommended land husbandry practices that redulcerssion and maintaining a percentage
of the agricultural land as a filtering zone. Thesults also show that recommendations on
application rates for herbicides should considerdlay mineralogy of the soil in addition to
type of weeds, crop and clay content of the soil.

Vi
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CHAPTER 1: INTRODUCTION

1.1 Background

Pesticides have improved the quality of life by tcoling insects that transmit diseases or
damage property and increasing crop and animalugtamh. Although there are many
benefits from the use of pesticides, the misuspesticides can cause both environmental
pollution and economic losses. There is concer festicide misuse may contaminate
agricultural products as well as surface and graater and have adverse impacts on public
health and wildlife. To protect human health arel énvironment, the Stockholm Convention
(Stockholm Convention, 2001), a global treaty orsig¢ent organic pollutants, was adopted
in 2001. The Stockholm Convention bans or severedyricts the use of persistent organic
pollutants (chemicals that remain intact in the immment for long periods of time, are
widely distributed geographically, accumulate ittyfdissue of living organisms and are toxic
to humans and wildlife). The persistent pesticidee DDT, aldrin, dieldrin, endrin,
chlordane, heptachlor, hexachlorobenzene, mirextardphene. Less persistent pesticides
are currently being used although these also cantaenthe environment. They have been
found in water and air at levels that give causectincern in spite of the relatively rapid
degradation rates quoted for the compounds (Chaprh@82; McConnell, 2005). For
example, very high levels of atrazine (2-chloroethyl amino)-6-isopropylamine-1, 3, 5-
triazine) and metolachlor (2-chloro-N-(2-ethyl-64md phenyl-N-(2-methoxy-1-methyl
ethyl) acetamide) have been detected in surfacegeouhd waters in temperate regions (US
EPA, 2002; EXTOXNET, 2000a and b; Rebiehal, 2004; Savoceat al 2000; WHO, 1996;
EWG, 2004) and in tropical regions (Lancheteal, 2000; Laabst al, 2002 and Liet al,
2001; Du Preeet al, 2005)). In the United States of America, from @Q@6 2003, atrazine
and metolachlor in air ranged from 0 to 62 and @8ng/m, respectively; in rain they ranged
from 0 to 37 and 0 to 55 ngfrespectively, with maximum concentration peaksuogng
during herbicide application periods (USGS, 2001)

Atrazine has been reported to have long—term rejatoe and endocrine—disrupting effects.
Reports have indicated that atrazine disrupts &fegelopment and also causes a variety of
adverse effects in fish, including reduced repréida¢ kidney damage, disruption of normal
behaviour and decreased ability to withstand wampeeratures (Haye=t al, 2002; USGS,
2001). Atrazine is also reported to be probablyuan&in carcinogen (Van Leeuwen al,

1999). N-nitrosamines, which may be formed in stilat have been treated with atrazine,



have mutagenic and carcinogenic properties (Ayaretbal 1973). In addition to health
effects, soil atrazine concentrations of at le@stM have been reported to inhibit sulphate
uptake by crops (Hance, 1980; p 309). Atrazine @snled in some countries (including
Angola) and restricted South Africa (Zeljezat al, 2006). The Natural Resources Defence
Council filed a petition in 2002 asking the Envineental Protection Agency (EPA) in United
States to ban use of atrazine to protect endangertes, frogs and mussels and in 2003 sued
the EPA for approving use of atrazine without propeonsidering the effects on endangered
species (Heilprin, 2003). According to EXTOXNET @B8) metolachlor has the potential to
cause liver damage and irritation of skin, eyes amttous membranes from a lifetime
exposure at levels above the MCL. Signs of humémxication from metolachlor exposure
include abdominal cramps, anaemia, and shortnesbraxdth, dark urine, convulsions,
diarrhoea, jaundice, weakness, nausea, sweatingliantess. However, metolachlor is not

carcinogenic or mutagenic.

Individuals may be exposed to atrazine or metotadbhy drinking water from wells or rivers

which are contaminated with the herbicides or swingmn herbicide contaminated waters.
Farm workers, chemical sprayers and people who wof&ctories that make the herbicides
may also be exposed. Individuals can also be exptséhe herbicides by digging in soil or
dirt that contains the herbicide residues. Exposireugh food or inhalation is very rare as
the herbicide concentrations are low in air and lkebicides are rarely found in food; if
found it is only at very low levels (US EPA, 2002).

WHO (1990) estimated that 5-10% of the agricultyp@bulation in developing countries are
likely to have significant exposure to pesticideading to pesticide poisoning. According to
Saka (1999) the situation could arise due to lddknowledge on toxicity and harmfulness of
pesticides and inadequate knowledge on correctcapipin procedures (to protect oneself and
the environment) and dosages that are common &e thieeas.

1.2 Utilization of pesticides in Malawi
In Malawi, rapid agricultural development has ledan increased use of pesticides. At least
2000 metric tons of pesticides are used annuallyy @f which are used for agriculture. The

major crops on which pesticides are used are shovwable 1 (Kapeyat al,2003). Cotton is



the most pesticide intensive crop. However, theneded pesticide usage on cotton is lower
than that of tobacco, coffee and sugarcane beaafug® low total hectarage under cotton.
More recent data on pesticide use by crops in Maisawot available (Mtambo, 2007 and

Mvula, 2007;personal communication

Table 1: Major crops and pesticide use (Kapeyaet al, 2003)

Crop Estimated use (%)
Tobacco 40-50

Coffee 15-20

Sugarcane 10-15

Cotton 10

Tea 5

Maize 4

The pesticides, which include insecticides, hedgsj fungicides, fumigants, and
rodenticides, are shown in Table 2 (Kapeyal, 2003). While insecticides are mostly used in
field crops, fumigants are mostly used in the tabamdustries and herbicides are mostly
used in the sugarcane plantations, coffee, cottah t@bacco fields. The mostly used
pesticides are insecticides, followed by herbicid@santities of insecticides are large but
fluctuate with time, depending on pest or diseastbreaks. For example, imports of
insecticides decreased in 1999 and 2006 refledaag usage in the previous years hence
unused stocks which reduced demand. The use oicltErd has steadily increased with time
from 1998 to 2006. In 1998 more insecticides tharbicides were used (see Table 2). In the
year 2000 more herbicides (a total of 196500 liples 126000 Kg) than insecticides (a total
of 63000 litres plus 149000 Kg) were used. Thedase in use of herbicide is in line with
what is happening on the global level. AccordingKkearney and Kaufman (1975) the
production and use of insecticides have remaingty feonstant over the last several years
but there has been a dramatic increase in the fuserloicides in plant production programs.
As the world’s demand for food increases, as lalb@aomes scarce and expensive and as no

till or minimum tillage soil conservation practicage implemented, the most rapid rates of



Table 2: Imports of pesticides into Malawi (Kapeyeet al, 2003)

Item Quantity
1998 1999 2000 2005 2006
Liquids (I) | Solids (kg)| Liquids (I) Solids | Liquids (I) Solids | Solids (kg) | Solids (kg)
(kg) (kg)
1.Insectcides
1. 1 Chlorinated hydrocarbons 2,540 6,700 840
1.2 Organic-phosphates 15,590 3,600 33,308 54,07813,512 3,925
1.3 Carbamate-insecticides 44,000
1.4 Pyrethroids 1,492 450 3,270 1006
1.5 Others 11,600 185,521.6 28,482 60,992.5 47,877100,799
Total Insecticides 31,222 189,571,6 71,760 63,230 3,28 148,724 1,448,968  1,198,75
Mineral Oils 2,500 976 2,300
2. Herbicides
2.1 Phynoxy hormone products 11,195 10,870 99.350
2.2 Triazines 2,000 14,000 3,400 11,000 7,610 18,00
2.3 Amides 6,200 3,500 6,000
2.4 Carbamate-herbicides 3,000 9,000 - 2,500 -
2.5 Urea derivatives 6,000 2,500 2,500
2.6 Sulphonyl ureas 150 2,500
2.7 Bipiridils 47,460 30,820 17,540
2.8 Others 40,783 10,293 47,015 60,954.6 108,173
Total Herbicides 113,341 54,783 92,883 58,015 4%86 | 126,173 562,507 570,001
3. Fumigants 25,200 23,525.24 29,900 2,016.24  0D2,0 16,834.{
4. Nematicides 16,020 44,000
5. Fungicides
5.1 Organic-phosphate 50 50
5.2 Carbamates 1,005 3,000 801 200
Total Fungicides 1,055 3,000 851 200 256,863 , 1568
Rodenticides 25 25 267 16,287 68,993




expansion in pesticide production will be in theldi of herbicides. Hand hoeing is the most
common method used to control weeds by small deateers in Malawi and this is labour
intensive. The impacts of both rural-urban migratiand HIV/AIDS are making it
increasingly difficult for many families to succésds/ weed their crops using this method.
The Sasakawa Global 2000 Malawi is working with Brs@ale farmers, encouraging them to
use herbicides.

1.3 Fate and dynamics of herbicides

While a small proportion of the pesticides appliedch the target species, a considerable
amount ends up in soil (Hassall, 1982). The enviveintal fate of pesticide residues in sail
include uptake by plants growing on the soil (heestering the food chain), biodegradation
by micro organisms, translocation into air (throwglatilization and wind erosion), run off in
surface water, leaching into subsurface water,t&orfgo soil and soil organic matter, photo
degradation by sunlight and chemical degradatiome Tate and degree of transport of
pesticide residues in the environment depends oerale factors such as temperature,
moisture, microbial activity, amount of oxygen, kghnt, rainfall patterns, application rate,
topography and rainfall (Zaranyika and Mugari, 1.9R6lkhoff et al, 2003; Linet al, 1999),
physical and chemical properties of the pesticided, adsorption, pH, organic matter, clay
and soil dissipation half lives (Savoegal, 2000; Stevenson, 1994; Abateal, 2004).

There have been several reports on sorption, pemsis and mobility of pesticides in soils in
the United States of America (Rieeal, 2002; Webeet al, 2003 and Singh, 2003), in Greece
(Albanis et al, 1998), in India (Sanyadt al 2000), in France (Nova&t al, 2003), in Italy
(Francaviglia and Capri, 2000), in Portugal (Caraje2003), in Brazil (Laabst al, 2002),
and in Africa (Osanet al 2003; Wiese and Basson, 1966; Du Preez, 2005t Btodies
(77%) on persistence and mobility of pesticidessails have been on temperate zone
conditions, and the majority of reports on tropica@ne conditions originated in India
(Wandiga, 2001; Racke, 2003).

The dynamics and stability of pesticides in the gemate soils is different from that in the
tropical soils. Gupta and Kavadia (1979) found tddtin degraded faster in Indian soils than
in temperate soils. Kollman and Segawa (2000) fomedolachlor to have an average half-
life of 114 days in temperate soils whilst Sangahl (2000) reported a field half life of 27
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days in tropical soils of India. There is so muehmiation in literature of sorption coefficient
values, hence degradation and mobility, becausth@fcomplexity of soil environments.
Extrapolation of soil values from one area to aapil therefore not reasonable. No studies

have been done on sorption and persistence otestesidues in Malawi soils.

As the fate of pesticides in soils is determinednbynerous interacting processes (solute
transport, degradation, sorption, plant uptakeatatation and so forth) mathematical
models have been developed to understand and thicppeesticide leaching in soils. The
REM (Register of Ecological Models) database hasrse pesticide leaching models (REM,
2000). In addition FOCUS (Forum for the Co—ordioatof pesticide fate models and their
Use) has recommended models for simulating pestieidching (FOCUS, 1996 and FOCUS,
2000a). The FOCUS groundwater group (FOCUS, 20QG@d¢cted PELMO, PRZM-2,
MACRO and PESTLA to be used in pesticide registratin the EU. Later PESTLA was
replaced by PEARL (FOCUS, 2000b). The quality ahudation results depends on the
structure of the model and its parameterizatioghli regarded models for herbicide fate
simulations are MACRO 4.1, GLEAMS 3.0, RZWQM, PEARKhd PELMO (Siimes and
Kamari, 2003). Pesticide leaching models have ma&nbused in Malawi. Use of pesticide
leaching models requires determination of sorptamefficients and half lives of each

pesticide in each soill.

1.4 Problem statement

There are indications that pesticide contaminationvater exists in Malawi. Government
water quality tests had identified dangerously Hiegylels of aldrin and dieldrin in Lilongwe
River (MEREP, 1995). The aldrin and dieldrin wergidved to have come from termite
control activities. Kamperewerat al (2000) found high levels of aldrin, lindane anango

DDT isomers in sediments in Mtemankhokwe streamMangochi district. However

concentrations of these compounds in the water ft@ake Malawi were relatively low

(Karrlsonet al, 2000). Banda (2004) found DDT, aldrin and hexaadyclohexane isomers
(a-HCH, 6-HCH andy-HCH) in water in Lunyangwa river basin, and in measases the

pesticides exceeded 100upg/l. He also found thBfCH, y-HCH and aldrin were most

prevalent in sediments than in the water.

However, no studies have been done to assess iderl&eels in soils and waters of Malawi.



Atrazine and metolachlor were chosen for this stddhe herbicides, containing atrazine and

metolachlor, registered for use in Malawi are shawmable 3.

Table 3: Herbicides containing atrazine and metolehlor registered for use in Malawi

(Mw PCB, 2007)

Herbicide common name(s) Trade name Formulatipn c@amnation
Acetochlor + Atrazine + Propazine Tuff-E-Nuff SC 6 2029 + 202g/litre
Acetochlor + Atrazine +Simazine Robust SC 160g 3gl6 165g/litre
Acetochlor + Atrazine +Terbuthylazine Acetrazine SC 125¢g + 187.5g +187.5¢/litre
Atrazine + Terbuthylazine Suprazine SC 600g/litre

Eliminator SC 500g/litre
Atrazine + Terbuthylazine + Metolachlor Gadomil SC 262.5g + 262.5g + 175g/litre
Cyanazine + Atrazine Blazine SC 250g + 250g/litre

Bladex Plus SC 333g + 167gl/litre
Atrazine Atrazine SC,WP, WG | 500g/litre, 800g/kg, 900g/kg

Gesaprim WG, SC 900g/litre, 500g/litre
Atrazine +.Acetochlor + Terbuthylazine Bullet EC 52p+ 2509 + 225¢/litre
Pendimethalin + Ametryne + atrazine Paragon plus WP 3509 + 200g +200g/kg
Metolachlor Dual magnum | EC 960g/litre

Falcon gold EC 960g/litre

Sorgomil gold | SC 600g/litre

Metolachlor EC 960g/litre

novachlor EC 960g/litre
Terbuthylazine + Metolachlor Sorgomil SC 700g/litre
Terbuthyn + Metolachlor Igran Combi | SC 4909 + 10g/litre

Trifluralin EC, SC 480g/litre, 500g/litre
Metolachlor + flumetsulam Baleleur gold EC 630g0gitre




Atrazine and metolachlor were chosen firstly beeastsidies conducted in the USA, South
Africa and elsewhere on various pesticides havavehihat the two are the most common
pesticide contaminants in ground and surface wdtés EPA, 2002; EXTOXNET, 2000a
and b; Rebiclet al, 2004; Savocat al,2000; WHO, 1996; EWG, 2004; Du Preszal, 2005)
and secondly because of their use in agricultuiattices in Malawi. Atrazine is widely used
by smallholder farmers on maize fields (under thsgkawa Global 2000 Malawi project) and
in sugarcane estates whilst metolachlor is widskgyduon tobacco, cotton and coffee estates.

The physical, chemical and other properties ofzateaare shown in Table 4.

Table 4: Identity, physical and chemical propertis of metolachlor and atrazine

Property Metolachlor Atrazine
Chemical structure
Ci
Gttty i p2
N""-(;}"‘CH;—O N3/2 7{‘}4
] I
H cr,—cH H e B H
HiC CH; 2 \E\IJ/ \N/)\f‘f/
| |
CaHs CaH5
chemical group chloroacetanilide triazine
Chemical formula C15 H22 CINO2 C8H14CIN5
Relative molar mass 283.80g 215.69¢g
IUPAC chemical name 2-chloro-N-(2-ethyl-6-methyl 2-chloro-4-(ethyl amino)-6-
phenyl-N-(2-methoxy-1-methyl isopropylamine-1, 3, 5-triazine
ethyl) acetamide
Density, g/cm 1.12 1.19
Melting point -62.1C 171-174C
vapour pressure 1.3x10°mmHg (20C); or 2.78x10'mmHg; or 4x1C Pa
1.7x10° Pa
Solubility in water 530mg/l 30mg/l
Henry’'s law constant, 26 2.44x1C atm ni/mol 2.63x10° atm ni/mol
Half life (field), days average of 114 56-154
Hydrolysis half life, days >200 (8G,pH 1-9) 90 (pH<3 or pH>11); 10000 (pH 719
Kow at 25C 7945 3x10

Ciba — Geigy corporation, 1996
Kollman and Segawa, 2000
“t9  Akerblom, 1995

¢ Koch, 1989

€ Larson and Weber, 1994



Table 4 Identity, physical and chemical propsrté metolachlor and atrazine (continuation)
Average k. 200 122
Physical state at room odourless, white powder odourless, off-white taoooless liquid
temperature
lonization weakly basic non-ionisable
MCL for drinking water, 0.005 mg/l 0.525 mgl/l
US EPA
LDso 2780 2000
Application post or pre-emergence pre-emergengeeplant

Target weeds

broadleaf and grass weeds

broadteat geeds and sedges

Herbicidal actiof

inhibits photosynthetic electron
transfer in chloroplasts, acts
through roots of germinating
weeds and to a lesser extent
foliage

inhibits growth by preventing synthesjs
of essential plant compounds like
chlorophyll, proteins and fatty acids,
acts through shoots of germinating
weeds before they emerge above
ground.

Crops on which uséd

maize, sugarcane, raspberries
sorghum, asparagus, pineappl
roses and fine forest trees

, cotton, tobacco, tea, sugarcane, coffee,
Smaize, potatoes, groundnuts, soybeans,
sunflower and woody ornamental fields

Information on sorption, degradation and mobilifypesticides in Malawi soils is lacking.

This information is needed in order to avoid adeeeffects of herbicides on subsequent

crops, soil fertility and environment. This studyetefore concerned the fate (sorption,

degradation and mobility) of atrazine and metolachiesidues in some soils used for

cropping in Malawi.

Apart from the environmental concerns some farrhaxe complained that the recommended

herbicide application rates, by the Ministry of Agiture, are not effective. This study was

designed to address this issue as well.

h,i

SYNGENTA, 2004



15 General and specific objectives
The main objective of the study was to investigedeption, degradation and mobility of
atrazine and metolachlor residues in some soild @ecropping in Malawi. The specific

objectives of the study were to:

(i) Determine extent and trends of atrazine enatiolachlor contamination in some surface

and ground waters in Zomba/Bvumbwe region,

(i) Determine the sorption and mobility of atirez and metolachlor in soils and factors

affecting the sorption and transport modes and

(i) Determine degradation of metolachlor andaaine in soils and factors affecting the
degradation and
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CHAPTER 2: LITERATURE REVIEW

2.1  Atrazine and metolachlor in air

Atrazine and metolachlor are found in the atmosph&he US Geological surveys’ national
monitoring study often found atrazine and metolaci air and rain at nearly every location
tested (USGS, 2001). Atrazine was found in air baghr areas where the herbicide was used
and in areas where it was not used. In the Unitede$ of America, from 2000 to 2003,
atrazine and metolachlor in air ranged from 0 toa6# 0 to 78ng/f respectively; in rain
they ranged from 0 to 37 and 0 to 55 ngj/mespectively, with maximum concentration peaks
occurring during herbicide application periods (Mo@ell, 2005). Atrazine and metolachlor
are lost to the atmosphere through wind drift (clgrriapplication), soil erosion and
volatilization (Hance, 1980). McConnedt al (2002) reported that wind erosion (pesticide
residue attached to soil particle) plays a roleamsporting atrazine and metolachlor into the
atmosphere, especially in areas close to intenseuétgral activity.

Presence of metolachlor and atrazine in the atnewsplban result in their long—-range
transport and redeposition, with the outcome beimgt measurable quantities of such
herbicides can be detected far from their pointetdase. Atrazine and metolachlor in the air
may be broken down by reactions with chemicalshadir, or they may adhere to particles
such as dust which eventually settle out of tharawugh dry deposition (ATSDR, 2003) or
wet deposition (Anubhat al, 2005).

2.2  Atrazine and metolachlor in water

Soil erosion, as wind drift, sediment transport and off, is a major potential source of
pesticide residues in surface waters. Soil pegticasidues that are picked up in a run off
event come from a layer possibly as thin as 2-3 (Ahuja, 1982). Herbicide run off from
agricultural fields has been reduced with vegegstiiter strips (Krutzet al, 2005).

A survey conducted in 1999 in Mali revealed thastjpedes polluted the water of most
villages in northern Mali (UN OCHA, 2000). Albanist al (1998) found higher
concentrations of pesticides in groundwater inrgprfollowing seasonal applications, which
decreased significantly in autumn. Studies conduotehe USA, where there is large scale
use of various pesticides, have shown that the owstnon pesticide contaminants in ground
and surface waters are atrazine and metolachl@.BPA, 2002; EXTOXNET, 2000a and b;
Rebichet al, 2004; Savocat al, 2000; WHO, 1996; EWG, 2004). The widespread use of
atrazine and metolachlor resulted in their detectio shallow ground waters of 20 major
hydrologic basins of the United States (Kolpeh al, 1998). Environmental Protection
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Agency’s pesticides in groundwater Database indgcatumerous detections of atrazine and
metolachlor at concentrations above the recommenuedimum concentration limits
(0.003mgl/l for atrazine and 0.525mg/lI for metolachlin groundwater in several states
(U.S.EPA, 2002; EWG, 2004).

In USA metolachlor concentrations in groundwatesally range from 0.1 to 1 ppb, with an
unusual maximum of 138 ppb (EXTOXNET, 2000a)

In a 1997 surface water survey in the USA, metdtacivas detected in 1644 samples from
312 locations in 14 states (EXTOXNET, 2000a). 088 study of ground and surface water
in USA metolachlor was found in 2091 of 4161 suefagater samples and in 13 of 596
groundwater samples (WHO, 1996).

In Britain there is evidence of the presence dzltre at concentrations near to the maximum
admissible concentration in groundwater (0.0029)naithough the quantitative reliability is
uncertain (Hance, 1987). In South Africa valuesigd as 0.0093 mg/l have been detected Iin
surface waters in corn growing areas and 0.0008imgbn corn growing areas (Du Prestz

al, 2005) in Western Highveld region.

Groundwater pollution by pesticides has been ertelysstudied in temperate regions (van
der Berg and van der Linden, 1994; Ritter, 1990¢mras data from tropical areas is limited.
Recent results of Lanchoét al (2000) and Liet al (2001) showed that the groundwater in the
tropics (Brazil and Hawaii) was contaminated witlazines. This underlines the fact that

groundwater pollution is of concern in tropical iats too.

2.3 Atrazine and metolachlor in soils

Atrazine and metolachlor residues are common ifs dai areas where they are applied
(Hance, 1980). Soil bound residues of atrazineisndegradation products were detected in
soils nine years after application (Capriei al 1985; Schiavon, 1988). Bound (non
extractable) atrazine residues are mainly locatedhé soil fractions smaller than 50um,
which also contain 70-90% of total organic carberhamified organic matter (Barriugo al,
1991). Any soil pesticide residues are potentiahtaminants of both surface and

groundwater.

At the global level several interventions have beede with regard to decontamination of
metolachlor contaminated sites. Zero-valent irors leen used to reduce metolachlor

concentrations in soils. Comforet al (2001) reported a field-scale remediation of
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metolachlor-contaminated spill site using zero-maleon. Their photo degradation is also of
little significance under most field conditions (EQXNET, 1996; US EPA, 2002). Run off,
leaching and bio-chemical degradation appear tihégrincipal routes of their loss from the

soil.

2.3.1 Volatilization

Volatilization of pesticides depends on vapour gues, solubility and turbulence within the
atmosphere and the earth’s surface (Larson and Wet§¥94). Generally very little
metolachlor and atrazine are lost to the atmospbgreolatilization, as is predicted by their
low Henry's law constants {2.44 x £Gfor metolachlor (Ciba-Geigy Corporation, 1996) and
2.63 x 10° atm n¥/mol for atrazine (US EPA, 2002)}, and their lowpeair pressures {1.3 x
10° mm Hg for metolachlor (EXTOXNET, 2000a) and 2.78& mmHg for atrazine (US
EPA, 2002). Riceet al. (2002) observed very minimal volatilization of tmlachlor from top
and sub soils. If metolachlor volatilizes then myave percent of total metolachlor losses
from volatilization occur during the first twelveotirs from the application time (Pruegsr
al, 1999).

2.3.2 Sorption

The transfer of molecules from solution onto envimental solid phase such as soil mineral
or organic matter is referred to as sorption. Sonpincludes adsorption (uptake of compound
by the surface of a solid) and absorption (diffasad molecules into the interior of a solid).
Sorption kinetics exhibit two phenomena, an immidiapid sorption followed by a slow
sorption process. Presumably initial quick adsorpts a surface phenomenon (explained by
easy, rapid, low-energy adsorption on the mostsatoke sites), followed by a slow migration
and diffusion of the compound into the organic eraéind soil mineral texture (less accessible
sites requiring more energy) (Dehghaial, 2005; Spongberg and Gangliang, 2000). The
reverse of the adsorption process is usually catledorption. Desorption behaviour is
sometimes different from that corresponding to ddsorption isotherm. There is hysteresis

na

(irreversibility of adsorption). The rati n
d

is used to describe the hysteretic behaviour of

desorption from soils, where, and  are the Freundlich n constants obtained from the

sorption and desorption isotherms, respectivelyr{ioet al, 2004). Sorption—desorption

equilibrium depends on a number of factors, suctleagperature, pH, ionic strength, and

surface area of solid as well as its physicochenubaracteristics (charge distribution and
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density), hydrophobicity, particle size and voiduroe and water content (Larson and Weber,
1994). Consequently, published adsorption coefiisieand capacities,qkand k. and k,

respectively, can only be used as average estiroathe actual values.

Atrazine and metolachlor moderately adsorb on mswils. Their average soil adsorption
coefficients (k¢ are 122 and 200, respectively (EXTOXNET, 1996 ai&lEPA, 2002). Soil
binding, ki, values for atrazine and metolachlor are 2.33 .6 88/g (Abateet al, 2004) and
0.1 — 10 ml/g (Webeet al, 2003), respectively. Atrazine adsorption decreasethe pH of a
soil increases (Shaner and Henry, 2007). The velaifinity of most soils to atrazine is not
affected by the presence of metolachlor. Similaal§inity to metolachlor is not affected by
the presence of atrazine in most soils (Doazeral, 2002). The percentage of applied
metolachlor bound to soils decreases with increasiatolachlor application rates (Rieeal,
2002). Several isotherms such as linear, Freundliahgmuir and Temkin (Zhu and Selim,
2002; Dehghanet al, 2005) have been used to quantitatively describlei¢ide adsorption to
soils. The Freundlich isotherm has been reportedive best fits for both atrazine and
metolachlor adsorption data in most soils (Alettal, 2004 and Webest al, 2003).

L-type and S-type sorption isotherms resulted winetolachlor was adsorbed by Ca-organic
matter and Ca-montmorillonite (Strek and Weber,2138eber and Peter, 1982 and kiual,
2002), respectively. L-type or C-type isothermaulesi when metolachlor and atrazine were
adsorbed on soils depending on OM/clay ratio (Webai, 2003).

Desorption of atrazine is positively correlatedtite amount of applied atrazine and to the

equilibration time and it exhibits hysteretic pherena (Dehgharet al, 2005).

Adsorption—desorption of herbicides to soil compureare key processes that can control
several other factors such as leaching, degradatiwh herbicidal activity. Since sorption

coefficient characterizes soil/water partitionihgan also be representative for leaching.

The retention of atrazine and metolachlor has baétibuted to organic matter and clay
(Weberet al, 1969; Peter and Weber, 1985; and Zhu and Selif0)20

2.3.2.1 Clay mineral adsorbents

In soils the adsorbents are clay minerals and acgaatter. Soil retention of atrazine and
metolachlor is directly related to organic matiéfeperet al, 2003 and Abatet al, 2004) and
organic matter (OM) and clay content (Rigeal, 2002). Clay minerals are very organized,
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often forming stacked layers of parallel planes enag of silica tetrahedral and alumina
octahedral sheets (Figure 1) (Buretral, 1994).

O Oxygen
* Silicon

GO =i,
Tetrahedral sheet T=—"7~ Lo /.

NALA /S

O Oxygenor OH

& Aluminium

Figure 1: Sheet structure of clay minerals

Clays are classified into 1:1 or 2:1 and occasigriall:1 type clays based on the arrangement
of the alumina and silica sheets. A layer of 1{detglay mineral is made up of one tetrahedral
silica sheet and one octahedral alumina sheet r&igu(Burtonet al, 1994). Kaolinite is an
example of 1:1 type clay mineral.

Oxide ions on this
¥ surface

Tetrahedral sheet

3 One layer in kaolinite
structure

% 5 Hydroxide ions on this

surface

Figure 2: Layer of 1:1 clay mineral

The 1:1 layers in a crystal are held together byroigen bonds between hydroxide ions on
surface of the octahedral sheet and the oxide aonthe tetrahedral sheet in the next layer
(Figure 3) (Burtonet al, 1994). Water and cations cannot enter betweeratfexs of the
crystal and this makes kaolinite a non-expandingenail.
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Figure 3: Hydrogen bonding between the layers in&olinite

In 2:1 type clay minerals an octahedral sheet mlwached between two tetrahedral sheets
(Figure 4) (Burtoret al, 1994).
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Figure 4: Layers of 2:1 clay mineral

There is little attraction between the oxygensathiottom of the layer and those at the top of
the next layer. This means that water and catiamseasily enter the interlayer space in 2:1
type clay minerals. When water enters the interlagace in a clay mineral it forces the
layers apart and exposes a large internal surfidds.interlayer surface is much greater than
the external surface area of the crystal (Budoml, 1994). The 2:1 type clay minerals are

expanding minerals.

The 2:1:1 (also called 2:2) type clay minerals htave silica tetrahedral sheets, one alumina
octahedral and one magnesium hydroxyl octahededdtshThese are considered as 2:1 layer
plus an interlayer magnesium hydroxide sheet (Bail®80). The magnesium octahedral
sheet is held in the interlayer because aluminitnaa{ent) isomorphically substitutes for
magnesium (divalent). This gives rise to a net tpasicharge on the interlayer octahedral
sheet Therefore, the platelets are held togetlemtrektatically and this means a 2:1:1 type
clay mineral is a non expanding mineral. 2:1:1 tgfas/ minerals are found in acid soils and
in ultisols with 2:1 minerals. A good example o1 2: type clay minerals is chlorite.
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Clay minerals are extremely fine particles oftetivdiameters of less than 2 um, and have a
high relative surface area. Soils with 2:1 clay enals have greater adsorption capacity for
herbicides than those with 1:1 clay minerals (Hgreti al, 2001). Soils with 2:1:1 type clay

minerals have properties in between those witreBd. 1:1 clay minerals.

In some clays Al (111) and P (111) can partialiylaee silicon (1V) in the silicate layers and
Mg (11), Fe (11) and Zn (11) can substitute for(&11) in the octahedral layer resulting in a
net negative charge on the clay mineral. To ach@&weetrical neutrality, cations (organic and
inorganic) adsorb on the clay surface or to therlayer spaces (Figure 5). This leads to the
possibility of cation—exchange displacement reastio2:1 minerals have high cation
exchange capacity (CEC). In 2:1:1 clay mineralspbsitively charged interlayer magnesium

octahedral sheet blocks the exchange sites andes@EC.

In soils or waters with few alkali or alkaline garbns the cations on the clay may be protons,
making it possible for the surface of the clay eodtrongly acidic. Such acidity can enhance
the ionization of many compounds such as phenots amilines. In addition to proton—
donating acidity, clays may also possess Lewis &alielctron accepting) sites by virtue of
their content of reducible transition metal catisnsh as F& and CG".

External surface

_CaE:— H+ _I‘S-i_—__ MQE-I- AIH— H' Ve %

] —— — = I:Ca(_-t-
‘ e = s - iK_'
K Ca* NHf ©Ca** Na©t Mg?* H'
® - o @ o . ©
e o — s @o °
Clay crystal _—————= |Internal surfaces
O 0 o “. @] e 9 | @] ﬁ 0

Different cations

T e @ @ © ‘0 @

Figure 5: Exchangeable cations at the inner and ¢er surface of a crystal of a 2:1 clay
mineral like montmorillonite
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2.3.2.2 Organic matter adsorbents

Soil retention of atrazine and metolachlor is disecelated to organic matter (Webet al,
2003; Abateet al 2004 and Ricest al, 2002). Soil organic matter is made of plant debris
animal remains and excreta, and the product (ssi¢tumus) formed by decomposition of all
these things. Humus in soils is either polymeristoongly bound to soil particles. Humus has
many macromolecules with masses up to 500000 g/fren. percent of humus in soil is
carbohydrates (sugars and polysaccharides) andalyrtall of it is polymeric, but some free
monosaccharides have been identified (Larson anldeyy&994). According to Burtoet al
(1994) major components of humus are esters obgglio acids, carboxylic acid derivatives
of benzene and phenolic compounds. The carboxglicphenolic groups can hydrogen bond
to organic chemicals or they can lose hydrogen,ibeace become negatively charged, and
hold a variety of ions in a similar way to claysurhus also possesses Lewis acids (electron
accepting) sites by virtue of their content of anmmn and reducible transition metal cations.
Other functional groups in humus include enolic @binone, hydroxyquinone, lactone, ether
and alcoholic OH (Larson and Weber, 1994). Becasmk organic matter is so highly
oxidized, current thinking is that it must have eadive non-polar regions, perhaps alkyl
chains or aromatic branches, which are respons$iblthe partitioning of organic molecules
(Larson and Weber, 1994). The electric concept whib material is shown in Figure 6
(Gjessings, 1976).

Br COQO Na

NH," Y
i Ca § OHN M 7 T 3 © SHDC“%
CoO; COOH ‘:;IEJ\\\Q/CO%

C a T
CH;0

OH

HUMUS CORE

Figure 6: Electric concept of humic material

19



2.3.2.3 Mechanism of bonding

Clay minerals can interact with organic compoungsdsorption, intercalation (in which the
molecules enter the inter layer space and deforen silicate layer), and ion exchange
processes (Larson and Weber, 1994). Solute sorptoarganic matter can be via surface
adsorption or intra organic matter diffusion or iexchange processes (Pignatello and Xing,
1996; Larson and Weber, 1994).

Association between organic molecules and solics@hanclude coulombic (electrostatic)
interactions and hydrophobic interactions in whidm polar organic molecules are attracted
into the solid phase. Hydrophobic bonds occur bebne aromatic and alkyl side chain of
organic molecules and hydrophobic nanosites lodagddeen charge sites on colloid surfaces
(Laird and Fleming, 1999). Thedcan be used to assess the role of hydrophobicsbond
adsorption of herbicides on organic matter of saen hydrophobic bonds are responsible
for adsorption of an herbicide on organic mattersoils k. values are relatively constant

among different soils (Morill@t al, 2004).

The electrostatic interactions are usually Van Wéaals forces, ion—ion and ion—dipole
attractions, hydrogen bonding and formation of dowtion complexes. Polar organic
compounds can hydrogen bond to polar componentergénic matter. Polar organic
compounds can also hydrogen bond to clay or orgaaiter surfaces through bridging water
molecules. Water molecules in the vanity of certelays or organic matter are oriented,
because of the lone pairs of electrons on the axymem of the water and the positive
charges on cations at the clay or organic mattdaceL This makes an excess oatdms to

face out into soil solution, and in the presenceahpounds with lone pairs of electrons on

atoms (such as N or O in atrazine or metolachlyrlyogen bonding can occur (Figure 7).

4
i me(:):C/
N
M unnOi \

% H

Figure 7: A water bridge, showing how hydrogen boding may assist in bringing certain
organic molecules into the vicinity of clay surface
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Hydrophobically, bound adsorbates are most strohgiynd, followed by cationic adsorbates
and lastly anionic adsorbates (Larson and Web&4)1RAdsorbate—adsorbent bonds belong
to two categories: (i) high energy (>80kJ/mole)icobonds (permanent charges, such as
adsorption of positively charged paraquat on negbticharged clay surface; or ionization,
such as protonation of weak bases like atrazinevapH) and (ii) low energy (<80kJ/mole)
bonds such as ion-dipole and dipole-dipole inténast hydrogen bonds and London van der
Waals bonds (Hance, 1980).

2.3.2.4 Sorption isotherms

Isotherms have been used to quantitatively despeisécide sorption by soils. The isotherms
differ in complexity from linear k (the simplest) to NICA (the most complex). Thepga
from the relatively simple Langmuir isotherm to gle-site adsorption models, multisite
adsorption models and porous double layer modéls.LThear isotherm, as the name implies,
assumes a linear relationship between the aquemegtration of adsorbate and its adsorbed

concentration.

The Langmuir isotherm, originally developed for gedsorption, has a defined adsorption
maximum but assumes linear adsorption at concémigatffar below this maximum. It is
relatively simple and is based on three assumptiGhsdsorption cannot proceed beyond
monolayer coverage, (ii) all surface sites are \egjant and can accommodate, at most, one
adsorbed molecule and (iii) the ability of a molecto adsorb at a given site is independent
of the occupation of neighbouring sites. Theserapsions may not be true for heterogeneous
adsorbents such as soils (TAU, 2002).

The Freundlich isotherm (Ryan, 2006), used to esBmadsorption at a heterogeneous
surface, is also simple but it assumes a non-liredationship between adsorbed amount and
the amount in solution. It does not imply a findensity of adsorption sites. The Temkin
isotherm (Ryan, 2006) is similar to Freundlich roge, but uses a different function to
express the non linearity of adsorption. All theakmentioned isotherms have been used to
model herbicide adsorption on to soils (Zhu andn$e2002; Dehghanet al, 2005.). More
complicated models, with a large number of parametad with better goodness of fit, such
as the two-term Langmuir isotherm and the BET isoth which allow for multilayer
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adsorption (the initial adsorbed layer can act aslsstrate for further adsorption), have also
been used (Fuleky—Tolner, 2006). The goodnesg,dfiofi the complicated isotherms, could
readily be attributed to flexibility gained by thiacrease in the number of parameters.
However, these isotherms entail high costs to cblieput data. The equations for the

isotherms are as follows:

Linear G = kui Ce, (9)
Freundlich  ¢=k c" or logg=log k +nloge &)
. C.K.C, C_ 1 .G
Langmuir 6=1+kc ke, or c. ke, c. ()
Temkin G=ko + ki Ince and ®
yz _p (AdesH _AvapH )
BET G~ { 1_(1_ y)z }(1_ z) where z = 0+ andy =g  ®r ()

where ¢ = umol/kg herbicide adsorbed to soil, €umol/l herbicide in equilibrium solution,

Cm = maximum pg/g herbicide adsorbed to soil, apdkk, ki and k, are linear, Freundlich,
Langmuir and Temkin sorption coefficients, ml/gspectively; k is the adjustable Temkin
sorption constant, n = linearity factor; p+ is theturation pressure of the gas (i.e., vapour
pressure of the liquid at that temperature), hésvapour pressure of the gas, y is a constant,
Aged is enthalpy of desorption from monolayer angdH is enthalpy of vaporization of the
liquid adsorbate.

The fitness of the isotherms to sorption data reenkdetermined by plotting the linearized
form of the isotherm equations. The conformity déarption data for soils to the isotherms is
indicated by the coefficient of determinatiof)(iThe fitness of data to the Langmuir isotherm

C. 1
is tested by plottingc— against g which should give a straight line with slop1c_.

Maximum sorption (g) and sorption coefficient (kare obtained from the plot (Olsen and
Watanabe, 1957). The fit of data to Freundlich #&iquas tested in terms of linearity of log ¢
against log gplots (Bohnet al, 1985). The adsorption constant)(&knd n can be obtained
from the plot. Adsorption models generally usedd&scribe adsorption processes do not
assume the presence of any material originally doon the adsorbent surface, so their
starting point is a state with a zero quantity abled material on the adsorbent in a solution

with an initial equilibrium concentration of zero.
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The choice of isotherm is based on the goodne§ arfid the simplicity of the isotherm. As
this is the first attempt to model herbicide adsiorp Langmuir and Freundlich isotherms
were applied as these are implicitly single sit#hiserms that do not require an electrostatic
term to correct for surface potential. The othersmn for choosing Freundlich is because the
Freundlich n is needed for pesticide leaching medsuch as PELMO. The Freundlich
isotherm has been reported to give better fitdbfith atrazine and metolachlor sorption data
than the Langmuir isotherm although it is not ablestimate maximum adsorption capacity
as the Langmuir isotherm does (Abateal, 2004 and Webeet al, 2003). No general rules
have been proposed to describe univocally the ioeldbetween the shape of adsorption
isotherms and the nature of adsorbate (Calvet,)1989

2.3.3 Mohbility of herbicides

Herbicide leaching is affected by solubility andhdevity of the chemical, vegetative cover,
type of soil, rate of herbicide application, amowad intensity of water input, soil
temperature, processes (such as volatilizationdagptadation) and pronounced preferential
flow transport (Hance, 1980). Mobility is a functiof the intensity with which an herbicide
is adsorbed by soil constituents and the leveawifall after herbicide application. Rainfall or
irrigation patterns (timing/intensity of rainfall r oirrigation) also influence herbicide
movement in or from soil (Zaranyika and Mugari, €29 ight rains increase infiltration and
reduce export of herbicides to surface waters. Hewevery light rains following herbicide
application to soils may reduce the effectivenesshe herbicides with solubilities in the
range of 1-100ppm (Hassall, 1982), such as atraffimainfall is light, wash down may be
insufficient to bring the atrazine into contact hviéven shallow-rooted weeds hence greatly
reducing herbicidal activity. Herbicide incorpomtimay be advantageous in such cases. On
the other hand, if rainfall is excessive, even lyaasoluble herbicides may be washed down
to the level of the germinating crop and so becghgtotoxic. Residual pre-emergence
treatment is evidently somewhat hazardous in regi@rhere climatic conditions are
unpredictable. Excessive rain can cause grosscgudad ground water contamination by
herbicides (Flury, 1996). Flury’s (1996) review eXperimental studies of pesticide leaching
showed that pesticide losses below root zone werg%: - 1%, reaching up to 4% of applied
mass in worst case conditions. If <0.1% of the iwétb reaches the 90 cm depth, the

herbicide can contaminate groundwater.

23



The constant &, a measure of the tendency of a compound to jeartinto soil organic
carbon from aqueous solution, is generally invgrselated to movement to groundwater
(Sanyal and Kulshrestha, 1999). Based on their kywvalues (Table 4) atrazine and
metolachlor are expected to maintain a high to omadmobility class in soils. The water
solubility values indicate that metolachlor andaaine are usually associated with the
agueous phase in a two-phase soil-water systenthatdhey leach significantly. In actual
fact extensive leaching is reported to occur, e@gfigdn soils with low organic matter and
coarse texture (EXTOXNET, 1996 and 2000a and US,E®A2). Sanyaét al (2000) found
that applied metolachlor leached down to 15-30crhlager. High organic matter, at least
two percent, and high clay and/or silt inhibit leexg (EXTOXNET, 2000b). Mobility is thus
inversely related to soil organic matter and clagtent (Wietersoret al, 1993; Obrigawitch
et al, 1981; Singhet al, 2002). Metolachlor readily leached in soil colsnwith 34% of the
metolachlor found in the leachate (Kim and Feagl£998). In soil leaching columns
metolachlor was more mobile than atrazine (Seylaold Mersie, 1996; Keller and Weber,
1995). Several studies have been done in tempeoaks to assess the leaching potential of
pesticides in laboratory and field experiments smdvaluate the influence of soil properties,
soil management and application mode on pesticidpud from soils. However data on
leaching of pesticides in tropical soils are lirdiia literature (Laabst al, 2002).

As the fate of herbicides in soils is determinedriyynerous interacting processes (solute
transport, degradation, sorption, plant uptakeatiatation and so forth) mathematical
models have been developed to understand andd@ppesticide leaching in soils. Leaching

models are outlined in section 2.5.3.

2.3.4 Persistence of herbicides

Herbicide persistence, usually compared using IHelf{ty,.=— —, where k is the

K
degradation rate constant), is not a fixed propeftye herbicide but is influenced by factors
such as soil type and weather conditions afteriegpdn. The primary factors affecting
herbicide degradation in soil are adsorption anctobial activity (Ismail and Quirinus, 2000;
Hance, 1980; Kearney and Kaufman, 1975). Degradaticatrazine and metolachlor has no
lag phase and is more or less proportional to aunagon so that results can be interpreted

using first—order kinetics (Zimdaldt al, 1970; Hance, 1980). Degradation of atrazine and
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metolachlor has been reported to obey first-ordeetics (Zimdahlet al, 1970 and Hance,
1980).

where C is the concentration after time t, i€ the initial concentration and k is the rate
constant. Since soils are complex biological arehbal media, deviations from simple first-
order kinetics have been observed. For example édand McKone (1971) showed that first-
order kinetics did not precisely describe the bdeakn of atrazine in the laboratory, neither
did zero order nor half order kinetics. Atrazinedanetolachlor are moderately persistent in
the soil environment (Deer, 1999), with half-lives 2.2 to 154 days (Laabst al, 2002;
Erickson and Lee, 1989; Akerblom, 1995) and 7.9182 days (Laabst al 2002;
EXTOXNET, 1996 and 2000a; USDA, 1995; and Kollmawd &egawa, 2000), respectively.
Half lives of atrazine have been reported to desmeaith increasing salt concentration and
dissolved organic matter (Khan, 1978). The halédivof herbicides are longer under dry and
cold conditions, but significantly reduced wherésithot and humid or when the herbicide is
exposed to direct bright sunlight and to high mixcab populations (Kearney and Kaufman,
1975). In un amended soils half-lives increase witlreasing adsorption and in soils with
kaolinite the half lives are shorter than in thegéh montmorillonite (Buckhard and Guth

1980). Degradation models are outlined in sectiém?2

2.4 Degradation of atrazine and metolachlor

Herbicides have been reported to degrade in th@cmaent by microbial, chemical and
photo degradation. Degradation of metolachlor amdzae in soil occurs mainly through
microbial decomposition and photo degradation (wkenlight is present). Reactions of

atrazine are shown in Figure 8 (Hassall, 1982).
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Reactions of metolachlor are shown in Figure 9 @érdy 2003).

CH,CHy
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Figure 9: Reactions of metolachlor

24.1  Microbial degradation of herbicides

Pesticides are biodegraded when they are mixedseith. The biodegradation can be aerobic
or anaerobic and is affected by temperature, ma@stamount of leaching, soil texture, pH,
organic matter, nitrification, aeration, oxygen centration and sunlight (EXTOXNET,
1996). Pesticide biodegradation has been readityodstrated by heat sterilization of the soil,
by addition of poisons such as mercuric chloridé sodium azide, by appropriate antibiotics
or by y-irradiation, all of which result in complete orryesignificant reduction in the rate of
disappearance of the bioactive material (Cain aadd;11991). When fresh soil is inoculated

into the sterilized samples disappearance of tkdqide is re-established.
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Biodegradation of pesticides is viewed as a pasifiwvocess for reducing environmental
hazards. Fungi, bacteria and other micro organideggade pesticides by using them as a
source of food or energy. Degradation of atrazind metolachlor is primarily microbial
(Shaner and Brien, 2007). Microbial activity accufor significant degradation of atrazine
in soil (US EPA, 2002); especially in soil boundaaine residues (Barriuset al, 1991).
Atrazine can be degraded Bgeudomonasp andKlebsiellasp (Cain and Head, 1991).

About 90% of all acetanilide loss is due to micedldegradation (WSSA, 1989). Accinedli

al (2001) observed metolachlor degradation only im-sterile soil. Riceet al (2002)
observed reduction in the quantity of extractablketatachlor degradates and unextractable
soil-bound residues in sterile soil, revealing gigance of biodegradation to dissipation of

metolachlor in soil.

2.4.1.1 Biodegradation of atrazine

Biodegradation of atrazine occurs via a series gtrdiytic reactions initiated by
dechlorination and followed by dealkylation (Pakal, 2004). Biodegradation products of
atrazine are deethylatrazine, 2-chloro-6-(isoprapyho)-1, 3, 5-triazine-4, 6-diamine, (DEA)
and deisopropylatrazine, 2-chloro-4-(ethylamino315-triazine-4, 6-diamine, (DIA). DEA is
the metabolite of major concern since it is congdeas toxic as atrazine while DIA is about
3 to 4 times less toxic (Graymoet al, 2001). The water solubilities of DEA and DIA are
higher than atrazine’s, facilitating the leachinfj bmth compounds (Steinheimer, 1993).
Hydroxyatrazine, 2-hydroxy-4-(ethylamino)-6-(isopytamino)-1, 3, 5-triazine-4, 6-diamine,
(HA) can also be formed by biodegradation of atraziespecially in the presence of high

concentration of fulvic acids and at pH <6 (Stewend994).

2.4.1.2 Biodegradation of metolachlor

Soil micro organisms transform metolachlor to matblor ethane sulphonic acid, 2-((2-
ethyl-6-methylphenyl) (2-methoxy-1-methylethyl) ama)-2-oxoethanesulfonic acid, (ESA)
and oxanilic acid, 2-(2-ethyl-6-methylphenyl) (2tmexy-1-methylethyl) amino oxoacetic
acid, (OA) (Barbaslet al, 1999). The transformation by soil micro organisshsnetolachlor

to its degradates, ESA and OA, has been suggestscttr as a result of displacement of the
chlorine atom by glutathione, followed by the fotioa of ESA and OA by different
enzymatic pathways (Barbashal, 1999). ESA and OA are more persistent and anedfau
higher concentrations and more frequently than plagent metolachlor. Kalkhoff and
Thurman (1999) reported ESA in 99.7%, OA in 94.38d anetolachlor in 54.1% of the 355

28



water samples from 12 stream sites in eastern |@egradates ESA and OA have been
found in higher concentrations and more frequetithn metolachlor itself in surface water
(CDPR, 2002a) and groundwater (CDPR, 2002b) inf@ailia. ESA and OA persist in soils
for 3 or more years after application (Philligisal, 1999 and Eckhardit al, 1999), and that
ESA exceeds OA by a factor ranging from 2 to 5 (tzcktet al, 1999).

2.4.1.3 Factors affecting biodegradation

Pesticide degradation is affected by soil condgisnch as texture, moisture, temperature,
aeration, and oxygen concentration, herbicide cmmagon in soil solution, sunlight, and
nitrification, amount of leaching, pH or organic thea (EXTOXNET, 1996; Kontchou and
Gschwind, 1998). Addition of pesticide metabolizimicrobes to soils, flooding of the soils
and addition of dissolved organic matter to thdssbhave enhanced pesticide degradation
(Aislabie et al, 1997). Sub soils with less organic matter temdhdave less biodegradation
than top soils (Walker, 1991). Sanyeti al (2000) observed that rate of degradation of
metolachlor was faster in soils under flooded pheihaerobic conditions compared to aerobic
soil. They also observed that metolachlor was \staple in aerobic soils, with only 49%
dissipation in 130 days. Soils with significant Isaiater content may show more rapid
breakdown of pesticides. Atrazine degradation desge in the presence of high inorganic
nitrogen (Rhineet al, 2003).

Pesticide biodegradation is also affected by fraquef pesticide application. There is strong
positive relationship between the rate of atradissipation in the soil and years of atrazine
use on the soil (Shaner and Henry, 2007; Zablotowical, 2007). Atrazine dissipation is

faster in soils treated with it for a number of geaRepeated applications of the same
pesticide have actually stimulated the build-upmaéro organisms effective in degrading the
chemical (Smitret al, 2005). Accelerated biodegradation, once acquised soil, can persist

for at least two years (Cain and Head, 1991). Hanewith enhanced herbicide degradation

there may be a corresponding loss of weed coritiohey (Zablotowiczet al, 2007).

2.4.2  Chemical degradation of herbicides

The resistance of some crops to herbicides, fomgkathe resistance of maize, sorghum, and
sugarcane to atrazine, is because the crops cartiaymes that catalyze the detoxification of
the herbicides. Some atrazine resistant crops pessge or more glutathione-s-transferases
(GSTs) that are used for chemical defence. Thewlyzd detoxification of xenobiotic
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compounds by covalent linking of glutathione (GSblhydrophobic substrate, forming less
reactive and more polar glutathione s — conjug#étargm, 1998). Atrazine contains an
electrophilic centre, the aryl halogen that acceptslectron pair from the sulphur atom on
glutathione to form a covalent bond. Glutathiondahelism is separated into two sequential
processes: chemical transformation and compartmental hese two processes are divided
into three phases: phase 1 (activation reactigisgse 11 (conjugation, Figure 10), and phase
111 (internal compartmentation and storage prosgsAetivation reactions in phase 1 can be
hydrolysis, reduction or oxidation. For atrazinestwill be cleavage of the reactive chlorine

atom in exchange with the S on glutathione (Fidue
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Figure 10: Atrazine and glutathione conjugation raction

The glutathione conjugation process is enhancechwiaer has prolonged contact time with
the soil and soil enzymes (Philligs al, 1999). All glutathione conjugates are herbicigall
inactive (Hassall, 1982). In mammals, rapid and glete metabolism of ingested atrazine is

primarily by oxidative dealkylation of the aminoogip (Hassall, 1982).

Atrazine is metabolized completely mainly by wayfidative dealkylation of the amino
group and reaction of the chlorine atom with endagé¢hiolic reagents. Atrazine undergoes
non-enzymic but catalyzed hydrolysis, the chloat@m on C-2 being replaced by a hydroxyl
group (Figure 8) (Hassall, 1982; Stevenson, 198#azine may also undergo N-dealkylation
of the secondary amine groups on C-4 and C-6 (Ei@urThe ethyl group is removed from —
NHC;Hs more rapidly than is the isopropyl group from —NHGCHs),. Further N-
dealkylation, in suitable cases, can lead, evelytusd molecules containing only primary
amino groups. Mono dealkylated atrazine is a |&festve herbicide than atrazine but it does
retain some activity. The partly dealkylated intedhate does not seem to conjugate rapidly
with glutathione, so its activity, although limitedften tends to be rather long lasting
(Hassall, 1982)
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2.4.2.1 Hydrolysis
The most important reaction in chemical degradatan metolachlor and atrazine is

hydrolysis. Dissolved organic matter enhances tftrdiysis rates of pesticides (Khan, 1978
and US EPA, 2002). Rate of hydrolysis was foundrastically increase upon small additions
of sterilized soil, humic acid and fulvic acid, indting atrazine hydrolysis is catalyzed (US
EPA, 2002). The reaction pathway for hydrolysisatfizine in the presence of fulvic acid is

shown in Figure 11.
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Figure 11: Reaction pathway for the fulvic acid ctalyzed hydrolysis of atrazine.

Khan (1978) measured a rate enhancement of a fattt® for the hydrolysis of atrazine in
the presence of fulvic acid. Choundry (1984) pregbthat the observed rate enhancement
was due to the interaction of acidic functionallugye of the fulvic acid with the ring N-atom
adjacent to the C-Cl bond (Figure 11), resultingha weakening of the C-Cl bond and a

lowering of activation energy for hydrolysis.

Hydrolysis is pH dependent. For atrazine, hydralyisi strongly pH dependent. It mainly
takes place under alkaline or acidic conditionga&ine is stable in neutral, slightly alkaline
or slightly acidic environment (pH 5-11) (Armstroagal, 1967 and US EPA, 2002). Its half-
life at pH 5 - 11 can be as high as 10000 days. é¥ew when pH is <3 or pH > 11
hydrolysis is faster, with a half-life of about 8@ys (Koch, 1989). In some cases atrazine is
completely hydrolyzed within 3-4 days at extreme yddues proceeding twice as rapid in
alkaline (pH > 11) than in acidic (pH < 3) mediaSWEPA, 2002). For metolachlor,

hydrolysis is less pH dependent. Metolachlor ghhi persistent in water over a wide range
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of water acidity. Its half-life at 2& is more than 200 days for a broad range of pidesl
(EXTOXNET, 2000a).

Higher temperature and moisture, low pH and higlganic matter favour hydrolysis
(Armstronget al, 1967). These also favour microbial growth exdept pH. Soil pH has
greater effect on atrazine degradation than organatter, with degradation rates decreasing
as pH increases (Shaner and Henry, 2007).

2.4.2.2 Photo degradation

Atrazine can be degraded in surface water by pyeiolia N-dealkylation and hydroxylation
(Figure 12) of the chloro substituent, with corr@sging half-lives greater than 100 days at
25°C. These processes also take place in soil, depgmnainly on temperature, moisture and
pH. Half-lives of 20 — 50 days at 20 —°25have been found under laboratory conditions,
increasing at lower temperatures (WHO, 2007). Heweghoto degradation of atrazine is of
little significance under most field conditions (LEBPA, 2002 and EXTOXNET, 1996).

Sunlight can be another important degradation payho? metolachlor in soils.
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Figure 12: Photo-oxidation reaction of atrazine

It is possible that a majority of the soil-applietetolachlor reaching ground and surface
waters through leaching and surface run off is dmb on the mineral and organic
constituents of the soil, which may influence plydis in water in different ways. These
materials may accelerate photo degradation by gngansfer reactions, photo induced
oxidation, or by efficient light scattering. In veat hydroxylation, dehalogenation,

oxoquinoline formation and demethylation are thempaocesses of metolachlor photolysis,
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the major photolysis product being 4-(2-ethyl-6-hy¢t phenyl)-5-methyl-3-morpholine
(Matthew and Khan, 1996). Metolachlor is relativehable in water under natural sunlight;
about 6.6% was degraded by sunlight in 30 daydowa and minimal rate (WSSA, 1994).
Fifty percent of applied metolachlor on soil sudategrades in 8 days on sunlit soil (WSSA,
1994). However, if the metolachlor is incorporatet the top 2 inches of soil degradation by
photolysis is minimal with only 6% degrading ovemomnth (EXTOXNET, 2000a). Photo
degradation is a significant degradation pathway amen metolachlor is present in the soll

surface.

The photo-oxidation of atrazine affects the chlerion C-2. When exposed to ULTRA-
VIOLET radiation atrazine in aqueous solution deigsato the 2-hydroxy derivative, whereas
in alcoholic solution the respective 2-alkoxy datives are formed (Figure 12). Under these
conditions, 2-methoxy- and 2-hydroxy-1, 3, 5-trreeds do not undergo photochemical
reactions. In water atrazine absorbs almost na siti@violet-visible and is accordingly quite
stable to photolysis, but in presence of large amwaf acetone (about 0.13M), its half-life is
decreased considerably (Burkhard and Guth, 1976avelengths greater than or equal to
290 nm, the photolysis half-life of atrazine atancentration of 10 mg/l in aqueous solution
at 15C was 25 hr as compared to a half-life of 4.9 hridentical conditions with an acetone

sensitizer added at a concentration of 1 ml/100 ml.

2.5 Models
As the fate of pesticides in soils is determined fwymerous interacting processes
mathematical models have been developed to unddrsitad to predict herbicide behaviour

in soils. Most commonly used models are degradatimhleaching models.

251 Degradation models

A large number of kinetic models to describe chandeerbicide concentrations with time are
available. The FOCUS working group on degradatioretics has selected several models
including simple first order (SFO), a number of ralsdthat are able to describe bi—phasic
degradation kinetics (bi-exponential or Double rsE+ Order in Parallel model (DFOP)),

Hockey Stick (HS) kinetic model and the biphasicstatson and Holden (FOMC) and two

models that are suitable to describe degradatittierpa with a lag phase (US EPA -EMWG,
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2007). The patterns of decline in herbicide conegioin with time are illustrated in Figure
13.
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Figure 13: Patterns of decline for herbicide disgiation models

The degradation of atrazine and metolachlor has bejgorted to have no lag phase (Hance,
1980). Therefore the possible models for degradatioatrazine and metolachlor are SFO,
DFOP, HS and FOMC. These are shown in Table 5 (F&C006).

The Chf (?) test is used to assess which model providesehefiy to a specific set of data.

Xzzz (p—O) ’

(err xajz where p = predicted value, o = observed vaiue mean of all observed

values and err = measurement error %.

Calculated chi square value for a specific fit nb@ycompared to tabulated,, where m =
degrees of freedom which is equal to number of omeamsents minus number of model
parameters and = probability that one may obtain the given orh@g value by chance.
Alternatively, the model that best fits the data the one with lowesty®’
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Table 5: Chemical dissipation meds
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Half-life DT5|1=$ _ 2{ %] 1-~ DT, = In2 o1 <, An analytical equation for
(DTs0) 0=P - K, calculating degradation
otherwise use Ddabove | Endpoints does not exist
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where M(t) denotes the concentration of herbiatiépresent in soil at time t; kykand k are dissipation rate constants &k,
); Mo is the initial concentration of herbicide in sdikepresents timej; is breakpoint time (time at which rate constan@ange);
a is shape parameter determined by coefficientsaohtion of k valuesp is location parameter; g is fraction ofyMdubject to

dissipation rate constant &nd M and M are the amounts of herbicide subject to the dasisip rates kand k respectively




Visual assessment can also be used to assesst@eatdraph of predicted versus observed
values is plotted and examined for closeness .of fit

2.5.1.1 Simple first-order kinetics (SFO)
Simple first-order kinetics (SFO) is a simple exgotial equation with only two parameters.
It assumes that the number of pesticide molecslemall relative to the number of degrading

micro-organisms and their enzymes or number of matdecules in the case of hydrolysis.

As a result, the rate of the change in pesticidecentration (dM/dt) is at any time directly
proportional to the actual concentration remairimghe system. For SFO kinetics, the time
for a decrease in the concentration by a certairtepeage is constant throughout the
experiment and independent of the initial concéimnaof the pesticide. For example, the
time for a decrease in the concentration from 180%0% of the initial amount is identical to
the time for a decrease from 50% to 25% of tha@alhamount. This makes BJ and DTy
values easy to interpret and SFO kinetics havauéetily been used to describe degradation in
pesticide fate models. Several reports have inglicdeparture from simple first order kinetics
(Hance and McKone, 1971; Hance, 1980), with reagoren including the following:
. Only the dissolved pesticide is available for degteon. This available herbicide
fraction (the herbicide in soil solution) often degses with time due to slow
sorption and diffusion processes (Pignatello, 2080) this results in a decrease the

rate of degradation of the pesticide at later Stajehe experiment.

. Non-linear sorption results in a decreasing avditgbof the herbicide in soill
solution with decreasing concentrations, a fastiaihidecrease in herbicide

concentrations will be followed by a slower decline

. In laboratory degradation studies, the activitydeigrading soil micro organisms
may decrease with time due to a limited availapitift nutrient and carbon sources
under laboratory conditions (Anderson, 1987).

. In field studies, seasonal changes in temperatodgora moisture can affect the
degradation rate and cause deviations from firdeokinetics (e.g. degradation rate
may decrease in cold seasons due to lower tempesatdegradation rate may

decrease in summer due to drier conditions).
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2.5.1.2 Bi-phasic kinetics

Degradation cannot always be described by SFOikseA fast initial decrease in pesticide
concentrations is often followed by a slower dezlifihis is usually referred to as a bi-phasic
pattern of pesticide degradation. The use of ahbsE degradation model to fit laboratory
data is only justified if the underlying mechanise® expected to influence degradation

under field conditions in a similar manner.

2.5.1.2.1 Gustafson and Holden model

The Gustafson and Holden model considers soil gisatially variable medium and that the

rate of degradation will also be variable throughthe soil. This is accounted for in the

model by dividing the soll into a large number obscompartments each with a different first
order degradation rate constant. The distributibthese rate coefficients is described by a
gamma-distribution, which results in a relativelyngle analytical equation with only three

parameters (Table 5) and gives a bi-phasic ovpadiern of pesticide degradation in the soil.
This model is also known as First-Order Multi-Comipeent model (FOMC). The advantage

of the Gustafson and Holden model compared to dbivghasic models is that it has a

relatively small number of parameters. However,dbgradation rate is time-dependent. As a
result, the Gustafson and Holden model is not gpmate for use in pesticide leaching

models.

2.5.1.2.2 Hockey - Stick model

The hockey-stick model consists of two sequentiast-brder curves. The pesticide
concentration initially decreases according totdinsler kinetics with a rate constant At
some point in time (referred to as the breakpoithig, rate constant changes to a different
value k. For typical bi-phasic patterns, the rate constanis usually larger than,k The
hockey-stick model has four parameters comparetl witly three for the Gustafson and
Holden model. D3, value for the overall decline of pesticide concatidns is calculated
from k; if the DTsg is reached before the breakpoint. Otherwise thergkrate constantpkis
used. The hockey-stick model has no advantage theeother bi-phasic models (Gustafson
and Holden model and bi-exponential model) wittpees to the description of degradation
kinetics for parent compounds in soil. It is, tHere, not commonly used. Hockey-stick
kinetics is, however, often observed in water-sehtrstudies (FOCUS, 2006). The hockey-
stick model can also be used to derive some ingiatrpeters needed in herbicide fate models.
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A special case of the hockey-stick model has beenmmended as one of the options to
describe decline patterns with a lag-phase.

2.5.1.2.3 Bi—exponential model

The integrated form of the bi-exponential modesoaknown as the Double First-Order in
Parallel (DFOP), is a sum of two exponential equregiand as a result, the model has no
analytical equation for calculation of degradaterdpoints. The endpoints must be derived
by other means such as reading from herbicide pdiien curves. The half-life for bi-

In2
exponential model inot equal L
1

2.5.1.3 Lag-phase models

Pesticide concentrations may be virtually constanta period of time followed by a first-
order or bi-phasic decline in pesticide concertratiThe initial phase is referred to as lag
phase. On some occasions, this can be attributstbtage of soil under conditions that lead
to a decrease in active micro organisms prior & dkperiment (e.g. excessively air-dried).
This is an experimental issue which can be avoioledtoring the soil under appropriate
conditions. If the lag phase is caused by experiaigéssues, the lag phase is omitted from
kinetic analyses and degradation endpoints arevetbfrom the declining part of the curve
only. A true lag phase can be caused by slow atlaptaf degrading micro organisms.
Degrading micro organisms use some herbicides aarlaon source. The growth of the
microbial population and/or the production and aske of degrading enzymes is stimulated in
the presence of the herbicide. Thus degradatiaelsyed until the microbial population has
reached a certain density or activity. Herbicidesvéing a lag phase degradation pattern
include 2, 4-D, dichlorprop, dalapon and endotidll.data points must be included in the
kinetic analysis if a true lag phase exists.

Modified hockey-stick modatan be used to describe decline patterns with-phage. Since

concentrations remain constant up to the breakpibiatfirst rate constant ks set to zero.

2.5.1.4 Logistic model
The logistic model assumes that the degradatian gahstant increases after application of
the compound up to a maximum value. This could be @ an increase in the number (or

activity) of degrading micro-organisms. The kinsti@pproach first order once the
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degradation rate constant has reached its maximaloeyv The logistic model is used to
describe the pattern of decline of the total amaiitierbicide residues in soil, M, when a true

lag phase with no clear break point exists. Its cainstants are time dependent.

2.5.1.5 Alternative models

A number of alternative models, such as the Midkadkenten kinetics, exist. Michaelis-
Menten kinetics are useful for describing reactitmst are more linear than first order and
can be used as an alternative kinetic model whegeadation is between zero order (straight
line) and first-order. As this type of degradatjmattern is not common in environmental fate
studies, Michaelis-Menten kinetic models are naially used. The drawback of this model is
that the endpoints depend on the initial conceintmadf the herbicide (FOCUS, 2006). The

Michaelis-Menten kinetics assumes most herbicides degraded by micro organisms
involving enzymes. At the steady statdd =0), the rate of enzymatic degradation is

described by the following Michaelis-Menten diffetial equation:

dM _ VmM
dt Km+M

where EM = enzyme- herbicide (substrate) complexicentration, M = herbicide

concentration, Vm = maximum rate of degradation Enad = Michaelis constant. The end

point DTy = KmI 100 + xMo and D‘Igo:&+mln2, where DT = time for a

n
Vmr 10C-x Vnl1loC AN Vir

decrease in the initial concentration of herbicidex percent, X = percentage decrease (in

concentration) of the initial amount, Mo = totakbieide concentration applied at time t = O.

2.5.1.6 Choice of degradation models

Models which result in time-dependent or conceitratiependent end-points or which
contain a large number of measurements are av@El@@US, 2006). Preference is given to
models with a small humber of parameters. In aelargmber of cases, first-order kinetics
provides an acceptable fit to degradation datalmedof biphasic kinetics is limited to cases
where clear deviations from first-order kineticzwc Current versions of most herbicide fate
models [to calculate predicted environmental cotregions of pesticides in groundwater,
surface water, soil and sediment within the reguatramework (PEARL, PELMO, PRZM,
MACRO)] are based on first-order degradation kreetirhe implementation of the Gustafson

and Holden model, bi-exponential model and hock&ksnodel into pesticide fate models is
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not universally valid. It should be mentioned that,date, no degradation model has been
identified which meets all criteria (FOCUS, 2006).

g

25.2  Simple decision aid model for groundwater contamination

Through leaching some of the applied herbicide mo¥®ough the soil with water as it
percolates down to groundwater. Soil normally fdtevater as the water moves downward.
This filtration leaves the water relatively free obntaminants by the time it reaches
groundwater. Soils and herbicides both have proggethat influence pesticide movement
through the soil to the groundwater. These progertan be combined to rank the ability of
each soil type to filter out pesticides, as weltasank the tendency of each pesticide to leach

through the soil.

2.5.2.1 Soil properties and leaching potential

The soil properties that affect pesticide leachang organic matter, texture and pH. The soill
organic matter binds most herbicides very effetyiveo the more organic matter in the soil,
the less likely an herbicide will leach through #@l. Soil texture (percentage of sand, silt,
and clay in a soil) influences how fast water casventhrough soil. The more sand there is in
the soil the easier it is for water and any conteanis to move to groundwater. Soil texture
also influences adsorption of herbicides, the highe clay content the higher the adsorption
and the less the leaching. Soil acidity, or pHeet the chemical properties of many
herbicides. Generally as soil pH decreases, hedsdbind more to the clay in the soil and are
filtered out of the percolating water. Also, herbi&s are usually less soluble in water at lower
pH values. Acidity is more important with some tgp&f herbicides than others and is less

important overall than organic matter and texture.

Leaching of herbicides is also affected by otheslggic and environmental factors such as
depth from the soil surface to groundwater. Thes@ldhe water is to the surface, the less
chance there is for an herbicide to be filtered dedraded in the soil. Weather plays an
important role in many ways. Pesticides break déasgter in warm, moist soil than in cooler
or drier soil. The timing and amount of rainfall mrigation influence how much water
percolates through the soil. If heavy rainfall origation occurs soon after a pesticide

application, the percolating water can carry thstipele deep into the soil where it breaks
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down more slowly. Also, the type of tillage praeticcan affect soil temperature, moisture,
and water infiltration, all of which have an impact pesticide degradation and leaching.

The three soil properties that affect pesticidet&ay—organic matter, texture, and pH—can
be combined in an equation to rank soils accortbrifeir susceptibility to leaching. The first
step in determining soil leaching potential (SL$ja use the value for each property to place
it into a rating category. For example, a soil watt organic matter content of more than 2
percent would have a rating of 10. The rating isnttmultiplied by an importance factor
relative to leaching. The importance factors are6lGand 3 for organic matter, texture, and
pH, respectively (McLaughliet al, 1997). These factors are used to emphasize kvee
importance of each property. Once the ratings aréiptied by the importance factor for each

property, the numbers are added to obtain the $1d2gughlinet al, 1997).

Soil Leaching Potential (SLP) = Organic Matterifrgtx factor) + Texture (rating x factor) +
pH (rating x factor)

2.5.2.2 Properties and leaching potential of pasides

Herbicides have several properties that affect éhigiity to leach to groundwater, such @s k
and persistence {t) and their rate of application and placement methg. refers to how
tightly and quickly the herbicide binds to orgapaxticles in the soil. A higher value indicates
a greater tendency for the herbicide to bind taoprg matter and a lesser tendency to leach
with the soil water. The greater the persistengg (f an herbicide the more likely it is to

leach to groundwater.

Different amounts of each herbicide are requiredccdatrol target weeds. Generally, the
chance of leaching increases when pesticides grkedpat a higher rate. The application
method (F) also affects leaching. Herbicides mayingerporated into the soil by mixing,
applied to the soil surface, or applied to growntants. To leach through the soil, a chemical
first has to reach the soil. Pesticides appliedlamts can be absorbed by the plant or broken
down by sunlight, reducing the potential for leachiPesticides applied to the soil surface
can also be broken down by sunlight before reactiiagoil surface. Of the three methods of
application, soil incorporation provides the greatepportunity for leaching because the
entire chemical is placed in the soil. The equetar estimating the leaching potential of an
herbicide is (McLaughliret al, 1997):
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1/2xRxF

Herbicide Leaching Potential (HLP)t where 1, is persistence of the

ocC

herbicide, measured as half-life in days; R is cdtapplication (pounds of active ingredient
per acre); F is fraction of herbicide reaching thal during application (1 for soil

applications, less for post emergent applicatialepending on row width and canopy size)

and kc is affinity for soil organic matter.ol;f—d, where | is sorption coefficient anddis
oc

fraction of organic matter.

2.5.2.3 Groundwater contamination potential

The groundwater contamination potential (GWCP) mdeas developed to rank the relative
risk of applying a specific pesticide to a specswl. To find the GWCP, the SLP number for
the dominant soil series on the field is determified, followed by the HLP number. Finally,
the SLP category for the soil is matched with tHéPHategories for the herbicide. Table 6
gives the HLP values with their associated SLmgst{Murphy, 2006).

Table 6: Groundwater Contamination Potential (GWCP

Herbici Leachi . : . .
erbicide eac InE Soil Leaching Potential (SLP) Rating
Potential (HLP) Ratin
<89 Low 90-130 Moderate >131 High
<1.0 Low Low Risk Low Risk Moderate Risk
1-10 Moderate Low Risk Moderate Risk High Risk
>10 High Moderate Risk High Risk Very High Risk
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2.5.3 Leaching models

The models can be used for proper pesticide usey are particularly useful for structured
soils to interpret the complexity of the pestictdansport, and to predict the rapid water flow
and pesticide transfer that can occur in such ,ssdsas to limit the groundwater pollution
risk. Different types of mathematical models haeerb developed in the past (REM, 2000).
Some models are more complicated than others wiéinge number of parameters and with
better goodness of fit (Siimes and Kamari, 2003)wEelver these isotherms incur high costs to
collect input data. Their goodness of fit is attitdd to flexibility gained by the increase in the
number of parameters. The real values of the pasamerovide information on the
properties of the soil and on climate. This goodné®wever, decreases as the number of
parameters keeps on increasing because the indlvighrameters can not be estimated
independently of each other (Zhu and Selim, 2008& quality of simulation results depends
on the structure of the model and its parameteo@aSubjectivity in the derivation of model
input parameters is the major source of differertmetsveen model results (Boesten, 2000).
Boesten (2000) noted that the effect of model osesimulation results was remarkable and
that choice of parameters could override modekdkffices in predicting variables.

A model requiring fewer input parameters and lesmmutational efforts is desirable to
quickly and accurately predict herbicide fate amah$port. The desired model for a particular
purpose depends on spatial and temporal scaldseedplication, and on the available data
input. The Register of Ecological Models (REM) detse has several pesticide leaching
models (REM, 2000). The Forum for the Co—ordinatib®esticide fate models and their use
(FOCUS) has recommended models for simulating gdstileaching (FOCUS, 1996;
FOCUS, 2000a). The FOCUS groundwater group (FOQ@080a) selected PELMO, PRZM-
2, MACRO and PESTLA to be used in pesticide regigin in the EU. Later PESTLA was
replaced by PEARL (FOCUS, 2000b). Siimes and Karf2003) reviewed all the pesticide
leaching models in their simulation of herbicidewvament in Finnish sugar beet cultivation.
It was reported that none of the models fulfillddcod the desired criteria. However it was
noted that MACRO 4.1, GLEAMS 3.0 predicted valuesravcloser to experimental values
than other models. Other models they highly reghmwiere RZWQM, PEARL and PELMO.
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General input parameters for PEARL and PELMO modedttude half-life, soil partition
coefficient (k), Freundlich exponent (n), soil parameters (% wigaarbon, % sand, % clay),
biodegradation factor for each soil horizon @@Dr half-life), climate parameters (daily
rainfall, daily mean temperature, relative humidityair and air temperature both at 14.00 hr
and potential evapotranspiration) and rate andhdepherbicide application. If volatilization
of herbicide is estimated then vapour pressureemsilubility and molecular mass are also
required. PELMO considers water flow, surface rdfy erosion, subsurface drainage and
winter (snow) hydrology. However it does not coesigdreferential flow (Siimes and Kamari,
2003). PEARL also considers water flow, surface otfn evapotranspiration and subsurface
drainage but it does not consider erosion and mefal flow (Siimes and Kamari, 2003).
PEARL considers tillage practices but PELMO doet Adrazine and metolachlor are lost
from soils in two ways. Dissolved components aangported with water and adsorbed
components are transported with eroded sedimenthwh turn is affected by water flow. In
PELMO (a capacity model in terms of descriptiorsofl moisture and water transport) it is
assumed that water flow is driven by water storegjber than water potentials and that
downward water flow occurs at maximal rate whendfieapacity is exceeded. The input
parameters required for water flow are soil mosstatr field capacity and at wilting point, the
total porosity and maximal rate of water flow (whis determined by the saturated hydraulic
conductivity of the soil layer. In PEARL (a modehieh uses Richard's equation to calculate
changes in soil moisture content) it is assumedt ttie direction of water flow is driven by
hydraulic potentials and that hydraulic gradientd amoisture dependent hydraulic
conductivity determine the rate of water flow. Ttleerse approaches to describing water
flow may lead to differences in simulated resutis PEARL and PELMO. While PEARL

considers tillage practices PELMO does not.

The common outputs from herbicide leaching modeis depth and time dependent
concentrations of herbicides in the soil profilelaoncentration of herbicide in the leachate.
PELMO is the most commonly used model in pesticegistration (FOCUS, 2000a). It is

used to get a first indication of the leaching ptied of a pesticide. It has default values for

estimation of leaching for screening purposes.
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2.6  Analysis of pesticides
26.1  Sampling methods

Systematic soil and water sampling methods as ageihethods of soil sampling and storage
have been reviewed (Cummings, 1966; Beynon andr El§66). Soil samples are collected
using augers. 10-20 cores representing a surfa® aff at least 200c¢mare combined,

quartered and divided into 1Kg samples for analySisrface water samples are usually
collected from the middle of the water bodies usieighted sampling bottles. If necessary,
samples are taken at various depths and locatmossthe river. Ground water samples are
collected from boreholes and wells. An instantasesample (grab sampling) is taken at a

given station. A sample container is directly filleith the water to be tested.

2.6.2  Analytical methods

Many of the standard pesticide analytical methosisdufor environmental samples are the
methods approved by federal agencies and orgamizasuch as the US Environmental
Protection Agency (EPA) and the National Institiee Occupational Safety and Health

(NIOSH). Other methods are those approved by spgomaips such as the Association of
Official Analytical Chemists (AOAC, 2002) and them&rican Public Health Association

(APHA, 1989). Many pesticide analytical methodséndeen compiled by Zweig and Sherma
(1972). The analytical methods include pesticidéragtion, clean up and detection. 22
individual publications, four of which refer to sptified methods, on specific procedures are
reviewed in the Codex Publication “RecommendatimmdMethods of Analysis of Pesticide

Residues,” CAC/PR 8-1986 (FAO/WHO, 1986Db).

Rapid, simple and inexpensive methods have beeala@d for screening environmental
samples for pesticides (US EPA, 1982a). Howevenththods are potentially inaccurate and

are therefore for screening purposes and fieldiegamns only.

The classical extraction technique used in therdetation of pesticide residues in soil
samples has been the solid-liquid partitioning vatganic solvents, followed by subsequent
cleanup and concentration procedures then dete@tising gas or liquid chromatographic
determination). The drawbacks of the traditionalraction methods are the use of large

amounts of solvents and glassware and the high ¢omsumption. These drawbacks have
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been reduced by using other extraction techniqueeldped recently, which include
supercritical fluid extraction (SFE) (Syndetral, 1993), solid phase extraction (SPE) with the
stationary phase packed in a cartridge or in difledondoet al, 1996 and Mogadagt al,
1999), and microwave-assisted extraction (MAE) @opwvilla et al, 1995). In addition, a
method for the preparation of soil samples basethersonication of soil samples placed in
small columns (SAESC) has recently been developedht rapid and sensitive analysis of
herbicides, insecticides, or fungicides (Peetzal 1998 and Sanchez-Brunete al, 1998).
The other drawback is that soil-bound atrazinermetblachlor residues are not detected with

standard extraction and analysis procedures (Baretual, 1991).

Pesticide analysis should be carried out within tbguirements of the CAC Publication
“Codex Guidelines on Good Laboratory Practice istiegle Residue Analysis,” CAC/PR, 7-
1984 (FAO/WHO, 1984) and the EU publication ‘Qualiontrol Procedures for Pesticide
Residue Analysis’, SANCO/3103/2000 (Hill, 1999/2p08kerblom (1995) has compiled

pesticide analytical methods for use in the SADgiae.

2.6.2.1 Extraction and clean up of pesticides

Efficient universal extractants for residues of malasses of pesticides in a wide variety of
materials include propylene carbonate (Zweig aner®h, 1972) and ethyl acetate (Sanchez-
Bruneteet al, 2004). Sample material with a low fat and wax teah can be extracted
directly, separated and analyzed by gas chromatbgrdJsually, however, it is necessary to
clean up the sample; that is to remove the maj@rfgring co-extracted material to avoid
deterioration of column performance and to keeprierument operating properly. Florisil is
generally used to cleanup propylene carbonate tiydl @&cetate extracts (Zweig and Sherma,
1972; Sanchez-Brunegt al, 2004).

2.6.2.2. Detection of pesticides

The great majority of analytical data on pesticidesidues have been based on gas
chromatography with different detectors, such asogéen-phosphorus (NPD) (Peret al,
1998) or electron-capture detectors (ECD) (Syneleral, 1994) for organonitrogen and
organophosphorus or organohalogen pesticides riagglgc The use of GCs with capillary

columns provides better separation of componerer(i8g et al1985). High-performance
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liquid chromatography (HPLC) (Slobodnét al, 1996) has also been employed, particularly
when pesticides are thermally unstable.

Gas chromatography coupled with mass spectrom@@¢NIS) is more often used at present
for pesticide analysis in soil (Mogadati al, 1999) than the other mentioned detectors due to
the possibility of confirming pesticide identityt $hould be noted that the use of mass
spectrometer as detector is the more definitivehotet With this procedure, much of the

uncertainty with regard to the identification oétresidue is eliminated.

The limit of determination of individual methodsp#mds to a considerable extent on the
amount of effort the analyst devotes to extractaord clean-up procedures. With most
samples a limit of determination of 0.01lmg/kg igmally regarded as acceptable (WHO,
1989)
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CHAPTER 3: MATERIALS AND METHODS

3.1 Apparatus

A Pelkin-Elmer LC-75 series liquid chromatograph uipged with a ultra-violet
spectrophotometric detector and Supelco ODS hypmykimn (um, 150mm x 4.6mm) was
used to detect atrazine and metolachlor. Sampéetion was made using a rotary Rheodyne
valve with a 2@l sample loop. A rotary evaporator was used to eotrate clean sample
extracts at 4{C.

A Thermo Electron Corporation centrifuge (IEC Can€L2) was used to clarify sorption
suspensions (separate liquid from solid phases)

Clean glassware was rinsed with acetone followedhdxane or petroleum ether to remove

traces of herbicides. Syringes were rinsed witlletbetate (Zweig and Sherma, 1972).

3.2 Chemicals and reagents

Analar grade reference standards for atrazineofid $orm) and metolachlor (in liquid form)
were obtained from Germany. The main stock standahdtion for metolachlor (100mg/l)
was prepared by dissolving the 0.1g liquid standart litre HPLC grade methanol. The 0.1g
solid reference standard for atrazine and the sstakdard solution for metolachlor were
stored in a deep freezer (aP@ pending use. When need arose, the referencdastafor
atrazine and the stock standard solution for mebhdds were removed from the freezer,
allowed to equilibrate to room temperature and useprepare solutions below and returned

to the deep freezer.

Analar grade ethyl acetate, cyclohexane, petroletimer, dichloromethane, hexane, diethyl
ether, calcium chloride, acetone and ammonium idoand HPLC grade acetonitrile and
methanol were obtained from Sigma Aldrich. Comnadlgiavailable bullet (225g/I atrazine)

and dual (960g/l metolachlor) were obtained fromiégtural Trading Company.

3.21  Stock atrazine solution in methanol (100 mg/l)

0.10 g of atrazine were dissolved in 250 ml methana beaker, quantitatively transferred to
a 1 litre volumetric flask and diluted to the mavith methanol.
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3.2.2  Stock atrazine solution in 0.01M CaCl, (25 mg/l)
25 ml of the 100 mg/l atrazine solution were pipetinto a 100 ml volumetric flask and
diluted to the mark with 0.01M Cagl

3.2.3  Stock metolachlor solution in 0.01M CaCl, (25 mg/l)

25 ml of the main stock solution for metolachlo®@@Img/l) were placed (using a pipette) into
a 100 ml volumetric flask and diluted to the maikwvd.01M CaCl.

3.24  Atrazine and metolachlor working standard solutionsin 0.01M CaCl, (0.5, 1, 2, 3,
4 and 5 mg/l.

0.5, 1, 2, 3, 4 and 5 mg/l aqueous solutions weadenby pipetting appropriate aliquots (0.5,
1, 2, 3, 4, and 5 ml, respectively) of the 25mtgck solutions of the individual herbicides to
10ml 0.01M Cadl solution in 25ml volumetric flasks and diluting tiee mark with 0.01M

CaCl solution. A stream of nitrogen was passed throughaqueous solutions to remove

methanol.

3.25  Calcium chloride solution, CaCl,, (0.01M)

2.22g CaClwere dissolved in 250 ml de-ionized water, quatitigdy transferred to a 2 litre

volumetric flask and diluted to the mark with devimed water.

3.2.6 Atrazine and metolachlor working standard solutions in methanol (0.5, 1, 2 and
3mg/l

0.5, 1, 2 and 3 mg/l solutions were prepared betimy 0.5, 1, 2 and 3 ml of the 100 mg/I
atrazine or metolachlor solutions above into 10/atimetric flasks and diluting to the mark
with methanol. (These were used in obtaining catibn curves for herbicide degradation and
mobility studies).

3.2.7  Atrazine and metolachlor spray solutionsin de-ionized water (25 mg/l)
250 ml of the 100 mg/l solutions were pipetted ihtlitre volumetric flasks and diluted to the
mark with de-ionized water. (Aliquots of these weprayed on soil surfaces in packed soll

columns)
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All the stock and working standard solutions abweee kept refrigerated (¥@), until use.

3.28 Atrazine and metolachlor spray emulsions (0.18 and 0.384 g/I, respectively)

80 ml and 40 ml of commercially available bulletdadual (for atrazine and metolachlor,

respectively) were, separately, dissolved in 108diof herbicide free tap water.

3.3 Soil samples

3.3.1 Caollection of soilsfor laboratory sorption, mobility and degradation studies

A range of herbicide-free soil types, with diffetgysical and chemical characteristics, were
collected from Ngabu, Thyolo, Bvumbwe, Chancellall€ye and Makoka in the southern
region of Malawi (Figure 14).
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Figure 14: Sampling sites in southern Malawi

The selected sites had no history of applicatiohevbicides and were very far from sites on
which herbicides had been applied. The Bvumbwen€éidor College, Makoka, Ngabu and
Thyolo sampling sites have altitudes of 1146, 88%9, 102 and 820 meters above sea level,
respectively; latitudes of 55", 15 23", 15 32' 16’ 30" and 18 08", respectively, and
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longitudes of 3%04' , 35 21', 35’ 11! 34 57" and 35 08" respectively. Thirty kilograms
(30kg) of each herbicide-free solil type were cdéec using an auger, from the top soil layer
(0 -15cm) at each sampling site. Composite sangflésur sub-samples (from four sampling
stations per sampling site) were collected. The pmsite soils were placed in big
polyethylene bags, taken to the laboratory wheeg there air-dried on plastic sheets, sieved
through a 6mm sieve and kept in plastic bags anrtmmperature until use.

3.3.2 Characterization of soilsused in field and laboratory studies

Soils were characterized to provide information smil properties. One kilogram (1kg)
samples were taken from each soil type, ground svplorcelain mortar and pestle and sieved
through a 2mm sieve. The sieved soils were testedséveral chemical and physical
characteristics using validated analytical methadispted by Bvumbwe agricultural research
station. The analytical procedures are attache@dpgendices (Appendix 7.4). Each soil
characterization test was duplicated. Aluminium wdetermined by titrimetric method
whereas the other cations were extracted using itkefdl11 method (Mehlich, 1984) and
determined by AAS. Phosphorus, organic matter amibgen were determined by the
Murphy - Riley’'s method (Murphy and Riley, 1962),alkley-Black method (Nelson and
Sommers, 1982) and Kjeldahl method (Fox Scientific, 2003), respectively. Percent
organic carbon was obtained by multiplying peraangianic matter with 0.58 (Morillet al,
2004). Texture (%clay, %sand and %silt) was deteechiusing the hydrometer method and
pH was measured in 1:1 soil/de-ionized water m&tuCation exchange capacity was

estimated by adding cations (K + Na + Ca + Mg).

3.4  Selection of extractant for atrazine and metakhlor

Several soil extractants were screened to chooseb#st extractant under the study
conditions. The extractants evaluated were ethgtade (Sanchez-Brunetet al 2004),
dichloromethane (Akerblom, 1995), acetonitrile (Zgvand Sherma, 1972) and 1:1 viv
acetone/cyclohexane (Akerblom, 1995). For waterptesy extractants tested were petroleum
ether and ethyl acetate (Akerblom, 1995).

Recovery studies were performed using 2 and 3 fogification levels for each herbicide.
Standard solutions were prepared by diluting trogpired amount of the herbicide in the

required volume of the extractant and stored’@t(@kerblom, 1995).
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34.1 Herbicide spiking and extraction

3.4.1.1 Soil sample spiking

To each 20g of the five pesticide free soil typegjuplicate, was added 1ml of 2 and 3 mg/I
herbicide solutions, separately, before extractiime spiked soil samples were allowed to
stand at room temperature for three hours to aehmmplete solvent evaporation and
pesticide distribution in the soils (Akerblom, 1995

3.4.1.2 Soil sample extraction procedure

To 20g of the spiked soil sample in a 250 ml cdnitask was added 14ml of 0.2M
ammonium chloride, flask was swirled and allowedstand for 15 minutes and mixed with
100ml of extraction solvent (e.g. 1:1 v/v acetongclohexane). The flask was stoppered
tightly, shaken vigorously by hand for 1 minutealsén less vigorously about every 10
minutes for at least 1 hour and kept overnight.e $hmples were shaken intermittently for
another 2 hours and the contents allowed to seiffer which, de-ionized water was added
cautiously until the organic phase filled the nedkhe flask. The organic phase was then
transferred; using a pipette, into a flask contggrnl2-15g sodium sulphate (previously dried
at 160C for 2 hours) and the flask was repeatedly shalehleft to stand for 15 minutes
until the drying agent flowed freely. If the drgimgent solidified more sodium sulphate was
added and swirling repeated until the sodium sufpHowed freely. The extract was
decanted through a plug of glass wool into an erajpm flask (E-flask) {a glass flask with
round bottom for evaporating samples on a rotagwgporator}, sodium sulphate was rinsed
with 20-30 ml acetone/cyclohexane and the washidgsanted through the same glass wool

plug, were combined with original extract.

3.4.1.3 Water sample extraction with petroleum éier

Two 500 ml aliquots of herbicide free water sampkxe , each, spiked with 1ml of 3 mg/l
herbicide standard solution, transferred into Zteliseparating funnels and mixed with
petroleum ether (150ml). The funnels were shakgorausly for 2 minutes after which the
mixtures were allowed to separate for 10 minufBlse aqueous phase was then drained from
the funnels into a clean bottle, and the organesphcarefully poured through a 2 cm outside
diameter column containing glass wool and 10g ¢ifydrnous sodium sulphate (P&0y) into

an E-flask. The aqueous phases were poured bagkthet separating funnels for further

extraction. The extraction procedure was repedtegkbttimes to ensure complete extraction

53



of the analytes. The organic phase extracts wdlected, and mixed, in the same flask. The
organic phase was cleaned up as in 3.4.2

3.4.1.4 Water sample extraction with ethyl acetat

Spiked water (1 litre) was saturated with 350g @dism chloride, divided into two 500ml
portions and each portion transferred into a k lgeparating funnel. The aqueous solution
was mixed with sodium chloride (100g), shaken &sdive, and ethyl acetate (120ml) further
added. The funnel was shaken vigorously for 2 nesuand the phases allowed to separate.

The aqueous phase was drained into clean bottlate the ethyl acetate phase was poured
into a flask containing 15-20g sodium chloride. ™aater phase was transferred from the
bottle into the separating funnels. The bottlesew@nsed with 60 ml ethyl acetate and the
washings poured into the separating funnel andaetad twice with ethyl acetate (2 x 60ml).
The ethyl acetate extracts were collected in tmeestiask and transferred through a plug of
glass wool into an E-flask containing 20g of sodisatphate. The E-flask was swirled and
left to stand for 15 minutes until the drying ag8otwved freely. If the drying agent solidified
more sodium sulphate was added and swirling regeatdil the sodium sulphate flowed
freely. The extract was decanted through a plugylaés wool into an evaporation flask,
sodium sulphate rinsed with 20-30ml ethyl acetaté #the washings decanted through the
same glass wool plug, were combined with the oalgiextract. The organic phase was

cleaned up as in 3.4.2.

3.4.2. Clean up of extract with florisil

The extract clean up method by Akerblom (1995) used. A glass column, 10cm long, was
packed with 0.5 cm layer of glass wool, florisilsadbent (30g) and sodium sulphate (59).
The column was washed with petroleum ether (50nd)washings collected were discarded.

Each sample extract (from 3.4.1.2, 3.4.1.3 andL314above) was evaporated to dryness on a
rotary evaporator at 40. The residue was dissolved in 10ml petroleumrettensferred into

a petroleum ether conditioned column and allowegydnetrate the florisil. The pesticides
were eluted with 7% diethyl ether in petroleum e{2®0ml) then 25% diethyl ether (200ml).
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3.4.3. Pesticide concentration

Each eluate from the clean up column was concewtrby evaporation to about 2ml on a
rotary evaporator, and the concentrated solutiansferred to a graduated glass test tube
placed in a water bath at ®3 and further evaporated to about 0.4ml for thayer
chromatographic detection.

3.4.4. Pesticide detection

The presence of pesticide was initially confirmgattin layer chromatography. Samples and
standard for atrazine and metolachlor solutionsewan on the same chromatographic plate.
Atrazine and metolachlor were identified by theatardation factors and quantified by
comparing the spots (size and intensity) of saragteacts against those of standard solutions
(Akerblom, 1995).

Dipping solution was prepared by dissolving 0.88ges nitrate in 5 ml de-ionized water,
adding 2.5 ml concentrated ammonia solution andtiddgy to 200 ml with acetone. Ready-
made alumina plates were placed into the dippingtiso for five seconds then withdrawn
and allowed to dry in the fume hood. The dippedgslavere stored in a dark place but used

within a month.

The development chamber was lined with chromatdgcapaper. Ethyl acetate (Akerblom,
1995) was poured into the chamber to a level of-1105 cm to moisten the paper. (This is
done to saturate air in the development chambédr etityl acetate vapour). Equal volumes
(0.05ml) of sample extracts and reference standaltions were applied as bands of equal
size onto 20 cm alumina plate, 1.5 cm from thedmtedge, with at least 1 cm left towards
the edge of the plate and between bands. The battige of the plate was dipped into
acetone in a dish, ensuring that the acetone thsigiot reach the bands applied. Acetone was
allowed to rise to about 1cm above the bands tcemnate them. Then the plate was
removed from the dish and acetone allowed to expmompletely from the plate. The plate
was then put in the development chamber and deseé|agp to 15 cm from the bands after
which, it was taken out and the solvent front mdrkemediately. Then the plate was
exposed to ultraviolet light (without filter) from ULTRA-VIOLET torch at a distance of 11
cm. After two minutes coloured spots were seenteawked. The retardation factorss(Rere

calculated by dividing the distance travelled bybi@de with the distance travelled by
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solvent. Concentrations were estimated by companitapsity and size of sample spots with

those of the standards.

3.5 Selection of sampling point for surface water

Water samples were collected from Chipanje rivérBlaumbwe village in Thyolo district),
immediately downstream of atrazine and metolactreated soils (experimental plots). The
experimental plots were irrigated and water samfita®s the river were taken following the
first run off event after herbicide application. elTkvater samples were taken at different
distances across the river and at different dejpiltgder to select a suitable sampling point
for surface water. The average width of the Chipdtiyer was 5 meters. For spatial variation
in water quality, water samples are collected &t 6-10, 15-20, 100, 200, 250 (middle), 300,
400, 490-495 and 495-500 cm from the river bankr neals that were treated with
metolachlor or atrazine. Water sampling was dona etraight portion of the river and near a
bend in the river (C-D and E-F, respectively inUfgy 15). For vertical variation in water
quality, water samples were taken at various depths15-20, 35-40 and 95-100 cm from the
surface. This was for the 100, 250 and 400cm hot&sampling points.

T Laminar flow
a

Overturn

Figure 15: Cross section on a straight portion ofiver (C to D) and near a bend in the
river (E to F)

All glass sampling bottles were thoroughly cleaaed rinsed with de-ionized water as well
as ethyl acetate before use to reduce contamindch bottle was filled to overflowing and
capped, leaving no air space and ensuring thag lamg homogeneous pieces of detritus, such

as leaves, were excluded.
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3.5.1 Surfaceand depth water sampling

To a clean and labelled glass bottle mounted ombog graduated stick weight was attached.
The bottle was lowered into the river, whilst treenpler was standing on the bridge. When
the bottle reached the surface of the water, it p@stioned in such a way that its mouth
faced slightly upwards and towards the currentalmved to fill. The filled bottle was lifted
from the water and sealed immediately.

For depth sampling a long clean thin pole was h#ddo the cover of the bottle (Fig. 16).

Pole —> ~€—— Graduated
connected to [ pole to
stopper in B measure
container q depth and
neck | support
container
¢
= Bottle
stopper
o 2
- Sample
bottle

Figure 16: Depth sampling bottle

The bottle was lowered into the river (whilst tleergler was standing on the bridge) until the
desired depth mark was reached, cover removede litited with water, lifted from the water
and sealed immediately. Care was taken not to oontde the water with dirty sticks,

weights or bottles.
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Water samples from all boreholes, in the study atdBvumbwe village, were collected using
1 litre glass beakers. Water was pumped for threeites before collecting water samples.

Water sample from the beaker was transferred team@lass sampling bottle.

3.5.2 Handling and preservation of water samples
Sealed water sample bottles were stored on icecooker box and quickly transported to the

laboratory and refrigerated for analysis withiniirs of collection (Akerblom, 1995).

353 Water analysis

The water samples were not filtered before analyi$is unfiltered water sample gives results
that best represent what has been transporteceteatmpling site, including herbicides that
are adsorbed on colloidal particles. 1 litre of reawater sample was extracted with ethyl
acetate as in 3.4.1.4 above. The water sample cextnaere cleaned up as in 3.4.2,

concentrated as in 3.4.3 and detected as in Jbvea

3.6  Atrazine and metolachlor residues in water

A snapshot survey was conducted to assess grouhdswaface water contamination by
atrazine and metolachlor in the Zomba/Bvumbwe megive ground and sixty-five surface
water samples were collected randomly, after tret fun-off events, from several rivers in
the Zomba/Bvumbwe region during the 2004/2005 raegison. The ground water samples
were collected from wells in farm areas where ateand metolachlor were applied. Surface
water samples were collected from rivers near fareas where atrazine and metolachlor
were applied. To assess temporal variation in watertamination, water samples were
collected systematically at selected sampling goffiable 7) and times (ranging from twice
monthly during- to once a month after- herbicide pgriod). One litre water samples were
collected from the surface (0-5 cm deep) withim® fcom the river bank. The water sample
bottles were labelled, placed in a cooler box wite and transported quickly to the
laboratory. The water samples were analyzed withity eight hours of collection or kept
frozen until analysis time. The water samples vegrayzed as in 3.5.3 above.
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Table 7: Water sampling points for atrazine and me&lachlor

Properties of
land

Sampling centre

15

Stream 1 Stream 2 Stream 3 Stream 4 Strean
Location Drain, Drain, Mponda river Drain in a Chipanje
Bvumbwe Bvumbwe (behind tobacco field, | river,
Chancellor Makoka Chinkwende
College’s village,
maintenance Bvumbwe.
building)
Near by land use| Smallholder | Smallholder Herbicide Tobacco estatg  Smallholde
farmer’'s maize | farmer’s experimental farmer’s
field tobacco field plot maize field
Topography Gentle slope Relatively flat Gentle slop | Gentle slope Gentle slopg
Herbicides Atrazine Metolachlor Atrazine and Metolachlor Atrazine
applied 0.9Kg/Ha 1.44Kg/Ha Metolachlor 1.44Kg/Ha 0.90Kg/Ha
Field size Large Large Very small Very large Large
Distance between About 100m About 10m About 60m 2m About 60m
farm and stream
Soil texture Sandy clay Sandy clay Sandy loam Sandy clay | Sandy clay
loam loam loam loam
Intensity of rain | Heavy Light Light Moderate Moderate
following
herbicide
application
3.7 Sorption of atrazine and metolachlor

371

To 1g (in duplicate) dry soil samples in polypragpy centrifuge tubes was added 5 ml of
each working standard solution (OECD, 1981), withaentrations 0.5, 1, 2, 3, 4 and 5 mg/l.

Reference samples {herbicide free soil in 0.01M G&@d herbicide standard solutions (with

Adsorption experiment

no soil)} were included for background correctiondacalibration. All tubes (sample and

reference) were sealed, shaken end-over-end foo@rs to ensure equilibration (Abateal,
2004; Krutzet al, 2003; Morilloet al, 2004; and Oliveet al, 2005), and centrifuged for 20

minutes at 1300 revolutions per second after whtcml aliquots of the supernatants were

removed (using a pipette, from under the liquidae of each tube) for herbicide detection.

The aliquots (2ml) were then stored in clean cngdsvin a refrigerator until analysis.
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3.7.2  Desorption experiment

The soil samples for adsorption studies with ihidancentrations (Ci) of 1, 3 and 4 mg/l
atrazine or metolachlor were used for desorptiodies. The 2 ml removed for LC detection
was replaced with 2ml of 0.01M CaCsample continuously shaken for 24 hours, centeifug
and 2 ml aliquots taken as above. For atrazinegrdégen process was done for two more 24-

hour periods.

3.7.3 Detection of atrazine and metolachlor

Detection of atrazine and metolachlor followed pmecedures by Zweig and Sherma (1972)
and Akerblom (1995). Cryo vials with samples an8, @ and 2mg/l working standard

solutions were removed from the refrigerator alovadd to equilibrate to room temperature.
Atrazine and metolachlor were determined on a digcihromatograph using the external
standardization technique at wavelengths of 210 20@ nm, respectively, with a mobile

phase (HPLC grade methanol) flow rate of 2 ml/md an injection volume of 1@0 (using

a micro syringe). Heights of peaks for standarditsmhs were read from the chromatogram
(Appendix 5) and calibration curve was constructddights of peaks for sample solutions
were also read from the chromatogram and the coratems of the samples were read from
the calibration curve. Chromatograms for soil sasphad many peaks. Atrazine and
metolachlor peaks were identified by firstly comipgrthe soil sample chromatograms with
those of their blanks (herbicide free soils) andosely using the herbicide retention time

(distance between sample injection point and hglbipeak on the chromatogram).

The amounts of atrazine and metolachlor adsorbetidogoils were calculated as differences
between the amounts in the initial solutions ands¢hremaining in the solutions after
centrifugation. The amounts of atrazine and mehitacdesorbed by the soils were calculated
as differences between the amounts in the soluaftes addition of the 2ml of 0.01M CaCl

and those remaining in the solutions after cergafion after desorption shaking.

3.74 Datatreatment and statistical analysis

Adsorption isotherms were constructed by plottimgoant of herbicide adsorbed by soil

against the equilibrium solution concentration.
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Retention of atrazine and metolachlor in soils vwtermined by calculating sorption

coefficients (k) from single-point measurements (batch equilibriwith one concentration).

Kqg :g where Csamol/kg herbicide adsorbed to soil and @ew1/l herbicide in

equilibrium solution.

Freundlich, Linear, Langmuir and Temkin isothermerevfitted to sorption data for atrazine

and metolachlor using equations $, s ands, respectively.

Linear s& kyi Ce, (s)

Freundlich log=log k + n (log @) (2
c._ 1 ¢

Langmuir ¢ ke, +a and (8

Temkin ekt kiInce ()

where ¢ = umol/kg herbicide adsorbed to soil, = pmol/l herbicide in equilibrium solution,
1
Cm = maximum adsorption capacity; k sorption capacity constapmol/kg and k n, o
and k, are slopes of the linear, Freundlich, Langmuir &echkin plots, respectively;,ks the
adjustable Temkin sorption constant (intercept emKin plot), k is the Langmuir sorption
constant and n = Freundlich sorption intensity daciThe constant:kis the amount of
herbicide adsorbed for an equilibrium concentratdérl umol/I (Morillo et al, 2004). The
fitted Freundlich equation was used to determignatka selected Ce (40mol/l) in order to
calculate the organic carbon normalized distributioefficient (kc), using equationss
_ k, %100
* " 9%0C (%)

The k. is usually used in discussing sorption of non pbialrophobic compounds.

The hysteresis coefficients, H, for the sorptiosatption isotherms were calculated using

equation g

H="1 ()

where R and n are the Freundlich n constants obtained from trpt®n and desorption

isotherms, respectively (Morillet al, 2004).

The extent of desorption (D %) was calculated usiapgation g
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Ay
D % = <100 (=)
where Ajis the amount desorbed andig\the amount of herbicide initially adsorbed.

Data was analyzed using AGROBASE statistical paekéy sorption coefficients and
GenStat Release 4.24 DE, PC/Windows XP (GenSt&6)2for k and k. An analysis of
variance (ANOVA) was performed to determine thendigance of the effect of soil on the
sorption coefficients for each herbicide. The intationships betweenykvalues and soill
parameters (% OC, pH, CEC and % clay) were deteunlry regression analysis. Means

were compared using the least significance diffeeghSD) at the 5% level.

3.8 Degradation of atrazine and metolachlor
3.8.1 Herbicide degradation experiment

Each of the five sieved soils (in duplicate) wagidid into six 300g portions per herbicide.

One portion was sterilized, a second one was a&id{using elemental sulphur) and a third
was made more alkaline (using calcium carbonateg. dcidified and alkalinized soils were

allowed to equilibrate for a day before herbicidese added. In the acidified and alkalinized
soils the original pH of the soils was lowered amtteased, respectively, by between 1.5 to 2
units. None of the soils had final pH less thanr4eater than 10. The soil treatments are
shown in Table 8. For the flooded treatment, flogdivas done immediately after herbicide

addition.

Table 8: Soil treatments for herbicide degradatiorstudies

Identity Treatment of Soil

1 un amended

acidified

alkalinized

anaerobic (sealed)
flooded (after herbicide addition)

o O A~ W N

sterilized soil
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All the soil portions were moistened to field capgcl ml of 900 and 960 mg/l solutions of
atrazine and metolachlor, respectively, added th ed the 300g soil portions, uniformly
mixed using a glass spatula and quantitativelysfieaned to a clean llitre conical flask and
finally sealed with aluminium foil. Treatments 1, 2, 5 and 6 had their aluminium foils
perforated to allow air exchange. The samples Wepg at room temperature and near glass
windows to expose the soils to natural sunlightiybeoom temperatures at 14:00 hours
ranged from 22 to 28°C. Moisture contents were taaied at field capacity by addition of

appropriate amounts (0 — 5ml) of de-ionized wdiased on moisture content determinations.

The experimental design was a completely randomidedign (Figure 17) with two
replicates.

Figure 17: Soil samples in the degradation experient

The extent of degradation was assessed by detagratiazine and metolachlor remaining in
the soil samples.

3.8.2 Soil analysis

About 359 of each soil sample, in duplicate, weskected for analysis after O, 7, 14, 28, 56,
and 84 days of herbicide application. The collecsasnples were kept frozen pending
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analysis. The frozen soil sample was thawed forhb&s, and thoroughly mixed. Three sub
samples were taken, simultaneously, one for masti@termination and two for herbicide

determination. The remaining sample was put ireeZer.

3.8.2.1 Moisture content
A known mass of soil sample (about 5g) was put meaweighed Petri dish or beaker, dried

at 105C to constant weight, cooled and reweighed. Thetementent was calculated.

3.8.2.2 Herbicide extraction

A known weight of soil sample (about 20g) was puti250 ml stoppered conical flask. The
soil sample was extracted with ethyl acetate &4ril.2 above. The extract was cleaned up as
in 3.8.2.3 below.

3.8.2.3 Extract clean up
A column consisting of a disposable Pasteur pipmitgaining glass wool and 1g florisil was
washed with hexane (4ml), discarding the washings.

The extract from 3.8.2.2 above was evaporatedytoesis. The extract residue was dissolved
in 2ml of hexane then quantitatively transferredtite hexane conditioned column. Hexane
from the column was discarded. The herbicides wkreed with 2 by 5 ml portions of diethyl

ether/ethyl acetate (1:1). The eluate was collectedclean evaporation flask.

3.8.2.4 Herbicide concentration

Herbicides in the extracts were concentrated bpenading the extracts to dryness on a rotary
evaporator at 4C. 2ml of methanol were added to the residue iretraporation flask. After
thorough shaking the methanol solution was transfeto a clean cryo vial, which was sealed

and stored in a refrigerator, pending detectioa diquid chromatograph.

3.8.2.5 Herbicide detection

Soil sample extracts in cryo vials and working d&nd solutions for atrazine and metolachlor
were removed from the refrigerator and allowedduilérate to room temperature. Atrazine
and metolachlor were detected as in 3.7.3 aboveieMer the mobile phase, in this case, was
HPLC grade acetonitrile/distilled water (30-70%}y dhe standard solutions were in methanol
(instead of 0.01M Caghkolution).
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3.8.3 Dataanalysis

The GenStat Release 4.24 DE, PC/Windows XP (Gen&i8b) was used to generate means
and standard errors. The time observed for 50%ppearance (Dgp) of atrazine or
metolachlor was read from a plot of percent at@znmetolachlor remaining in soil against
time (Loor-Velaet al, 2003).

HS, SFO and DFOP models (equationsdd and d respectively) were fitted to degradation
data using Microsoft excel statistical package® fitmess of data to SFO and HS models was
assessed by coefficients of determination in pbdtpredicted against observed amounts of
herbicides remaining in the soil. Herbicide dissipa was modelled using SFO and HS
because, firstly, these models have usually giwest fits to degradation data for atrazine and
metolachlor (Hance, 1980 and Laadisal, 2002) and, secondly, their dissipation parameters
are used in leaching models. DFOP was also useadoitel dissipation of the herbicides
because of its reported better fit quality (FOCRE)6).

HS, C (t) — Qe_klt |ft S tb or Coe_klt e—kz(t—tb) |ft > tb (dl)
SFO: C (t)=&™* and ()
DFOP: C (t) =™+ Ce™  with G =C, + G (ds)

where C (t) denotes the concentration of herbistilepresent in soil at time t; k,;kand k
are dissipation rate constants €&k ky); Co is the initial concentration of herbicide in sdil,
represents timey, ts breakpoint time (time at which rate constafange) and Cand G are

the amounts of herbicide subject to the dissipatiwes k and k respectively.

The degradation rate constants for atrazine or laitor were estimated by linear regression

from the transformed first-order rate equations
HS: NC M) =InG-Kktift<tyorIinC (t) =1In G - kgt -k (t-tp) if t >ty
SFO: InC () =In @- kt,

DFOP: INnC (1) =In - kit and In C (t) =In - kzt.

32
The half life for SFO was estimated gs= K (Hance, 1980; Loor-Velat al, 2003).
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0.6932
For HS half-life was equal t K if the DT50 was reached before the breakpoint time
1

otherwise the DTx equation in Table 5 was used.

3.9 Mobility of atrazine and metolachlor
Mobility studies included hand packed soil colunxperiments, with constant water fluxes at

fairy high rates, and some experiments under fieloh fall) conditions.

3.9.1 Vertical movement of atrazine and metolachlor in packed soil columns

Homogeneous soil columns were prepared by handinmpagently and uniformly, moisture
corrected soils (Table 9) in 35cm high grade paiyvichloride (PVC) pipes of 30 mm
diameter which did not adsorb atrazine or metolaghlThe lower end (2.5cm) of each tube
was covered with nylon tissue padded with a thyedaf glass wool (0.99) to hold soil firmly
into the column. The top (2.5cm) of the soil in t@umn was also covered with glass wool
to prevent disturbance of the soil by the inputbdeied water. Soil occupied the length of
column, which was graduated at 5 cm intervals, betwthe top 2.5cm and bottom 2.5cm
ends. Care was taken when packing the soil intedheann and any subsequent handling and

watering to prevent the collapse of soil structure.

All columns were covered with aluminium foil to pent herbicide evaporation. 2.5 litre

glass or polyethylene bottles were placed benaaklt@umns to collect leachate (Figure 18).

3.9.1.1 Moisture correction procedure

For moisture treatments 2 and 3 air dried soilseweeighed and placed on plastic sheets.
Deionised water was added following the percentegesvn in Table 9. The soils were

thoroughly mixed with the water before transferrthgm to the columns. For saturated soils
(treatments 4 and 5 in Table 9) air dried soilsenvpacked into the columns, soils sub-
irrigated until the soil surfaces were wet and sgioently allowed to drain freely for 24

hours.
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Figure 18: Hand-packed soil columns for leachingxeriment

Table 9: Initial moisture content of soils (beforeaddition of herbicides)

Soll Field Identity of soil sample
Source capacity Moisture content O 5 7.5 20| 100
0,
(%) (%) (saturated)
Treatment 1 2 3 4 5
Number
Input water (ml) 520 720
Bvumbwe | 3.92 Bl B2 B3 B4 B5
Chanco 12.26 Cl C2 C3B C4 C5
Makoka 10.92 M1l M2 | M3 M4 | M5
Ngabu 35.14 N1 N2 N3 N4 N5
Thyolo 23.48 Tl T2 T3| T4 T5

Key: B1: B =Bvumbwe (Soil source); (C is Chanceltullege, M is Makoka, N is Ngabu
and T is Thyolo) and 1 = treatment number 1.
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3.9.1.2 Herbicide Leaching

Herbicide emulsions were added evenly on top ofsthiks using a pipette. 5 ml of atrazine
solution (25ppm) were added to Ngabu, Bvumbwe amttdla soils while 10ml of atrazine
were added to Thyolo and Chanco soils. 5 ml of faetdor solution (25ppm) were added to
Ngabu and Bvumbwe soils while 10ml of metolachl@revadded to Thyolo, Chanco and
Makoka soils. Each packed soil column was labek&h where X is site, P is moisture
treatment number and h is atrazine or metolaciior.example Bla was air dry Bvumbwe

soil treated with atrazine and B1m was air dry Bbwra soil treated with metolachlor.

Several 10ml aliquots of de-ionized water were &vdistributed over the surface of each of
the soil columns on each day. The volumes of wadeled daily ranged from 100 to 150ml,
depending on leaching velocity (150ml for Bvumbvnel 400ml for Ngabu soils). At the end
of the experiment (8 days), the total volume ofevatdded to treatments 1 to 4 was 520ml
and treatment 5 was 720ml. In the N3m soil colurppliaation of 520ml of water was not

possible due to the low leaching velocities, ol of water were applied.

After 8 days the columns were cut longitudinallygativided into six 5cm sections (0-5, 5-10,
10-15, 15-20, 20-25 and 25-30 cm depth). Each@®stsoil was thoroughly mixed, bagged

and stored in a deep freezer until analysis.

The experimental design was a completely randontzesiyn with two replicates.

3.9.2 Vertical and horizontal movement of atrazine and metolachlor in thefield

Herbicide field mobility trials were established@hancellor College and Bvumbwe village
only. Commercially available liquid herbicide forfations, bullet for atrazine (225g/l) and
dual for metolachlor (960g/l), were used becausstrifasmers in the country use them. The
rates of applications were 1.8 kg/ ha and 3.84&gth0.8 ml/rfi and 0.4 ml/rAfor bullet and
dual, respectively. 1 litre of bullet (0.18 g/la#me) or dual (0.384 g/l metolachlor) emulsions
were, each, sprayed on 1experimental plot using a hand sprayer. The hielbitreatments
were applied in two blocks. Each treatment withibleck was duplicated. The herbicides in
the first block were left on the surface whilstdkan the second block were incorporated into
the soil (soon after application) to a depth of 3€ihe depth of 3 cm was chosen because

weeds which germinate are usually in the top 3 €sod although some troublesome weeds
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can develop from a depth of up to 12 cm (Hass&B2)). No crop was grown on the
experimental plots.

3.9.2.1 Soil sampling and analysis

Soil samples (about 250g) were collected at diffedepths (0-2, 2-5, 5-10, 10-15 and 15-
25cm) at several horizontal distances (1, 5, 105P0and 100m) from the point of herbicide
application and at different times (2, 5, 12 and \88eks) from the date of herbicide
application using an auger, ruler and small plasénd shovel. A hole was drilled using the
auger. Loose soil was removed from the hole théinsamples collected at different depths
by scraping on the sides of the hole were placadieian and labelled plastic bags which were
placed in a big plastic bag and the later were filaoed on ice in a cooler box. The samples

were transported to the laboratory where they Wweps deep frozen until analysis.

Atrazine and metolachlor in the soil samples fraamsked soil columns and field experiments
were analyzed as in 3.8.2 above.

3.9.2.2 Data treatment

A mobility index (MI) was calculated for each heridie—soil column (Webeet al, 2003;
Weberet al, 2006).

MI=YDxF @

where D is the mean depth, the distance the hdebitioved (D = 2.5, 7.5, 12.5, 17.5, 22.5
and 27.5 cm) and F is fraction of herbicide preseneach soil section (F = herbicide
concentration in each soil section divided by tdtatbicide concentration in soil column
sections) (Webeet al, 2003; Webeet al, 2006).

The maximum value (Ml was obtained if all the chemical (F = 1.0) wastribhuted in the

bottom (27.5 cm) section Ml e =27.5%10=275)  The smallest (M) value was
obtained if all (F = 1.0) of the herbicide was ne¢al in the uppermost (2.5 cm)
sectionMl ., = 25x10=25

The retardation factor, {Rwas also calculated for each herbicide—soil col(Weberet al,

2006). R="MI (8)
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An analysis of variance (ANOVA) was performed tdedmine the significance of the effect
of soil on the mobility indices for each herbicidéne inter-relationships between MI values
and soil parameters {kk;, % OC, CEC and % clay) were determined by regoasanalysis.

Means were compared using the LSD at the 5% level.

A simple decision aid model was used to evaluategitoundwater contamination potential
(GWCP) which was achieved by matching the soil heag potential (SLP) category of the
soil to the herbicide leaching potential (HLP) cmtey (Table 6). SLP was determined by
summation of the products of the rating for thd pooperty and the importance factor of the
soil property relative to leaching (10, 6 and 3 forganic matter, texture and pH,

respectively).

Soil Leaching Potential (SLP) = Organic Matterifrgtx factor) + Texture (rating x factor) +
pH (rating x factor) (McLaughliet al, 1997)

Herbicide Leaching Potential (HLP) was calculatethg equation m

t,, XRxF .
HLP =-Y2—— (McLaughlinet al, 1997) (M)

d

The k was used instead ofkin equation g because of the exaggerated differences,dn k
values of the soils due great differences in orga&airbon contents of the soils (Spongberg
and Gangliang, 2000).

The PEARL model (FOCUS PEARL, 2006) was used toukite movement of the two
herbicides, to calculate predicted herbicide cotreéions in the soil layers at 0.05, 0.1 and
0.2 metre depths at the Bvumbwe site. The PELMO ehodas not accessible.
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4.1

The characteristics of the soils used for experisare shown in Table 10.

CHAPTER 4: RESULTS AND DISCUSSION

Soil characteristics

Table 10: Characteristics of the soils used for sption, mobility and degradation

Characteristics Site

Bvumbwe Chancellor Ngabt Thyolo Makoka

village College Bvitula Kautuka research

village Village Station
Particle Size
Silt (%) 6 10 22 14 10
Clay (%) 9 19 43 55 23
Sand (%) 85 71 35 31 67
Texture loamy sand sandy loam clay Clay sandy lolam
pH (in water) 5.82 6.24 8.22 6.23 6.52
Organic matter (%) | 0.59 1.02 2.84 0.91 0.67
Organic carbon (%)| 0.34 0.59 1.65 0.53 0.39
Nitrogen (% 0.03 0.05 0.14 0.05 0.03
Phosphorus (ppm) | 24 14 14 1 22
Potassium 1.645 1.459 9.807 5.491 2.798
(cmol/kg)
Sodium (cmol/kg) | 0.42 0.46 0.66 0.67 0.51
Calcium (cmol/kg) | 4.26 0.96 10.00 0.78 1.29
Magnesium 3.31 0.13 0.67 0.24 0.44
(cmol/kg)
CEC (cmol/kg) 8.5 10.94 26.95 18.83 15.53
\Water holding
capacity:
Field capacity (0.3 [3.92 12.26 35.14 23.48 10.92
bar)
Permanent wilting [2.42 7.54 23.87 19.08 7.51
point (15 bar)
Available Water 1.50 4,72 11.27 4.40 3.41
Land use Agricultural Agricultural Agricultural Aigultural Agricultural
Dominant clay 1:1, Kaolinite | 1:1, Kaolinite | 2:1, 1:1, Kaolinite 1:1, Kaolinite
mineral (Young montmorill
1960) onite and/or
\vermiculite
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Soil pH ranged from moderately acidic (5.82) foe tBvumbwe soil to moderately alkaline
(8.22) for the Ngabu soil. Bvumbwe, Chanco and Makeoils were low in organic matter
and clay contents, with non expanding type clays/olo soil also had low organic matter
with non expanding type clays but high clay cont®&gabu soil had high organic matter and
clay contents, with expanding type clays. Watedimg capacity (WHC) and cation exchange
capacity (CEC) were low in Bvumbwe soil, moderateChanco, Makoka and Thyolo soils
and high in Ngabu soil. Calcium, nitrogen, potass@and sodium were higher in the Ngabu
soil than in the other soils. Among the soil pragst, organic carbon was correlated to CEC
(r = 0.86, p = 0.006), both were correlated with @H 0.96, p = 0.0001 and r = 0.90, p =
0.002, respectively), and CEC was correlated widly ¢r = 0.78, p = 0.02). There was no
correlation between clay and organic carbon. Thenlwwe and Ngabu soils with least and
highest, respectively, organic carbon contentsrarident holding capacities are expected to

retain the least and most herbicides, respectively.

4.2 Extractant for herbicides

The precision and accuracy of the procedures axddny analysis of the herbicides in spiked
soil and water samples are shown in Table 11. mteidual recovery values ranged from 55
to 85%. Mean recovery values, for fortification ééwf 4 mg/l, ranged from 68 to 81% with
relative standard deviations (RSDs) of 9 and 4% iHtovery values are on the lower end of
those reported by other authors (73-98% + 3-16%s@®&iet al, 2003 and 87-106.2% + 2.4-
10.6%, Sanchez — Brunete, 2004). However, all bxg &re within the range (60-120%)
recommended by European Union (Hill, 1999/2000)e Thcoveries were better for the
higher than the lower fortification level. The fifidation level of 3 mg/l was, therefore,

selected for subsequent analysis.

The results indicated that all extractants gaveptable recovery values. In soils ethyl acetate
and dichloromethane extracted similar amounts k#zate which were significantly higher
than those extracted by acetonitrile or acetonédsbgxane. For metolachlor, ethyl acetate
extracted significantly higher amounts than theeptbxtractants. In water ethyl acetate
extracted higher amounts than petroleum ether adhahe differences were not significant.
Ethyl acetate was more preferred because of itergéy higher recovery values. It is able to

dissolve and extract more compounds in both saidkveater (Akerblom, 1995).
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Table 11: Recovery of herbicide data (mean recover% + RSD%; n=10)

Soils Herbicide Extractant Fortification Levels
3 mg/l 2 mg/l
Atrazine ethyl acetate 81+4 787
dichloromethane 79+6 77+5
Acetone/cyclohexane| 69 6 68 +8
Mean + RSD 76 +4 725+5
Metolachlor ethyl acetate 79 768
dichloromethane 75+ 65+ 10
acetonitrile 72+6 68 + 6
Acetone/cyclohexane| 68 +9 679
Mean + RSD 73.5+3.5 69 + 3.5
Water Atrazine ethyl acetate 765
petroleum ether 717
Mean + RSD 725%+45
Metolachlor ethyl acetate 74+£6
petroleum ether 708
Mean + RSD 71+4.38

Therefore, ethyl acetate was selected as a suiaidactant for atrazine and metolachlor for
soil and water samples. Many other authors havd agyl acetate as a universal extractant

for multi (pesticide) residue determination (SarchBrunete, 2004), with good results.

4.3 Sampling point for surface water

The concentrations of metolachlor in the water dam@re shown in Table 12. For the
straight portion of the river (C-D in Fig. 15), thesults indicated that metolachlor was higher
near the river bank close to the metolachlor tekatsls. The metolachlor concentration was

the same for all the sampling points whether vaktc horizontal near the river bend (E-F in

Fig.15)
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Table 12: Vertical and horizontal distribution of metolachlor concentrations in water of
Chipanije river; ug/ml of the cleaned up and concemated extract (ug/l of water sample).

Depth of| pistance from river bank near metolachlor treataits cm)
water

(cm) 0-5 | 5-10| 15-20 100200 | 250 | 300 | 400| 490- |495-
495 500

Straight portion of river (C to D)

0-5 15 14 | 1.2 1. 1.0 1.0 10 1.0 1.0 1.0

15-20 - - - 1.0| - 10| - 1.0 - -

100 - - - 10| - 10| - 1.0 - -
Near a bend in the river (E to F)

0-5 1.0 1.0 | 1.0 1. 1.0 1.0 10 1.0 1.0 1.0

15-20 - - - 1.0| - 10| - 1.0 - -

100 - - - 10| - 10| - 1.0 - -

-: not sampled

In a river with laminar flow, maximum velocities @g in the centre of the river but are
reduced to zero at the river bank by frictionatts exerted by the shallow bank zone and the
bank itself (Chapman, 1992). This velocity gradiemds to force influent waters to the side
of the river where they entered. Concentrationetfuge, is higher on this side of the river.
Such concentration gradients are maintained far tlean a kilometre, beyond which perfect
mixing occurs (Chapman, 1992). Bends in a riveruged mixing leading to uniform

concentrations of chemicals across the river.

The effect of sampling depth on metolachlor levglshown in Table 12. The 0-5 cm depth

gave the highest levels such that this was seldotesibsequent sampling.

4.4 Herbicide residues in water
441 Herbicide contamination

The percentage of surface water bodies contaminbyedtrazine was higher than that
contaminated by metolachlor. Atrazine was detettddirty eight percent whilst metolachlor
was detected in fifteen percent of the water saspldis is in contrast to both the lower
application rate of atrazine (0.9kg/ha compared.tikg/ha for metolachlor) and its lower
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water solubility (0.033g/l compared to 0.53g/l faetolachlor) but probably consistent with
soil and water conservation practices. Atrazinkaigely used by smallholder maize farmers
whereas metolachlor is mostly used by estate (camate tobacco farmers. The latter
usually practice better land husbandly managemesttipes than the former hence less
export of metolachlor to surface water bodies dudess erosion of the soil. Some estate
farmers maintained small percentages of their prtoln areas as chemical (herbicide)

filtering land. No atrazine and metolachlor weréegdted in groundwater from boreholes.

4.4.2 Temporal variation of herbicide concentrations

The effect of time on herbicide levels in surfacatev is shown in Table 13. The number of
pluses indicates relative intensity of the herladielvels in the water. The results indicate that
the relative concentration levels of atrazine weigher than those of metolachlor, probably
due to the same soil and water conservation pexcticentioned in 4.4.1 above. The highest
herbicide concentrations in surface waters occufoldwing the first run off events and
decreased with time; decreasing to zero at 37%etontaminated sites by the eighth week
and at all sites by the twelfth week. The decreaseoncentration was probably due to
decrease in soil concentrations, which led to loweroff concentrations. [When an herbicide
is applied to the soil surface, the initial concatibn at the surface immediately begins to
diminish due to herbicidal action, microbial andestical (including photochemical)
degradation and volatilization (Guenzi, 1974; Cher890)].

The results showed that export of herbicides téaserwater depends on adsorption and rate
of pesticide application. When small quantities hafrbicides were applied surface water
contamination did not occur, as evidenced by MpdRo&r (stream 3). Traces of herbicides
that may have run off were eventually adsorbedheysbil over which the water ran. Also the
clay soil near stream 2 adsorbed herbicide resjquesenting contamination of the stream.

The results showed that surface water contaminalEpends on upstream and in stream
activities. For Chipanje river (stream 5) and stied the upstream water samples had
atrazine. This implied that some farmers upstreanh dpplied atrazine on their crop fields.
The atrazine may have run off with rainwater frorspaayed land or drifted onto the riverine

during herbicide spray elsewhere. According to Métal (1995) spray drift can spread up to
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Table 13: Occurrence of herbicide residues in suaice water samples (Qualitative
analysis - TLC method)

Herbicide Atrazine (++++ for Metolachlor (++++ for
standard) standard)
Site A |B | B |[C A |B |B |C
Stream 1 1| + s — i ) ]
+ ++ ++ - - )
- + + _ ) .
4 | - + . ) i ]
Stream 2 1 . ]
4 - -
Stream 3 1| - - i BN )
4 N - - = - -
Stream 4 1 - ) il s
' - ++ | ++
- . N N
4 - - - +
Stream 5 1] ++ :++ N )
2 |+ ot ++ N ]
3 |+ ++ ++ I i
4 + + + _ _ )

Key: 1 = sampled within first week of herbicide applicatj after first run off event2 =
sampled between second and third weeks of herbagqidication;3 = sampled one month
after herbicide applicatiomt = sampled two months after herbicide applicatiomeans no
herbicide was detected and number of pluses ireficaiative concentration of herbicidk;

= upstream of herbicide application arBagr B; = within the herbicide application area;=
downstream of herbicide application ard@lank means herbicide was not determined
because either similar point was sampled (B grd8 herbicide was not applied close to the

that point of the river (stream 2).
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hundreds of kilometres. The lower downstream (pGinherbicide levels, for all streams, are
possibly due to dilution (mixing of influent with ater) and / or in-stream degradation,

volatilization or uptake.

The distance between stream and herbicide treatdsl also affected herbicide export to
surface water. Stream 1 had less atrazine thaanstBeprobably because it is further away
from the maize field than stream 5. The largerasise meant relatively more chances of
adsorption of the atrazine from the run off watgrtibe soils over which the water ran. The
extra land, which had grass, acted like a filternga. According to Sun and Cornish (2003)

filtering action is better if land is planted wiginass.

The spots for standards for atrazingg/2nl) and metolachlor (1@/ml) gave the highest
number of pluses (four pluses). This means thatitide concentrations in the concentrated
water sample extracts were generally less thanl Zt@zine or 10ug/l metolachlor. The
concentrated extracts were obtained from 1llitre tbé water sample. Therefore a
concentration of 1ug/ml in the concentrated extraeins a concentration ofid/l (ppb) in
the water in the stream. This means herbicide curat#ons in the streams were below the
WHO allowed limits, 2g/l atrazine and 1®/I metolachlor (WHO, 2004). (Only for stream
5, following the first run off events, would the rmentration of atrazine have equalled or

slightly exceeded the WHO recommended limit).

To prevent export of herbicides to surface watemé&s should establish vegetative filter
strips. These are narrow strips of permanent végatdusually grass) planted adjacent to
cropland with the intent to reduce herbicide tramsgrom agricultural application zones.
Barfield et al (1998) has reported that vegetative filter stiijpgease the retention time of
surface run off and thus reduce herbicide lossesugin facilitating the deposition of
sediment-adsorbed compounds, enhancing herbididetien by increasing time available for

infiltration and sorbing dissolved-phase herbicittethe grass and soil surface.
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4.5  Sorption of atrazine and metolachlor
451 Adsorption of atrazine and metolachlor.

4.5.1.1 Adsorption isotherms
The adsorption isotherms for atrazine and metotacre shown in Figures 19a and 19b.

30
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o

—e— Thyolo
—&— Ngabu
—¥— Makoka
—e— Bvumbwe
—+— Chancoll

[
o

Atrazine adsorbed, Cs, pmol/Kg
B
o

o] 2 4 6 8 10 12 14 16 18 20
Equilibrium concentration, Ce,  pmol/l

Figure 19a: Adsorption isotherms for atrazine

—e— Ngabu
—a— Thyolo
Chanco
—¢— Makoka
—x— Bwmbwe

Metolachlor adsorbed, Cs, umol/kg

0 2 4 6 8 10 12 14 16

Equilibrium Concentration, Ce, umol/|

Figure 19b: Adsorption isotherms for metolachlor
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The adsorption isotherms were L- type (concaveaindurvature) and C-type (linear) (Giles
et al 1960). However the linear isotherms were notytrihear, as ki decreased with
increasing initial concentration of herbicide (T@ll5). No general rules have been proposed
to describe univocally the relation between thepshaf isotherms and the nature of

adsorbate-adsorbent system (Calvet, 1989).

The adsorption parameters and coefficients of detetion (f) for the four isotherms are

shown in Table 14.

Table 14 Adsorption parameters and fit quality of adsorptionisotherms

Herbi Sall Dissipation Parameters Fit Quality (F)
cide Lin | Langmuir Freundlich| Temkin
ear
Ka | ki Cm n ke ki Kn Lang | Freun| Tem | Lin
ml/g umolikg muir | dlich |kin |ear
Atra Bv [0.72] 0.21] 13.84 058 2.29 3.81 0.32 0.88 0.98940.0.99
Jine Cc |1.03] 019 19.72 0.72 240 5.66 -026 0.89 0.99.99 00.98
Ma | 1.10| 0.18 20.92 0.66 2.76 5.9 0.05 0.86 0.9996 0.0.99
Ng | 1.97| 0.26] 32.24 0.6f 5.24 896 3.00 0.90 0.9898 0.0.94
To |1.33] 0.19] 31.04 0.68 3.88 8.27 0.83 0.1 0.9999 0.0.95
Mean 1.23] 0.21 2356 0.66 3.831 6,50 0.fy9 0{89 90/90.97| 0.97
LSD o.05 0.24| 0.08 3.743 0.12 1.15 158 0.95 0.p4 0.04 40.0.04
Metol Bv [0.84| 0.26] 12.82 0.70 196 3.72 0.83 0.89 0.99990.0.97
achlor Cc | 0.78| 0.21] 14.6% 058 294 392 226 096 0.8698 0.0.91
Ma | 0.83| 0.21] 15.17 0.6b 2.31 4.14 0.93 0.92 0.9998 (0.0.98
Ng | 2.66| 0.34 37.00 0.60 6.77 8.69 6.30 0.87 0.99940.0.99
To | 1.69| 0.25 23.05 0.74 3.05 6.30 1.36 0.80 0.99950.0.99
Mean 1.26] 0.25 20.383 0.65 3.41 535 234 0/89 0/9897| 0.97
LSD o.05 0.83| 0.10f 3.016 0.15 1.21 1.03 0.50 0.07 0.p4 50.0.05

Bv=Bvumbwe, Cc=Chancellor College, Ma=Makoka, Ngalg and To=Thyolo

The atrazine and metolachlor adsorption data fittetl to Freundlich, Linear, Langmuir and
Temkin isotherms. However the fits to Freundlicidar and Temkin isotherms & 0.96 to
0.99, 0.90 to 0.99 and 0.94 to 0.99, respectivelgie better than those of Langmuif &
0.80 to 0.96). Therefore the adsorption of atraznd metolachlor was consistent with the
isotherms according to the order: Freundlich > TiamkLinear > Langmuir. Earlier studies
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have reported a similar order (Dehghaial 2005; Singhet al, 2001). The Freundlich
isotherm gave the best fits and the derived disisipgparameters have been used to discuss
sorption of atrazine and metolachlor by the sdilse maximum adsorption capacity is best
estimated by the Langmuir isotherm rather tharFfeaindlich isotherm which has no defined
adsorption maximum (Olsen and Watanabe, 1957).ndwamum adsorption capacitiesyjc

of the soils were Ngabu > Thyolo > Makoka > ChaloceCollege > Bvumbwe and were
significantly different (p < 0.001). Therefore, tNgabu soil has greater adsorption capacity.
The observed,gvalues are lower than those reported in literaté®2.41g/g for metolachlor

(Selimet al, 1999) in a very fine smectic Sharkey clay.

4.5.1.2 Adsorption constants

The adsorption constants,, Kor the two herbicides are presented in TableTh® k values
obtained for metolachlor (0.84-9.24) were withire ttange reported in literature (0.1 — 10;
Weberet al,2003). In contrast, the meag\alues for atrazine (1.10-3.34) were on the lower
end of the range reported in literature (2.33-38lateet al, 2004). This was probably due to
lower organic carbon content (0.34-1.65%) of soilslue to differences in the types of pools
of organic matter in the soils. Olivet al (2005) observed that the pools of organic carlpon i
tropical soils differed from those of temperatelsoboil organic matter (humus) binds most
pesticides very effectively and is very slowly dadmble (McLaughliret al, 1997). Part of the
organic matter in the soils under study was nobdgmosed (such as small pieces of fine
roots) so that its ability to bind herbicides wasd than that of decomposed organic matter.

The decrease in distribution coefficientsy, kvith increasing initial concentrations of
herbicides was probably due to reduced affinitydolute as more adsorption sites became
occupied (Abateet al, (2004). Adsorption processes arising from hetenegus site-specific
interactions result in decreasing kalues, leading to n values of less than 1 (X&hcal,
1996). It has been reported that adsorption idalhit controlled by the solute/surface
interactions and later, solute/adsorbed soluteant®mns become operational (Lengyel and
Foldenyi, 2002). Generally, simultaneous adsorptbmerbicides to mineral surfaces (clay
minerals with their extraneous material coatingshsas metal oxides) and partitioning into
soil organic matter occurs, followed by diffusiantd soil micro pores or into highly cross-

linked regions of the soil organic matter.
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Table 15: Herbicide sorption coefficient () values, Freundlich k and n values and k and k; ratios for
aqueous sorption of atrazine and metolachlor by fig soils (Ci = 0.5, 1, 2, 3, 4, 5 umol/l; &5; 24Hr)

Atrazine (a) Metolachlor (m) k, k ratios
sl (i?nol/l) |(<;]|/g) I((pftmollkg " (Cp:lemolll) l((r‘:ﬂ/g) tﬁmollkg " M kf (m)
K, () k; (a)
Thyolo 1.40 3.33 1.1 3.29 0.99
3.00 2.69 2.5 2.14 0.80
5.1 1.88
7.9 2.35
7.7 1.8
10.4 1.77
18.1 1.38
Mean 2.44 2.18 0.89
extrg 3.88 0.68 3.05 0.74 0.79
Ngabu 1.2 5.00 0.6 9.24 1.85
2.8 3.33 1.8 4.72 1.42
5.6 3.32 4.2 3.32 1.00
7.2 3.06
6.3 3.35
13.2 1.98 8.8 2.98 1.51
11.3 2.80
Mean 3.34 4.40 1.32
extrg* 5.24 0.67 6.77 0.60 1.29
Makoka 1.5 2.64 1.2 2.10 0.80
3.5 1.54 2.6 1.65 1.06
7.2 1.42 5.6 1.30 0.92
11.0 1.32 8.6 1.12 0.85
15.1 1.12 11.8 0.95 0.85
15.0 0.86
Mean 1.61 1.34 0.87
extrg 2.76 0.66 2.31 0.65 0.84
Bvumbwe 1.65 2.04 1.3 1.75 0.86
3.71 1.21 2.7 1.44 1.19
7.88 0.86 5.6 1.22 1.42
9.50 0.85
11.8 0.85 8.6 1.00 1.28
16.0 0.78 12.1 0.84 1.08
Mean 1.10 1.27 1.16
extrg* 2.29 0.58 1.96 0.70 0.85
Chanco 1.6 2.05 1.2 2.33 1.14
3.5 1.65 2.5 2.13 1.29
7.2 1.43 5.00 1.98 1.38
9.2 1.31
11.0 1.27 8.4 1.27 1.00
15.3 1.06 11.8 1.02 0.97
Mean ‘;() 1.46 1.75 1.19
extrg 2.40 0.72 2.94 0.58 1.23
;(, all soils 1.98 3.31 2.23 3.41 1.13 1.02
Signiﬁcance *kk *kk *kk *kk
LSD .05 0.10 0.10 0.26 0.10

a Extrapolated to equilibrium concentration of ftr@ol/l from the linearized Freundlich equation
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Since sorption coefficient characterizes soil/wai@titioning it can also be representative for
leaching. Weak binding (lowgk can lead to groundwater pollution where as stroimgling
(high ky) can result in surface water pollution throughséso of soil. Soils like the Bvumbwe
soil, with lower k values are likely to have herbicide leaching peats whilst soils like the
Ngabu soil, with higher kvalues are likely to have herbicide run off prabteif soil erosion

occurs.

. : . C kym) k(M)
The ratios of adsorption coefficients for metolachdnd atrazine anc ) were
kq (@) K ()

close to one, indicating that atrazine and metdtsctvere adsorbed in similar amounts.
Theoretically it was expected that adsorption ahzahe should be higher than that of
metolachlor because atrazine has a higher octammérwcoefficient, k, (3x10°) than
metolachlor (794). It has been demonstrated thamatals with high ks are very readily
sorbed by natural soil particles in soil/water smsons (Larson and Weber, 1994).
Metolachlor, which is more soluble than atrazisegxpected to associate more with the water
phase than atrazine. Factors beyong, Kust be controlling the adsorption, such as the
affinity of the adsorption sites for the herbicidesganic matter and clay contents, pH and
ionic strength. Hornsbet al (1996) found that adsorption of metolachlor wagénthat of
atrazine, contrally to k, predictions.

4.5.1.3 Effect of soil characteristics on adsorjain

The Freundlich adsorption capacity, kalues for atrazine and metolachlor ranged fro2® 2
5.24umol/kg and from 1.96 - 6.7mol/kg, respectively. These results are in thedraage

of literature data for different soils (0.14 — 4.#/Kg for atrazine, 0.04 — 5.30 l/kg for
metolachlor; Spongberg and Gangliang, 2000) withues for the Ngabu soil being slightly
above the higher published values. The adsorpapadities of the soils towards atrazine and
metolachlor were significantly different (p<0.00I)his indicated strong influence of soil
characteristics on herbicide adsorption. The diffiee in adsorption capacity between
atrazine and metolachlor in these soils were: zatea> metolachlor in Bvumbwe, Makoka
and Thyolo soils, metolachlor > atrazine in Chaaoml Ngabu soils. The n values in the
Freundlich equation, which indicate the degree ah nlinearity between solution
concentration and sorption were all less than onédth herbicides and showed a higher non

linearity for Bvumbwe soil (atrazine) and Chancd goetolachlor).
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The complexity of the soils and properties of tlegbiicides may cause this sorption trend.
The data in Table 16 shows that values for atrazine were highly correlated with CEC
(r=0.98***), OC (r=0.88**), pH (r=0.88**), nitrogen(r=0.88**) and clay (r=0.81*). Thedk
values for metolachlor were highly correlated wiC (r=0.99***), CEC (r=0.89*),
nitrogen (r=0.96***) and pH (r=0.94***). Adsorptiomf both atrazine and metolachlor was
not related to soil phosphorus content. The ressiiewed better correlation between
adsorption and organic carbon than adsorption dag dhese results are similar to those
reported by Spongberg and Gangliang (2000) who laded that organic carbon is the
primary critical parameter and clay content of soés is the second parameter in herbicide
sorption. The role of clay, often masked by thabfanic carbon, becomes significant when
the clay to organic carbon ratio is greater than (@dundl and Small, 1993; cited in
Spongberg and Gangliang, 2000). If this ratio isatgr than 62, then 50% of atrazine
adsorption is due to clay. In the present study/€€ ratio varied broadly, 26 for Bvumbwe
and Ngabu soils, 32 for Chanco soil, 59 for Make&#d and 104 for Thyolo soil. In Chanco,
Makoka and Thyolo soils, for which adsorption oayckhould be significant; atrazine had
generally higher kvalues than metolachlor. This may imply that atrazas generally higher
affinity to clay than metolachlor. This was supgartby the correlation coefficient values
which showed that sorption of metolachlor depenaede on organic carbon whilst sorption

of atrazine depended more on cation exchange ¢y @aa clay.

Sorption coefficients for atrazine showed weaktretship with clay content while those for
metolachlor showed none. For atrazine the relatipnbetween adsorption and clay content
may have been affected by differences in the claeralogy of the soils. Ngabu soil, with
clay/OC ratio of 26, is expected to have insig@ifitadsorption by clay but this soil has some
2:1 clay minerals (Young, 1964) which have greatisorption capacity for atrazine than 1:1
clay minerals (Herwiget al, 2001). Adsorption is highly dependent on the reand amount
of surface ultimately exposed to the herbicide (Ntret al, 2004). Less clay with 2:1 clay
minerals is equivalent to more clay with 1:1 clayenals. Total surface areas (internal plus
external surface areas) and CEC capacities pemass of montmorillonite and kaolinite are
reported to be 700-800 and 1-%fh and 1 and 0.3mgkg™, respectively (Burtoret al
1994), where mglis moles of exchangeable positive charge. Theclayl minerals of Ngabu
soil greatly increased the soils adsorption capaCGEC is a better parameter than mere clay

content when soils involved have different clay enalogies.
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Table 16: Correlation coefficients for the relatiomship between lg and D (%) with sall

characteristics
Soll Kd D (%)
Paramete Atrazine Metolachlor Atrazine| Metolachlor
CEC 0.979 (p<0.0001)] 0.894 (p<0.003) -0.74 -0.91
Clay 0.814 (p<0.02) 0.584 (p<0.2) -0.64 -0.78
Organic | 0.876 (p<0.004) | 0.986 (p<0.0001) -0.75 -0.85
Carbon
pH 0.885 (p<0.005) 0.937 (p<0.0007) -0.73 -0.84
Nitrogen | 0.88 (p<0.005) 0.96 (p<0.0001)

The strong relationship betweep &nd OC is consistent with earlier reports by Cdomiich
(1981), Weberet al (2003) and Abatest al (2004). However, Chanco soil had lower
adsorption capacity though with higher organic oarthan Thyolo soil. This may be due to
the differences in either clay content or typespobls of organic carbon. Chanco soil
adsorbed less herbicide because it had less chagraathan Thyolo soil. Several authors have
reported that clay minerals play an important rote adsorption of herbicides onto soils
(Gilchrist et al, 1993; Webeet al, 2003; Abateet al, 2004; and Weber and Swain, 1993),
indicating that organic carbon and clay should besalered together in relation to sorption
(Weberet al, 1969; Peter and Weber, 1985; and Zhu and Sel@0)2 It is also possible that
the soils contained different types of pools ofamig carbon. Earlier studies showed stronger
relationship between the sorption coefficients dhd aromatic and/or alkyl fraction of
organic carbon than with total organic carbon (&et al, 2005). The Chanco soil may have
adsorbed less herbicide because its pool of OQdsadaffinity for herbicides than the pool of
OC in the Thyolo soil. In this study it was not pilide to determine aromatic and alkyl

fractions of organic carbon.

The dependence of sorption on organic carbon stgygesat leaching of atrazine and
metolachlor can be prevented by maintaining higganic matter in soils. In this regard
organic manure should be added to soils under dimgassubstantially reduce soil organic

matter.

For a particular soil atrazine adsorption decreagiéls increasing pH (Shaner and Henry,

2007). However the pH values used in the corretatwere for different types of soils. The
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significant relationship between sorption coeffitiand pH could be due to the latter’'s strong
relationship with CEC (r=0.90**) and OC (r=0.96***)

4.5.1.4 Mechanism of bonding
The sorption coefficients normalized with respextotganic carbon contentyk values (at

equilibrium concentrations of 10pumol/l) are provdde Table 17.

Table 17: Partition coefficients (k) and koc for Ce of 10umaol/I

Source of Partition coefficients
soil Ka g Koc _

atrazine | metolachloratrazine Metolachlor
Thyolo 1.85a 1.67 a 349.41a 314.38a
Ngabu 244 b 2.72b 148.05c 164.61c
Makoka | 1.28c 1.03c 326.96a 263.31b
Bvumbwe| 0.87 d 0.97c 255.56a, b 285.44a, b
Chanco 1.24c 1.13c 211.10b,c  191.58c
Mean 1.54 1.50 250 243.90
“Poos 0.31 0.31 98.60 32.85

Values with different letters down the column agn#icantly different (p<0.05)

The k. values were generally in the range reported ftfeidint soil types (39 — 288 ml/g for

atrazine and 22 — 325 ml/g for metolachlor (Sponglzd Gangliang, 2000). However, the
Koc values for atrazine in Thyolo and Makoka soils evaigher than the published values.
This could be due to differences in contributionctsfy minerals to the sorption process as
these soils had the highest clay/OC ratios in $higly. Furthermore, the types of pools of
organic matter in these soils could be differeotfrthose of the soils in literature reports
(Oliver et al, 2005). Different pools of organic matter haveyuag sorption capacities. Many

factors (OC, clay, pH and ionic strength) affecs@gtion process and therefore result in

large differences in calculated, published anduadt,. values (Spongberg and Gangliang,
2000).
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The k. varied from 148.05 to 349.41 for atrazine and @640 314.38 for metolachlor.
Clearly, both hydrophobic and electrostatic intéoacs were involved in the sorption of the
two herbicides to the soils. When hydrophobic boads responsible for adsorption of an
herbicide on organic matter of soilg;kalues are relatively constant among differentssoi
(Morillo et al 2004). The narrower range for metolachlor and kixghly significant
relationship between adsorption and organic cagbanv that hydrophobic bonds play greater

role in metolachlor than in atrazine adsorption (lMw et al, 2004).

The significant relationship between sorption coefhts and CEC (Table 16) suggests that
the main soil-herbicide interactions are electriistéArias et al, 2005). The electrostatic
interactions are likely to be Van der Waals forcegdrogen bonding and formation of
coordination complexes. Hydrogen bonding occursveeh hydroxides on humus or on the
octahedral sheet layers at the surface of clay mli®i@nd the electronegative nitrogen and
oxygen atoms of atrazine and metolachlor, respelgtiiCoordination complexes form when
herbicides bond through their electronegative giroor oxygen atoms to the Lewis acid
(electron accepting) sites on the humus and clayerals. Charge (ion—ion) interactions are
unlikely because the herbicides in this study awé ionic; metolachlor is non ionisable
(Weberet al, 2003) while protonation of the atrazine is unlyjkat the prevailing soil pH
values. The pH is a key factor to controlling tlai@nic character of atrazine. Atrazine has a
pKa of 1.71 (Webeet al 2003). At low pH, the conjugate acid of atrazieaches significant
values, favouring cationic adsorption of the had®cSince the pH on clay surfaces is usually
lower than the soil suspension pH some protonatioatrazine may have occurred on clay
surfaces. Kaolinite, for example, has been showmaie a clay surface pH of about 2 units
lower (or a [H] of 100 times higher) than the surrounding medi(lrarson and Weber,
1994). Thus the Bvumbwe soil (pH 5.82) may have tilag surface pH of about 3.82. Such
acidity may have caused limited ionization of atnedeading to limited ion—ion interactions
between negatively charged clay surfaces and thtemated atrazine.

4.5.2 Desorption of atrazine and metolachlor
Desorption of atrazine and metolachlor is shownTable 18. After the first 24-hour
desorption period 0.75 to 40.00 % and 1.33 to 38%®af the total atrazine and metolachlor

adsorbed, respectively, was desorbed, dependingais and the initial atrazine and
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metolachlor concentrations. In keeping with itsh@gsolubility, metolachlor was desorbed to
a greater extent than atrazine (Table 18).

Table 18: Extent of herbicide desorption D (%), wih respect to that previously
adsorbed during adsorption process

S |[24h 48h 72h
Ci for atrazine Ci for metolachlor Ci for atrazine Ci for atrazine
/ml /ml
(Hg/ml) (Hg/ml) (ug/ml) (Hg/ml)

1 3 4 1 3 4 1 3 4 1 3 4

To | 2.86 | 462 | 4.66| 4.56 11.4719.10|1.87|2.96 | 15 dl| 2.625.41
Ng | 0.75 | 1.17| 1.44| 133 8.47 10.2@2.63|1.02 | 1.33| dl| 1.011.13
Ma | 12.33| 16.8 | 24.06 12.61| 18.23| 26.84| 3.08| 5.60 | 8.00 | dl| 4.356.72
Bv | 10.00| 39.00| 40.00| 16.52| 23.64| 33.91| 15 | 13.33| 14.55| dl | 9.43| 10.01
Cc | 404 | 481 | 487 7.0 14.822.50|/4.56/5.96 | 7.04 | dl| 4.585.38

To = Thyolo; Ng = Ngabu; Ma = Makoka; Bv = Bvumbw@¢ = Chancellor College; dl =
concentrations for atrazine were below the detadtmit; S = source of soil

Table 19 shows cumulative desorption increased imitheasing desorption time. However,
most of the release occurred in the first 24 hasodption step. Desorption from soils was
hysteretic (H# 1; Table 19) in all cases, especially for the Ngabil, suggesting some

irreversible adsorption. Ngabu, with the higheststhgic coefficients had the lowest

desorption while Bvumbwe with the least hysterief@icients had the highest desorption rate.

Table 19: Cumulative desorption of atrazine (D, akr 72 hours) and hysteresis
coefficients (H, 24 hour desorption period).

Soil D (%) H
atrazine atrazine | metolachlor]
Ci, pg/ml Ci, pg/mi

1 3 4 1 3|1 4| 1| 3| 4
Thyolo 473 | 10.2025.07(20 |9 |7 |7 | 4 | 15
Ngabu 1.38| 3.20] 3.90 1099 | 53| 80| 40| 35
Makoka | 15.41 26.75|/38.78/17 |6 | 3 | 2.0 2.0| 2.7
Bvumbwe| 25.00| 61.76| 64.56| 1.1 | 1.5/1.9|1.1|/0.8| 0.9
Chanco 8.60| 15.3b17.29/25 | 1.5/1.0/25|23|1.9
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The hysteric coefficients were higher at low adsdriboncentrations (an initial concentration
of 1 ug/ml) suggesting that adsorption on soils\@e irreversible (lower % D) at low initial
(hence adsorbed) concentrations. This suggestshidterbicides were strongly adsorbed at
low surface coverage, and therefore it was morgcdif for them to desorb. Low herbicide

dosages will, therefore, not be effective.

Irreversibility of adsorption plays a significardle in determining the mobility of herbicides
in soils. It is inversely related to herbicide roff and leaching that leads to surface and
ground water contamination, respectively (Dehgleral 2005). Irreversibility of adsorption
also plays a significant role in determining thaitability of herbicide for herbicidal activity
(killing weeds). Pronounced adsorption—desorptioystdresis, as in Ngabu soil, is
advantageous for use of slow release herbicide Ulations. The irreversible adsorption in
Ngabu soil means higher amounts of herbicides wa@dequired for the Ngabu soil to
maintain adequate herbicidal activity in the s@ilirrently recommended rates of application
for herbicides are based on crop and soil text@88YGENTA, 2004; Chitowe, 2007,
personal communicatiQnThere is need to also consider the clay minaratbe soil as 2:1
clay minerals showed some irreversible adsorptiorthe Ngabu soil. Farmers can easily
identify soils with 2:1 clay minerals from their ydical properties. These soils expand when

wet and crack when dry.

Desorption was inversely related with organic cartid= -0.85 for metolachlor and -0.75 for
atrazine), clay (r= -0.78 for metolachlor and -0.64 for atrazinejl @®EC (f = -0.91 for
metolachlor and -0.74 for atrazine) (Table 16). bigaoil with highest organic matter angl k
values showed least desorption for both herbicidésolo soil showed lower desorption
percentages than Chanco soil despite having lowganic matter content than Chanco soill,
signifying that organic matter and clay should kensidered together when assessing
desorption.

Greater desorption of metolachlor than atrazine wlaserved for all but Bvumbwe soils.
Desorption of atrazine was limited by its lowerwmolity in water (30 mg/l compared to 530
mg/l for metolachlor, (US EPA, 2002; EXTOXNET, 1996n Bvumbwe soil atrazine
desorbed more than metolachlor because of weateraations between the soil and atrazine.

The low H values for Bvumbwe soils indicate thelsteast affinity for atrazine, consistent
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with the Freundlich’s sorption intensity constafiiable 15). Bvumbwe soil had least organic
matter and clay but relatively more exchangealda mnd aluminium, indicating relatively
more amorphous oxides, which presented an expagéace with less affinity for atrazine

adsorption than the organic surface of the soils.

4.6 Degradation of atrazine and metolachlor
The degradation curves for atrazine and metolaar®shown in Figure 20.

As expected for most curves of reactions, initetigds of fast herbicide losses were followed
by phases of slower degradation. The degradatios dvsproportionately slow at lower

residual concentrations. For soil herbicides, Hagnadnd Goring (1976) suggested a ‘two
component’” model to explain this. The herbicidecagmsidered to be divided into available
and unavailable portions. Only the available portjberbicide in soil solution) is subject to

degradation. Freshly added herbicide is mainlyhie available state and the initial rate of
degradation is expected to be rapid. However, gggatiation rate falls off as the herbicide
transfers to the unavailable state (adsorbed Hdd)iand eventually rate of release from the

unavailable pool controls the rate of degradation.

4.6.1 Fitquality of smplefirst order (SFO), bi-exponential (DF OP) and hockey stick
(HS) kinetic models

The raw data in Figure 20 (also in appendix 7.1yewstted to various models. The
degradation constants and quality of fit for SFG&QP and HS models for the unamended
soils are shown in Table 20. The three models NP and HS models provided nice fits
for atrazine G= 0.97 - 0.99, 0.99 and 0.91 — 0.98, respectivdliie first order degradation
processes of atrazine in all soils were consistéht earlier studies (Accinelkt al, 2001; and
Seyboldet al, 2001). However, some authors have reported agadégradation which did

not follow zero, half or first order kinetics (Haand McKone, 1971).

The three models SFO, DFOP and HS models alsogedwviice fits for metolachlor {=
0.97 - 0.98, 0.97 - 0.98 and 0.91 — 0.99, respelghivThe first order degradation processes of
metolachlor in all soils are consistent with earl@udies (Ismail and Quirinus, 2000),

although Seybol@t al (2001) had reported zero order degradation kiséticthis herbicide.
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Table 20: Dissipation parameters and fit quality @ta for SFO and HS models

Herbicide Soil | DTsg Dissipation parameters Quality of fit (r?)
(days) | sro Bi exponential Models SFO DFOP | Hs
Atrazine Co k t1/2 Co C k1 Gy kz HS t1/2
Ma/g mean rate | (days) | pg/g % of Co | mean % of Co | mean (days)
day? rate rate
(day™) (day™) (day™)

Bv 6 0.053 0.0314 22 0.053 78.30 0.1294 | 21.70 0.0152 |5.4 0.97 0.99 0.98

Cc 10 0.064 0.0258 27 0.064 69.22 0.1420 | 30.78 0.0250 [4.9 0.98 0.99 0.96

Ma 12 0.055 0.0250 28 0.055 67.27 0.1220 | 32.73 0.0220 | 5.7 0.98 0.99 0.92

Ng 30 0.037 0.0163 43 0.037 48.65 0.0640 | 51.35 0.0180 0.99 0.99 0.91

To 20 0.0276 | 0.0196 35 0.0276 | 59.78 0.0580 | 40.22 0.0110 | 11.9 0.97 0.99 0.93
Mean 15.60 | 0.0473 0.0226 31.30 | 0.0473 | 64.64 0.1021 35.36 0.0182 | 6.97 0.979 0.99 0.94
LSDg 05 7.96 0.0078 | 0.0084 4.945 | 0.0138 | 6.905 0.0076 | 6.315 0.0061 | 2.159 | 0.0467 | 0.028 | 0.084
Metolachlor | Bv 10 0.5329 ]0.0279 25 0.5329 | 77.14 0.1409 | 22.86 0.0132 | 4.9 0.95 0.99 0.92

Cc 13 0.740 0.0238 29 0.740 66.22 0.1703 | 33.78 0.0277 |4.1 0.97 0.97 0.91

Ma 16 0.241 0.0233 30 0.241 66.60 0.0489 | 33.40 0.0085 | 14.2 0.97 0.98 0.94

Ng 35 0.120 0.0128 54 0.120 43.33 0.0183 | 56.67 0.0055 0.98 0.98 0.99

To 24 0.280 0.0149 46 0.280 53.57 0.0522 | 46.43 0.0104 | 13.3 0.97 0.97 0.95
Mean 19.6 0.383 0.0205 36.8 0.383 61.4 0.0861 38.63 0.0131 |9.14 0.969 0.969 | 0.942
LSDg .05 11.95 0.0085 | 0.0019 9.34 0.0489 | 9.50 0.0023 | 7.36 0.0013 | 4.448 | 0.0665 | 0.073 | 0.120

Bv=Bvumbwe, Cc=Chancellor College, Ma=Makoka, Ng=Ngabu and To=Thyolo




On the basis of’rvalues, the atrazine and metolachlor dissipatimmfarmity to the models
can be arranged in the following order: DFOP > SFBS. Considering the bi-phasic nature
of the dissipation curves in Figure 21, the bi-ph&tS model was expected to give better fit
than SFO. The poor fit of HS model was probably ttuese of an extrapolategvalue rather

than from calculation.

The SFO half —lives (Table 20) varied from 22 —d&¥s for atrazine and 25 — 54 days for
metolachlor at 2%C. These values fell within the ranges reportecafeaizine (2.2 to 154 days,
Laabset al 2002; Erickson and Lee, 1989; and Akerblom, 138%) metolachlor (7.9 — 132
days, Laabset al 2002; EXTOXNET, 1996 and 2000a; USDA, 1995; andllidan and
Segawa, 2000). It is interesting that the halfdilmsed on HS model were more similar to
DTso values but not those based on SFO which use amgwente constant for the whole
degradation period rather than the rate constamtshe fast and slow degradation periods
used in HS model (FOCUS, 2008}he rate of degradation (in the unamended soils) was
generally slower for metolachlor than for atraziiidis was consistent with earlier results
(Laabset al, 2002). However, others have reported shorterlia$ for metolachlor than for
atrazine (WSSA, 1994). Significant differences (p&1, p<0.002) were observed among the
soils. The herbicides generally persisted muchdomg soils with higher & thus soils with

higher organic carbon and clay contents.

The persistence of herbicides in soils was higlayetated with herbicide adsorption to soil
particles (r =0.99 for atrazine and r = 0.92 fortohechlor), organic carbon (r = 0.83 for
atrazine and r-0.77 for metolachlor), cation exgeaoapacity (r= 0.97 for atrazine and r=0.93
for metolachlor) and clay (r =0.88 for atrazine am.92 for metolachlor) and nitrogen
content of the soils (r=0.84 for atrazine and r80f8r metolachlor) (Table 21). Peter and
Weber (1985) and Buckhard and Guth (1980) alsortegahat half lives increased with
increased adsorption. Shaner and Brien (2007) fabat nitrogen deficiency (low soil N)
promoted biodegradation of N-heterocyclic compoursdsh as atrazine and to some extent
metolachlor, in soil. Rhinet al (2003) also established that atrazine degradaticneased in
the presence of low inorganic nitrogen in soil. Timécrobial community in soil needs
nitrogen for their growth. If the soil has inadetpaitrogen, microbes get their nitrogen,
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through biodegradation, from organic nitrogen comtg compounds, such as atrazine, which
are added to the soil. Triazines are nitrogen ssufor bacteria (Cook and Hutter, 1981)

Table 21: Correlation coefficients for the relatiomship between half life (SFO) and saill
characteristics

Soil parameter | Atrazinemetolachlor

CEC 0.97 0.93

Clay 0.88 0.92

Organic Carbon 0.83 0.77

Nitrogen 0.84 0.80

Kg 0.99 0.92

Half lives affect both leaching and herbicidal aityi. Leaching is directly related to herbicide
longevity. The Ngabu soil with higher longevity sita retain herbicides for longer periods of
time. This will enhance leaching by increasing tiavailable for infiltration. Higher longevity

also means prolonged herbicidal action. Howevanifherbicide is very persistent it may

harm following crops, making the land unusablenfiany growing seasons (Hassall, 1982).

These results indicate that, for Ngabu soils, #sdual herbicidal phytotoxic effects would
impact on the next crop. For the Bvumbwe soil viaiv herbicide persistence split herbicide
application may be more effective than one (duntpgdther as one) herbicide application.
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4.6.2  Effect of saturation, sterilization, acidification, alkalinization and inadequate
oxygen on herbicide degradation

The effect of soil treatment on degradation ofatra and metolachlor is shown in Tables 22
and 23, respectively.

Table 22: Effect of soil treatment on degradatiorof atrazine

Soil Soil Total | Atrazine (ual/c
loss Sampling time. da
treatment %) |0 7 14 | 28 | 56 | 84

Bvumbwe | 1 (unamendec | 94.2 055 .02 |.01¢€ | .011 | .00¢ | .00:%
2 (acidified 94.: |.05¢ |.02C |.01% |.011 |.00¢€ | .00¢<
3 (alkalinized |93.4 |.05% |.02¢ |.02% |.01¢ | .00t |.00c
4 (anaerobic | 90.€ |.05% |.02¢& |.02¢ | .01t |.007 | .00t
5 (flooded 94.: .05 |.02: |.01€ |.01C |.004 | .00¢%
6 (sterilized 90.€ |.05%¢ |.026¢ |.021 |.017 |.00€ | .00%
Chanco 1 (unamendec | 90.€ | .064 |.03t |.02¢ |.01¢ |.011 |.00%
2 (acidified 87.f |.064 |.031< |.02% |.01¢ |.01Z |.0O¢
3 (alkalinized | 85.€ |.064 |.059¢ |.02% |.01€ | .01t | .00¢
4 (anaerobic [ 84.4 |.064 |.051 |.03¢ |.02z |.01l€ |.0AC
5 (flooded 90.€ |.064 |.0Z26 |.01¢€ |.014 |.01C | .00€
6 (sterilized 85.¢ |.064 |.03t |.031 |.021 |.014 |.00¢
1 (unamende( | 89.€ | .05% |.033< |.024 | .01¢ | .01C | .00%
2 (acidified 85.4 |.05t |.03: |.021 |.01< |.011 |.00¢
3 (alkalinized | 83.€ |.05% |.034 |.024 |.017 |.01C |.00¢
4 (anaerobic | 81.6 |.058 |.04¢ |.03z |.02Z |.01l€ |.0AC
5 (flooded 89.1 |.05¢ |.03: |.02¢ |.01< |.00¢ | .00€
6 (sterilized 83.€ |.05t |.04% |.031 |.02C |.01% |.00¢
Ngabu 1 (unamende( | 75.7 |.037 |.031 |.02t |.01¢ |.01% |.00¢
2 (acidified 757 ].037 |.03C |.02t |.01¢ |.01: |.00¢
3 (alkalnized' | 78.4 |.037 |.031 |.027 |.01% | .01z |.00¢
4 (anaerobic | 70.2 |.037 |.034 |.02¢ |.024 |.01l¢ |.011
5 (flooded 78.4 |.037 |.03C |.02% |.017 |.00¢ | .00¢€
6 (sterilized 73.C_ ].037 |.03z |.027 |.021 |.01: |.01cC
Thyolo 1 (unamende: | 81.€ .027¢ | .021¢ | .01% | .011 | .007 | .00%
2 (acidified’ 81.¢ |.027¢ | .023< | .014 | .011 | .00¢ | .00%
3 (alkalinized | 78.2 |.027¢ | .0192z | .01t | .01% | .007 | .00€
4 (anaerobic | 74.€ |.027¢ | .024 |.01¢ |.014 |.01C | .007
5 (flooded 85.5 |.027¢ |.01¢ |.01% | .00€ |.00¢€ |.004
6 (sterilized 78.2 |.027¢ | .02 |.017 | .01% .00¢ .00€

Makoka
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Table 23: Effect of soil treatment on degradatiorof metolachlor

Soil Soil Total | Metolachlor (ua/c
loss | Sampling times. da
treatment %) |0 7 14 | 28 | 56| 84

Bvumbwe| 1(unamended) 91.0 | .5329 .341 | .205 | .1218.060]| .048
2 (acidified) | 92.5| .5329.318 | .241 | .0704.075]| .040
3(alkalinized) | 90.6| .5329.322 | .230 | .080| .085.05
4 (anaerobic) | 87.8| .5329496 | .249 | .126| .092.065
5 (flooded) 92.5| .5329.449 | .195 | .104| .050.040
6 (sterilized) | 87.8| .5329.481 | .2565 .124 | .088| .065
Chanco | 1(unamended)87.2 | .740 | .531| .350 .250 .1300950
2 (acidified) | 89.2| .740| .550 .350 .260 .15080
3(alkalinized) | 89.2| .740| .560 .340 0 .12080
4 (anaerobic)| 84.9 .740 .610 .430 .350 .17/M2

) D

) 0

5 (flooded) 90.5| .740| .470 .35( 12070
6 (sterilized) | 85.1| .740f .580 .40( .15Q10
Makoka | 1(unamended)86.3 | .241 | .1719.13 .0805| .045| .033
2 (acidified) 88.0| .241| .142] .140 .07 .04829
3(alkalinized) | 87.1| .241| .140 .160 1 .04031
4 (anaerobic) | 84.6| .241 .201 .190 .110 .06a37

) 5

) 0

5 (flooded) 88.4| .241| .180 .12( .03828
6 (sterilized) | 85.1| .241| .192 .16( .05036
Ngabu 1(unamended) 66.7 | .120 | .102| .085/ .068 .049040
2 (acidified) | 75 120( .100, .092 .061 .0pD30
3(alkalinized) | 74.2| .120{ .130 .09% .060 .06031
4 (anaerobic)| 64.20 .120 .180 .120 .083 .06M3
5 (flooded) 75 120 .090] .071 .061 .05430

6 (sterilized) | 70 120 .130 .097 .072 .06P36

Thyolo 1(unamended) 74.3| .280 | .220| .170 .130 .102072
1

1

2 (acidified) 74.6/ .280| .230 .160 .140 .10071
3(alkalinized) | 68.6 .280| .270 .180 .130 .11688
4 (anaerobic)| 66.1 .28Q0 .270 .220 .180 .14WB5
5 (flooded) 75 280 .190, .150 .130 .09®70
6 (sterilized) 729 .280] .26Q .200 .160 .12076

In general atrazine and metolachlor disappeared mapidly under saturated (flooded) soill
conditions. This was consistent with earlier reswhich indicated that saturation increases
amount of herbicide in the soil solution with comgent high loss (Seybokt al, 2001). Soils
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with higher water content show more rapid degradatf herbicides (EXTOXNET, 1996).
This implies that herbicides should be applied wkeitls have low water content to reduce

the initial fast degradation.

Sterilization of soils greatly reduced degradatioin both atrazine and metolachlor, the
reduction being more for metolachlor than for atraz This was consistent with earlier
results which showed that metolachlor degraded anlynsterilized soils (Accinelliet al,

2001). However in this study limited metolachlorgdedation occurred in sterile soils,

implying both abiotic and biotic degradation proses

The least degradation occurred in the anaerobicysaturated) soils (degradation treatment
4). This was consistent with earlier results. Rededas shown that atrazine degradation is
rapid at soil redox levels representing aerobicddmns and much slower at redox levels
depicting anaerobic or reducing conditions Delaeheal (1997). Limited degradation of
metolachlor under reduced (soil) conditions was eetgd because the formation of
metolachlor OA and metolachlor ESA requires an abah step. These two metabolites
should not form under anaerobic conditions, unlasdifferent pathway which involves
glutathione conjugation is followed (Field and Timan, 1996). However it should be noted
that in this study strict anaerobic (reduced) cbods were not maintained. This is because
traces of air (hence oxygen) could have enteredhthéation flasks during soil sampling and

moisture correction activities.

Acidification and alkalinization of soils appearehave no consistent effect on degradation
of atrazine and metolachlancreasing degradation (compared to unamended isoipme
and decreasing degradation in other cases (Tallean?d 23). Best and Weber (1974)
reported that atrazine degradation was more rapldweer soil pH (5.5) than at higher pH
(7.5).This was not the case in this study. Thigpisbably because equilibration in the
laboratory was not long enough for sufficient diabtion. It is strongly recommended that
care should be taken when adding acids or alkalisdils, in the laboratory, since such
treatments cause changes in soil characteristlosr dhan pH (Hamaker, 1972). However

when appropriate equilibration periods are usegl ptlactice may suffice.
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4.7 Mobility of atrazine and metolachlor

4.7.1 Vertical movement of atrazine and metolachlor in packed soil columns under
laboratory conditions

The vertical distributions of atrazine and metolacln the different soil columns are shown
in Figure 21. The Bvumbwe and Chanco soils had ewatjvely lower residues of atrazine
and metolachlor in the top three than bottom tls@élayers, indicating more leaching. The
Ngabu and Thyolo soils had higher herbicide resdimethe top three than bottom three
layers, indicating higher retention of herbicidesthe surface horizons of these soils. The

mobility indices and associated Yalues, based on raw data in Figure 21 (also ajipénh2)

are shown in Table 24.

Table 24: Mobility Indices (MI) and Retardation Factors (Rs) for atrazine and
metolachlor in packed soil columns

Initial 0 (Air 5 7.5 20 Saturated
Moisture, % Dry)
Water input, ml 520 520 720
M [ Re [MI| R |[M | R [M| R [ M | R [ M| Ry
Atrazine
Bvumbwe soll 15 054 18 06b 18 0.65 19 0{69 |21.760
Chanco sail 14 051 1% 054 16 0.%8 17  0.62 |19690.
Makoka soil 10 0.36) 12 044 14 0451 15 0{54 |17 620.
Ngabu soll 6 0.22] 6/ 0.22 7 025 ¢ 0R9 [0 0|36
Thyolo soil 9 0.33| 10 0.36 12 044 12 044 15 405
Probability 0.071 .035
LSDy 05 6.5 6.3
Metolachlor
Bvumbwe soll 17 0.62 19 060 1B 0.69 20 0}73 |25.910
Chanco sail 16 058 1y 0462 17 0.62 19 069 |20730.
Makoka soil 15 054/ 16 058 16 0.58 16 0{58 |18 650.
Ngabu soll 8 0.29] 8/ 0.29 9 033 10 036 a1 0j40
Thyolo soll 12 0.44| 14 051 15 0% 16 058 17 620
Probability 0.075 0.04
LSDg 05 6.5 5.8
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Figure 21: Vertical distribution of herbicides (ugg) in packed soil columns
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The mobilities of atrazine and metolachlor in theefsoils were significantly different
(p<.035, p<0.040). The order of mobility of atrazithrough the five soils (saturated, with
water input of 520ml) was Bvumbwe> Chanco> Makokahyolo >Ngabu as determined by
Ml values of 19, 17, 15, 12, and 8 respectivelye Dinder of mobility of metolachlor through
the five soils (saturated, with water input of 52pnwas Bvumbwe >Chanco>
Makoka=Thyolo >Ngabu as determined by MI value@f19, 16, and 10 respectively. The
mobilities of the two herbicides increased withragesing initial soil moisture content of the
and with increasing water inputs. This can be arpth by the adsorption processes.
Adsorption retards the movement of most herbicidetsorption generally increases as the
initial water content of the soils decreases. Tae that soil water significantly decreases
soil’'s sorption affinity for herbicides was alsosaloved by Chappeét al (2005). The water
content of a soil can influence adsorption in tways: Firstly, it can modify the aggregation
of adsorbents and increase or decrease the adtigssibsurface to solute. Secondly, water
competes with herbicide molecules for Lewis acidd®on accepting) and hydrogen bonding
adsorption sites on the soil and humus constitudtiteen soils are dry more herbicides are
adsorbed hence slow leaching. When soils are meaer molecules deactivate the
adsorption sites hence less herbicides are adsoftedunadsorbed herbicides leach easily.
Higher water inputs (720 ml for the saturated skat) to higher herbicide concentrations in
the bottom three layers of all soils than lowereavabhput (520 ml for the saturated soil). At
high water fluxes, herbicides are readily dislodgeence more downward herbicide

movement (Hassall, 1982).

The results of the soil column leaching studieggeggthat herbicides should be applied when
soils have low water content and when it is noelijkto rain immediately after herbicide
application in order to minimize leaching lossescg both herbicides are mobile in all the 5
soils their effectiveness will greatly depend oe 1bvel of rainfall within the few weeks
following soil application (Hassall, 1982). If rdatl is light, wash down may be insufficient
to bring the chemical into contact with even shallmoted weeds. On the other hand, if
rainfall is excessive, the herbicides may be wastmun to the level of the germinating crop
and so become phytotoxic. For proper use of heategiclimatic conditions should be
predictable. Residual pre-emergence treatment ideetty hazardous in regions where

climatic conditions are unpredictable.

99



The Bvumbwe and Chanco soils had comparatively towesidues of atrazine and

metolachlor in the top three soil layers than i lilottom three, indicating more leaching. The
Ngabu and Thyolo soils had comparatively higheidiess of atrazine and metolachlor in the
top three soil layers than in the bottom threeicaiihg higher retention of herbicides in the

surface horizons of these soils.

Although the mobility index of metolachlor in Thyosoil was expected to be lower than that
of Chanco soil, they had similar Ml values. Thisulcbbe because either some preferential
flow occurred in Thyolo soil or the high water flesx (>100 ml/day) used facilitated more
downward movement of metolachlor. Metolachlor wasegally more mobile than atrazine in
all the five soils. This was probably due to itgher solubility. This is consistent with earlier
studies on soil leaching column studies (Keller $eber, 1995; Webesat al, 2003; Seybold
and Mersie, 1996)

The MI values for both atrazine and metolachloreveersely correlated with soil organic
carbon (f = - 0.83 for atrazine ,>r= - 0.89 for metolachlor) contents (Table 25) &®a
reported in literature (Wietersegt al 1993; Singhet al, 2002; Weberet al 2003 and
Obrigawitchet al, 1981).

Table 25: Correlation coefficients for the relatiomship between Ml and soill
characteristics

Soil parameter atrazine| metolachlor

oC -0.83 -0.89

CEC -0.99 -0.98

Kqg -0.99 -0.91

Ks -0.09 -0.91

Clay -0.84 No relationship

Leaching of herbicides through the soils decreag#id increasing organic matter content of
the soils. Leaching of atrazine and metolachlor alas inversely correlated with CEC & -
0.99 for atrazine and = - 0.98 for metolachlor) and this has also besported in literature
(Weberet al, 2003) and soil kand k values (f = - 0.99 and = - 0.98, respectively, for
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atrazine and’= - 0.91 and%= - 0.91, respectively, for metolachlor). Atrazimebility was
also inversely correlated with clay content of gudl (¥ = - 0.84). The residues of the two
herbicides in the 0-5 cm surface soil layer (after leaching experiment) were related to
organic carbon content?(= 0.88 for atrazine and = 0.91 for metolachlor), CEC*(= 0.95
for atrazine and’r= 0.92 for metolachlor) and clay conterft£r0.82 for atrazine only) of the
soils.

4.7.2  Vertical and horizontal movement of atrazine and metolachlor in thefield

4.7.2.1 Vertical movement of herbicides

The vertical movement data for atrazine and mekdéagés shown in Table 26.

The results revealed that fourteen days after egiphin of atrazine and exposure to 135.8 mm
and 76.5 mm rain at Chanco and Bvumbwe, respeygtiaélazine was detected in the 20 — 25

cm layer of the soil profiles at both Chancellodl€ge and Bvumbwe.

Fourteen days after application of metolachlor arplosure to 53.7 mm and 76.5 mm rain at
Chanco and Bvumbwe, respectively, metolachlor vies detected in the 20 - 25 cm layer of
the soil profiles at both Chancellor College anduBbwe. Five weeks after herbicide

application, 0.03-0.63% of the initial concentrasoof atrazine and metolachlor at day 0 was

located at the 40 cm depth in both soil profiles.

There was consistent decrease in pesticide resmhueentration in the 0 - 5 cm soil layer with
time after spraying. This was probably due to hadail action, leaching, microbial and
chemical (including photochemical) degradation amdhtilization (Guenzi, 1974; Cheng,
1990). In the 2 - 25 cm depth herbicide concemmatincreased with time as leaching
occurred and then decreased with time as furtlaehlag and dissipation occurred. After 210

days no herbicides were detected in the 0 - 25ahpmofile.
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Table 26: Percent (%) herbicide in soil, with day0 as reference point

Herbicide incorporated into sailHerbicide on soil surface

Depth, cm| 0-2 | 2-5| 5-10| 10-15| 15-25| 0-2 | 2-5| 5-10 | 10- | 15-
15 25
Atrazine, Chanco
ODay 67| 33| 0 | O 0 100 0| O 0 0
2Weeks 10| 11, 15 14 7 16 9 15 15 5
S5Weeks 7| 6| 6 8 9 9 13 9 5 4
30Weeks| 0 | O| O 0 0 0 0| O 0

Atrazine, Bvumbwe

ODay 70| 30| O 0 0 100 0| O 0 0

2Weeks 8 10f 13 13 10 12 6 12 14 10

5Weeks 5 8 5 7 10 10 7 10

30Weeks | O 0 0 0 0 0 0 0
Metolachlor, Chanco

ODay 65| 35| O 0 100 O 0 0 0

2 weeks 200 20, 12 8 25 20 10 6
Sweeks | 7 | 8| 6 15
12weeks| O | 1| 2 2
30weeks| O | 0| O 0
Metolachlor, Bvumbwe
63 | 37| 0 0 0 100, O 0 0 0
2 weeks 11, 10| 10 17 19 14 9 10 15 1
5 weeks 3 4 17 19 16 5 4 15 18 17y
12 weeks | O 0 0 0 7 0 0 0 1 5
30weeks| O 0 0 0 0 0 0 0 0 0

0 value means atrazine or metolachlor, if preseate below the detection limit

o N g N ©
foo)
N
S
o
|_\
N

The trends in mobility of atrazine and metolachése shown in Figures 22a and 22b,

respectively.
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Surface applied metolachlor

Metolachlor incorpadateo soil

Metolachlor residues (%) in Chancellor College soil  at
different depths over time

Metolachlor residues (%) in Chancellor College soil  at
different depths over time

\
20 151
Metolachlor 15 Metolachlor
residues (%) as residues (%) as 10
comparedtoCo 10 compared to Co
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5-10cm
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2 g 2 0-2cm
2 30 S 12 g
Weeks after spraying Weeks after incorporation
00-2cmm@2-5cm0O5-10cmO10-15cm @ 15-25¢cm ‘I:I 0-2cm@2-5cm05-10cm 0 10-15cm @ 15-25cm
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Weeks after spraying

D0-2cmm2-5cmO5-10cmO10-15cm @ 15-25¢cm

2 5 0-2cm
12 0
Weeks after incorporation

00-2cmm2-5cmO5-10cmO10-15cm @ 15-25¢m

Figure 22a: Metolachlor residues (%) in soils (filel) at different depths over time. Co is
the initial metolachlor concentration on day O
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Surface applied atrazine

Atrazine incorporated suib

Atrazine residues (%) in Chancellor College soilat  different
depths over time
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Figure 22b: Atrazine residues (%) in soils (field)at different depths over time. Co is the initial
atrazine concentration on day O
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The mobility indices for the two herbicides undietd conditions are shown in Table 27.

Table 27: Mobility Index values (M) for the two herbicides under field conditions

Time after| Soil Herbicide incorporated | Herbicide on soil surface

herbicide Into soil

application Atrazine Metolachlor | Atrazine Metolachlor

2 weeks Bvumbwe | 9.3 10.6 8.1 10.0
Chanco 8.4 5.2 8.3 4.3

5 weeks Bvumbwe | 10.3 11.9 8.8 11.8
Chanco 9.7 9.0 6.5 7.5

The data in Tables 26 and 27 (and trends in Fig2Pesand 22b) indicate that incorporation
of herbicides facilitated downward movement of hgdes (especially in the Chanco soil)
and that herbicides were generally more mobildveénBvumbwe soil than in the Chanco soill.
Bvumbwe soils have lower clay and organic carbomtexats than Chanco soils (Table 10).
Research has shown that mobility of metolachlaonversely related to soil clay and organic
matter contents (Obrigawitogt al, 1981). In addition, more rain at Bvumbwe (418.&hm
than at Chanco (236.8 mm for atrazine and 154.7fonmmetolachlor) accelerated leaching at
Bvumbwe.

For the Bvumbwe and Chanco soils (5 weeks aftebitide application) metolachlor was
more mobile than atrazine. This was because of lawtior's higher solubility (solubility of
atrazine and metolachlor is 33 and 530 mg/l, respdy). Keller and Weber (1995) also
established that metolachlor was more mobile theazime. For the Chancellor College soil,
two weeks after herbicide application, atrazine wasexpectedly more mobile than
metolachlor. Sincegvalues for atrazine and metolachlor were nearhilar, mobility would
mostly depend on water solubility. The higher mibpibf atrazine may have been due to
heterogeneously distributed preferential flow patisvin the Chanco soil on which atrazine
was applied (Hance, 1980; Laabtsal, 2002). These preferential flow pathways may have
disappeared with time.
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4.7.2.2 Horizontal movement of herbicides
The horizontal movement of atrazine is shown inlé &3.

Table 28: Atrazine in soil 1g/g) at different distances (after two weeks of aaizine

application)
Distance Chanco Bvumbwe
from point of
application
(metres)
0.5 Atrazine  on Atrazine Atrazine on| Atrazine
soil surface incorporated | soil surface | incorporated
into soil into soil
1 0.0028 0.0045 0.0021 0.0019
5 0.0019 0.0030 0.0013 0.0011
10 0.0010 0.0011 0 0
>20 0 0 0 0

Horizontal movement of herbicides occurred on dtito Some surface run off herbicide
losses was expected. A review of experimental studif pesticide leaching indicated that
<0.005 to 5.43% of applied mass of herbicides s tbrough surface run off (Flury, 1996).
The surface run off deposits herbicides on thessoier which the run off is passing. At
Bvumbwe there was more horizontal atrazine movenfimh plots with surface applied
atrazine than from the plots where atrazine wasrpuarated into the soil, although the
differences were not statistically significant. ISwrbicide residues that are picked up in a run
off event come from a soil layer possibly as thinza- 3 mm (Ahuja, 1982; Ahujat al,
1981). If herbicides are left on the surface thigel has higher herbicide concentration than
when the same quantities of herbicides are incatpdrinto the soil. A run off event would
therefore pick up more herbicides from plots withface application than from plots with
incorporated herbicides. However, at Chancellon€gel, horizontal atrazine movement was
higher from plots with incorporated atrazine thaonf plots with surface applied atrazine.
Rain (82.1mm) fell soon after the herbicide wasliggp Since incorporation loosened the top

soil more soil erosion occurred, leading to morebtogde run off. This result shows that it is
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important to predict weather conditions. Herbicigésuld be applied only when it is likely
not to rain soon after herbicide application. Ading to Sasakawa Global 2000 MW
herbicides should be applied when it is likely ttain in the next six hours after herbicide
application (Joseet al, 2005 and Chitowe, personal communication). Arst@oon after

pesticide application may cause very high pestitidses (up to 17% of applied atrazine

mass) to surface waters (Wauchope, 1978).

Generally, more atrazine ran off at Chancellor €g#l than at Bvumbwe. This was because
the Bvumbwe soil had a coarser texture than then@Her College soil hence it had more
infiltration than run off. In addition, herbicidepplication was immediately followed by
lighter rain at Bvumbwe (5.2 mm) than at Chancelollege (82.1 mm) (Table 37 in
appendix 3).

4.7.2.3 Groundwater contamination potential (GWCP
The leaching potential of the soils (SLP) is giveriTable 29. Considering the SLP indices,

Bvumbwe soil (with the least organic matter and/clead the highest whilst Ngabu soil (with
the highest organic matter and high clay) had #aetl leaching potential. According to the
SLP rating system reported by Murphy (2006) Ngahd &hyolo soils had low, Makoka soil

had medium and Bvumbwe and Chancellor College kaitshigh leaching potentials.

Table 29: SLP rating categories

Soil Organic Texture pH SLP SLP rating category
matter (Murphy, index | (Murphy, 2006)
2006) High >131; Moderate

90 — 130; Low <89

rating | factor| rating| factor ratingfactor
Bvumbwe| 8 10 10 6 2 3 146 High
Chanco 7 10 10 6 3 3 139 High
Makoka | 8 10 6 6 3 3 125 Moderate
Ngabu 1 10 1 6 6 3 34 Low
Thyolo 7 10 1 6 3 3 85 Low
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The herbicide leaching potentials are shown in &&(.

The herbicide leaching potential indices show thatolachlor had higher leaching potential
than atrazine in all soils, probably because ohigher solubility, higher application rate and
slightly higher half-life. The higher the half-lifef an herbicide the more likely it is to leach to

groundwater. The herbicide leaching potential iadialso show that the leaching potentials

of both herbicides were least in Ngabu soil bui\regh in Bvumbwe soil.

Table 30: Herbicide leaching potential (HLP) rating categories

Soll Herbicide leaching Potential
Atrazine Metolachlor
R =0.9 kg/H&(0.816 Ibs/acrg¢ | R = 1.44 kg/Ha(1.306Ibs/acrg
I|f|LP1 Rating Category I—ITLP1 Rating Category
Index | (Murphy, 2006) Index | (Murphy, 2006)
Bvumbwe | 22.8 High 41.6 High
Chancellor| 19.6 High 37.0 High
College
Makoka 19.7 High 41.9 High
Ngabu 15.8 High 28.6 High
Thyolo 17.0 High 39.7 high

‘average (recommended) herbicide application ragd by farmers

Groundwater contamination potential ratings, base&LP and HLP indices in Tables 29 and

30, of the herbicide-soil system are shown in T&dle

Table 31: GWCP rating

Soll Herbicide
atrazine Metolachlor
Bvumbwe| Very high risk Very high risk
Chanco Very high risk Very high risk
Makoka High risk High risk
Ngabu Moderate risk Moderate risk
Thyolo Moderate risk Moderate risk
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The results showed that the groundwater contanoimgiotential of the herbicide—soil system
was in the order Bvumbwe, Chancellor College>Makdkayolo, Ngabu. This was

consistent with the sorption coefficients and organatter and clay contents of the soils.
Soils with higher clay and organic matter contemsisould have less groundwater
contamination potential since clay and organic ematetard herbicide movement. The
groundwater contamination potential for metolachd@s higher than that of atrazine. This

was consistent with the higher solubility and aqgtiion rates of the herbicides.

4.7.2.4 Simulation of herbicide movement by theBEARL model

The predictions for herbicide concentrations in Hudl profiles were not successful. The
predicted values were different from the obsenesiits, probably due to subjectivity in the
model input data. Boesten (2000) reported thatntiagor source of differences in model
results is the subjectivity in the derivation of aebinputs. In this case the differences could
be due to the inadequate weather data. The PEARdehrequires daily global radiation,
minimum and maximum temperatures, average vap@&sspre, average wind speed, rain and
reference evapotranspiration for a period of 20s/edhe meteorological department had no
daily average vapour pressure data. It also hadarg global radiation values, only monthly
global radiation values. The global radiation datput, therefore, comprised the same
estimated daily value for all days in a month. Paiata for the other variables was available

but with a lot of gaps.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This study has shown that the soils were signifigadifferent in adsorption of atrazine and
metolachlor, Ngabu soil being more effective wiBleumbwe soil being the least. Generally,
the order of adsorption for atrazine was Ngabu yoldn> Makoka > Chanco > Bvumbwe. In
the case of metolachlor the order of adsorption Mgabu > Thyolo > Chanco > Makoka >
Bvumbwe. The adsorption of the two herbicides wenasistent with all adsorption isotherms
(Freundlich, = 0.96 - 0.99, Linear?r 0.90 - 0.99, Langmuifr= 0.80 - 0.96 and Temkir?: r
= 0.94 - 0.99). Clearly, adsorption of atrazine ametolachlor followed the order: Freundlich
> Temkin > Linear > Langmuir. Adsorption of atragiand metolachlor {k significantly
correlated with organic carbon (r = 0.88 for atn@zand r 0.99 for metolachlor) and cation
exchange capacity (r = 0.98 for atrazine and r=0d89metolachlor) and pH (r = 0.88 for
atrazine and r=0.94 for metolachlor). The relatiopetween sorption coefficients and clay
content was variable, being significant for atrazi(r = 0.81) but not significant for

metolachlor.

Desorption from soils was hysteric in all casesndpenore irreversible at the lowest adsorbed
herbicide concentrations. Consequently, low hedeiclosages would not be effective. The
Ngabu soil exhibited least desorption percentagagmsequently, the Ngabu soil would

require higher herbicide dosages than the othés isame herbicidal activity.

The results showed significant differences (p<0©40.002) in the degradation of the two
herbicides in the soils, with laboratory SFO hale ranging from 22 to 43 days for atrazine
and 25 to 54 days for metolachlor. The first ordegradation of atrazine and metolachlor
were consistent with degradation models (SEG, .95 - 0.99; DFOP 2= 0.97 - 0.99 and
HS, = 0.91 — 0.99, respectively). The degradatiorheftivo herbicides followed the order
DFOP>SFO>HS.

Half-lives for both atrazine and metolachlor wergngicantly correlated with adsorption
coefficients (f= 0.99 for atrazine and = 0.87 for metolachlor), clay% 0.88 for atrazine
and f = 0.92 for metolachlor) and organic matte™=(0.83 for atrazine and’ = 0.77 for

metolachlor) contents of the soils. Herbicides iségd longer in soils with higher organic
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matter and clay contents. Degradation was fastesatnrated (flooded) soils but slower in
sterilized soils and in unsaturated soils with Viery or no oxygen.

The mobility of herbicides was affected by the msi¢y of herbicide adsorption by soll
constituents (§), solubility of the herbicide in water, initial bavater content at the time of
herbicide application, the level of water inputeaftherbicide application and herbicide
longevity (half life). The leaching of herbicidesasvinversely related to soi} lkand k values
(f* = - 0.99** and f = - 0.98*** respectively for atrazine and = - 0.91** and f = -
0.91*** respectively for metolachlor), decreasingflwincreasing cation exchange capacity,
and organic carbon and clay contents of the soh& mobility of atrazine and metolachlor
increased as water input and initial soil moistaomtent increased. Mobility index (Ml)
values showed that leaching of the two herbiciddiewed the order Bvumbwe>Chancellor
College>Makoka>Thyolo>Ngabu. This order was conéidn by the groundwater
contamination potential (GWCP) ratings derived gsihe simple decision aid model. The
vertical movement of herbicides, under field colmdis, revealed some preferential flow in
the Chanco soil. Horizontal movement of atrazine wHected by soil texture, amount and
timing of rainfall after herbicide application ahérbicide placement method. It was reduced
by incorporating the herbicides into the top 3cnsaif.

The results suggest that herbicides should be eppéhen soils are neither too dry nor too

wet and when it is not likely to rain immediatelyea herbicide application.

Atrazine was detected in 38% whilst metolachlor wegected in 15% of the surface water
samples. The highest herbicide concentrations fifasel waters occurred following the first
run off events after herbicide application and dased with time, decreasing to zero by the
twelfth week. The concentrations were generallyolwethe WHO recommended maximum
guideline values. The contamination depended manliand husbandry practices. Soils with
lower organic matter and clay contents are reltiw@re prone to herbicide leaching. These
may have higher risk of ground water contaminabgratrazine and metolachlor. Soils with
high organic matter and clay contents are relativebre prone to herbicide run off if soil
erosion occurs. These may have higher risk of sarf@ater contamination by atrazine and
metolachlor.
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5.2 Recommendations
It is recommended that further research is underta&
i.  Assess the effect of herbicide incorporation irydails on herbicidal activity,
ii.  Establish the sorption of herbicides in soils hguialatively low water contents (not
saturated soils as in this study) and assess ddgradt different temperatures, and.
iii. Identify areas that have significant potential &f site herbicide movement, so we
can work there first to maximize environmental risktigation with our limited

resources.

In order to reduce export of herbicides to watedié® it is recommended to maintain high
organic matter in soils, incorporate herbicides ihigh clay soils, avoid spraying when soils
are too dry or too wet, base herbicide dosagedaynmineralogy of the soil (in addition to

clay content and crop type) and maintain a pergentaf the farm area as an herbicide
filtering area. Field staff and agricultural proéue should be educated on the influence of

soil and herbicide properties on the fate of hedeis in the environment.

Weather data is necessary for herbicide movememalation models. The Department of

Meteorological Services should address all weadh&a issues.
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APPENDICES

Raw sorption data for atrazine and metolachlor

Table 32: Adsorption data for atrazine

Initial concentration of atrazine solution, pg/mi
Soil
0.5 1 2 25 3 4 5

Ce pg/ml 0.3 0.65 1.y 3
Thyolo

Cs uglg 1 1.75 4 5.3

Ce pug/ml 0.25 0.6 1.2 1.55 2.85
Ngabu

Cs ugl/g 1.25 2 3.99 475 5.63

Ce pg/ml 0.32 0.76 1.55 2.38  3.25
Makoka

Cs ugl/g 0.86 1.17 2.p 3.12 3.64

Ce pg/ml 0.36 0.8 1.y 2.05 2.55 345
Bvumbwe

Cs ugl/g 0.72 0.97 146 1.25 2.18 2.7

Ce pg/ml 0.35 0.75 1.55 1.98 2.38 3.3
Chanco

Cs ug/g 0.72 1.24 2.21 2|6 3.02 335

Table 33: Adsorption data for metolachlor
Initial concentration of metolachlor solution, pd/

Soil 0.5 1 2 3 4 5

Ce pg/ml 0.30 0.70 1.45 2.20 2.95
Thyolo

Cs uglg 0.99 1.50 2.73 3.97 5.21

Ce pg/ml 0.18 0.51 1.20 1.79 2.50 3.20
Ngabu

Cs ugl/g 1.62 241 3.99 6.00 7.44 8.97
Makoka Ce pg/ml 0.35 0.75 1.58 2.45 3.35 4.25

Cs uglg 0.74 1.24 2.06 2.74 3.19 3.67
Bvumbwe | Ce pg/mi 0.37 0.77 1.60 2.45 3.43

Cs uglg 0.65 111 1.95 2.66 2.86
Chanco Ce pug/ml 0.34 0.70 1.42 2.39 3.35 4.28

Cs uglg 0.79 1.49 2.82 3.03 3.22 3.61
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Table 34: Mass of soil used in sorption studies

Soil Atrazine Metolachlor

Initial concentration of atrazine solutigug/ml Initial concentration of metolachlor solutio

pg/mi

0.5 1 2 25 | 3 4 5 0.5 1 2 3 4 5
Thyolo 1.034 | 1.034| 1.074 1.00 1.040 1.0P1 1.024012.] 1.000| 1.008] 1.010 1.007 1.009
Ngabu 1.046 | 1.027| 1.009 1.00 1.081 1.022 1.039 041/01.018| 1.003] 1.009 1.008 1.003
Makoka | 1.028 | 1.028| 1.015 1.00 1.082 1.081 1.01402aL| 1.012| 1.021] 1.005 1.019 1.021
Bvumbwe | 1.031 | 1.013| 1.015 1.00 1.0f8 1.020 1.050003L| 1.036| 1.025 1.034 1.005 1.026
Chanco 1.044 | 1.046| 1.026 1.0p 1.085 1.043 1.064091/01.004| 1.018] 1.008 1.000 1.003
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Raw mobility data for atrazine and metolachlor

Table 35: Mobility of atrazine data (Lg/g)

Soil Depth Initial moisture content of soil (9
0 5 7.5 (20 | Saturated Saturated
(cm)
for
Ngabu,
Thyolo)
Water input (ml)
520 520 520 529 720
Bvumbwe | 2.E 15 .051 .071 .10z 0
7.5 141 .06¢€ 134 .067 .064
12.5 .12C 14¢ 162 A1E .08(C
17.5 .25¢ A3€ 157 .12¢ .084
22.F 198 13E .22( 228 .52¢€
27.5 132 162 .256 .362 246
Chanco |2. A7¢ .05¢ 11C 132 .02¢
7.5 212 .097 147 07< .09C
12.5 161 A5¢ 167 .12C 164
17.t 144 127 207 .34¢ .20¢
22.t .13¢€ 12¢ 161 .01¢ 274
27.5 .169 .140 .209 .307 .240
Makoka | 2.E .36( 25 .16€ .28¢ .02C
7.5 23¢ .164 .182 24¢ 165
12.5 23 162 152 .182 21¢
17.t .01t .307 .20¢ .04z 262
22.t .00¢ .06% A7€ A7E .07<
27.5 151 .049 115 .063 .263
Ngabu 2.5 725 612 A6% .38¢ 231
7.5 .03t 21€ .34¢€ 297 .357
12.5 .06( .04t .05C 14¢ 14E
17.5 .06C .04¢€ .051 111 154
22.t .05(C .04z .051 .052 .07¢
27.5 .072 .039 .039 .007 .043
Thyolo 2.5 212 322 .19C 218 .13€
7.5 A40% 214 254 132 .18¢€
12.5 25E A77 27¢ A72 .13¢
17.5 .04¢ A7¢ 12(C .10¢ .23(C
22.t .06( .057 .071 144 171
27.5 .020 .059 .088 121 .138
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Table 36: Mobility of metolachlor data (ug/g)

Soil Depth Initial moisture content of soil (9
0 5 7.5 (20 | Saturated Saturated
(cm)
for
Ngabu
and
Thyolo)
Water input (ml)
520 520 520 520 720
Bvumbwe | 2.5 .02¢ .01¢ .00¢ .052 0
7.5 .064 .092 .08( .067 0
12.F .33E .228 221 11 .01C
17.% 27¢€ 19¢ .16¢ .18< .021
22.t 232 .391 327 .241 32t
27.5 .067 104 194 .345 .644
Chanco |[2.E .061 .044 111 .092 0
7.5 .094 .094 A5k .02¢ 121
12.5 .28¢ 27z RS 158 31¢
17.t .22( .20¢ 234 .25¢ .321
22.t 21C 237 A71 .20z 174
27.5 126 143 .209 .264 .068
Makoka 2.5 175 .15¢ 245 .16( .104
7.5 152 .18C .06E .094 132
12.5 112 11€ 17C 211 .10¢
17.% 112 .09 17 A58 .18¢
22.5 174 .15€ .08¢ .09¢ 212
27.5 275 294 .316 .282 .255
Ngabu 2.5 40¢ .37C .29(C A41C .301
7.5 31< .33C .32¢€ .23¢ 17C
12.5 17C 142 19¢ .10€ 13t
17.t .06¢ .087 .09¢ 162 .25¢
22.t .03z .05¢ .06E .07t 128
27.5 .007 .011 .027 .009 ..013
Thyolo 2.5 .19C 142 .15¢ 132 .05t
7.5 322 .291 19¢ .14C 171
12.5 158 128 172 137 21¢
17.5 .98t .05¢ A5 A77 124
22.t .18C 29t 19¢ .23C 21¢
27.5 .067 .089 130 .184 215
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3 Rainfall data

Table 37: Rainfall (mm) at Bvumbwe andChanco

Days after application Bvumbwe| Chanco*
atrazine | atrazine| metolachlor
and
metolachl
or

0-1 5.2 82.1 6.1

1-7 28.4 27.2 37

7-15 42.9 26.5 10.6

15-30 140.5 41.9 41.9

30-60 176.6 57.6 57.6

60-90 24.6 15 1.5

Total (0-90) 418.2 236.8 154.7

* Atrazine and metolachlor were applied offedlent days at Chanco.
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4 Analytical methods for soil characterization (Sarce: Bvumbwe Agricultural
Research Station)

4.1 Determination of aluminium

Reagents:

Potassium chloride, KCI, (1.0N): 37.275g in 500d=ationized water.

Potassium fluoride, KF, (1.0N): 29.05g in 500 miideized water.150

Sulphuric acid, HSQ,, (0.1N) standard solution: 2.452¢g in 500 ml deZed water.

Sodium hydroxide, NaOH, (0.1N) standard solutiof08 in 500 ml de-ionized water.
Phenolphthalein indicator (0.1%)

Procedure:

Weigh 10g soil sample into 250 ml beaker and adcthb6f 1.0N KCI.

Mix several times and let stand for 30 minutesteFithrough Whatman No. 42 filter paper.
Leach each sample as rapidly as possible with ébautof KCI.

Transfer the filtrate to 100 ml volumetric flaskdamake to the mark with 1.0N KCI solution
and transfer to a conical flask.

Add 6 to 8 drops of the indicator and titrate wstandard 0.1N NaOH standard solution to a
pink colour (V1).

Add 10 ml of potassium fluoride and titrate witharstlard 0.1N sulphuric acid until pink
colour disappears.

Add more indicator if there is more aluminium inetlsample and continue titrating to
colourless end point (V2).

Run blank determinations:

(i) Titrate 200 ml 1.0N KCI with 0.1N NaOH (\{h

(i) Titrate 10 ml 0.1N KF with 0.1N 80, (Vby)

Calculations:

Nl—\ité)x 01 00

Nz_\i%)xo'lxloo

Extractable acidity (meq/1009)

Aluminium (meq/100g) -

Equations

2A1% + 3Ch —  2AICk

HCI + NaOH — HO + HCI
AIClI; + 3NaOH—  AI(OH); + 3NaCl
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Al(OH); + 6KF — 3KOH + KAIFs
KOH + HSO;, — K80, + HO

4.2 Determination of total organic carbon (Walkley-Black Method)

Reagents:

1. 1N Potassium dichromate solution: Dissolve 4@ 0¥R Potassium dichromate {&r,Oy)

in de-ionized water and make up to | litre. Somemag is usually necessary to complete
solution. Allow to cool before finally making up t@lume.

2. 0.5N Ferrous ammonium sulphate solution: Dissdl96 g Ferrous ammonium sulphate
{Fe (NH4) 2(S04) 2} in water. Add 5 ml concentratealphuric acid and make up to | litre

with distilled water. An alternative reagent isrters sulphate (139g/litre)

3. Diphenylamine indicator solution: dissolve 0.Flighenylamine in a mixture of 100 ml

concentrated sulphuric acid and 20 ml distilledexat

4. Concentrated Sulphuric acid (98%).

5. Concentrated Phosphoric acid (85-90%).

Procedure:

1. Weigh out 1.00 g soil into a 500 ml conical Kakclude one flask for a blank.

2. Add 10.0 ml 1 N potassium dichromate solutiothvai pipette.

3. Gently add 15 ml concentrated sulphuric acid sinake for 1 minute and stand for 30
minutes to allow complete oxidation to take place.

4. Add 150 ml distilled water and 5 ml concentrgdddsphoric-acid and allow the solution to
cool.

5. Add 1 ml diphenylamine indicator and immediatdlirate against 0.5 N Ferrous

ammonium sulphate until the colour changes fronpdsee to dark green.

NB: The volume of ferrous ammonium sulphate addedequivalent to the quantity of
potassium dichromate not used by the soil. Caranlbldetermination through exactly as

described above, now omitting the soil.

Calculation:
To find the concentration of ferrous ammonium satgh
N1V1( K,Cr,0; ): szzFe( NH, )2( SG, )2
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val
V2
The volume of potassium dichromate used in the\&gH (Vpjank- V2).

N, =

%C in the sample given 1 ml 1 N&r,0; reacts with 0.003 g C

VN, x 0.003x100% 133
W

%C =

%O0OM = %C X 1.774

where W = weight of soil used;Nind . = normality and volume of potassium dichromate
respectively. N and \4 = normality and volume of ferrous ammonium sulphaspectively,
and \ank = Volume of ammonium ferrous sulphate used indlaek

4.3 Determination of total nitrogen

Reagents:

1. Mixed catalyst: Weigh accurately and mix 160hgydrous potassium sulphate (or sodium
sulphate), 10 g cupric sulphate (CyS6i,0) and 3 g selenium powder.

2. Sodium Hydroxide: 46% solution. Dissolve 460 &M in a litre of distilled water.

3. 2% Boric acid: dissolve 2 gsB03 in 100 ml hot de-ionized water.

4. Mixed indicator: dissolve 0.15g bromocresol graad 0.1 g methyl red in 250 ml 90%
ethanol.

5. Sodium carbonate, MaO;, solution (0.25N): 13.509 in 1 litre of distilledater

6. N/70 (0.15) Hydrochloric acid:

(a) Dilute 12.5 ml AR concentrated hydrochloriccat¢o | litre with distilled water. This
solution will be about 0.15 N HCI.

(b) Titrate 20 ml of 0.25 N sodium carbonate solutagainst this acid solution, using the
methyl orange indicator. Include a blank and carfercthis.

Let the titre be P ml.

(c) Dilute 2—70P (2.857xP) ml of the 0.15 N acid solution to 1dito give N/70 hydrochloric

acid.
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Digestion:

1. Accurately weigh 1.0 g soil sample into Kjelddldsk, moisten the soil with 1.5 ml
distilled water and allow the flask stand for 3(haotes.

2. Add 1.7 g mixed catalyst followed by 5.0 ml cosetlphuric acid. Digest the sample
beginning at low heat for about 10 minutes and iherease the heat and continue digesting
until the colour changes to pale green, shakingtatvals. Continue digesting for | hour after
colour change.

3. Allow the flask to cool and then add 10 ml distl water. When cool decant the solution
into 50 ml volumetric flask leaving behind the sam@sh the sand, several times using 10 ml
distilled water each time and decanting the washimgo the 50 ml volumetric flask and

finally make the volume to the mark with distillacter.

Distillation:

1. Pipette 10 ml aliquot of the solution into Maakh still, add 5.0 ml of 46% NaOH through
the funnel of the still while the stop rod is ingteon then lift the stop rod to allow the
solution to flow into the still, wash the funnelttwilO ml distilled water.

2. Steam distil, collecting the distillate in 50 odnical flask containing 5.0 ml of 2% Boric
acid to which 5 drops of mixed indicator is add&ikstil till colour turns green. Continue

distilling for | minute after colour change.

Titration:
Titrate the distillate with standardized N/70 HChdtiuthe colour changes to whine red.

Record the volume of the titre {)/

Calculation:
The 10 ml aliquot is equivalent to 0.2g of sokda. Given that 1.0 ml of N/70 HCI = 0.2mg

Nitrogen

. V, x 0.2mgx100
/N = 0.29

o =L

N =10
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4.4 Extraction of P, Na, K, Mg and Ca (Mehlich 111 method)
Reagents:

l. Acetic acid (0.2M)

2. Ammonium Nitrate (0.25 M)

3. Ammonium Fluoride (0.0 15 M)

4. Nitric acid (0.013 M)

5. Ethylene diamine tetra acetic acid (EDTA) (OLD\)

Preparation:

1. First prepare the ammonium fluoride-EDTA stodagent by dissolving 138.9 g of
ammonium fluoride (NF) and 73.5g and EDTA in 1 litre distilled water.

2. To prepare 4 litres Mehlich 111 extracting redgeveigh 80g ammonium nitrate
(NH4NO3) into 3000 ml distilled water and add 16 ml amnuoni fluoride-EDTA stock
prepared above, and then add 46 ml acetic acidBB&& ml concentrated nitric acid. Adjust
the pH to 2.0 £ 0. 1 and bring the final volumettlitres with distilled water.

Extraction Procedure:

1. Scoop 2.5 cfhsoil into extracting polythene bottle.

2. Add 25 cmi Mehlich 3 Extractant.

3. Vigorously shake the soil with the Extractant$aninutes.

4. Filter and save the filtrate.

5. The extract is ready for elemental P, K, Nag@d Mg determination.

4.4.1 Detection of Cations (K, Ca, Mg, and Na

Preparation of Standard solutions:

(a) Stock Solution for calcium, magnesium, potassand sodium.

Calcium: 1000mg/I
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Dissolve 2.4973 g calcium carbonate in 25 ml of hitrochloric acid and dilute to 1 litre
with distilled water; or dissolve 2.7693 g of caiai chloride in 100 ml of distilled water and
dilute to 1 litre. Store in a polythene bottle.

Magnesium: 1000 mg/I

Dissolve 1.000 mg magnesium metal in 50 ml of 5ydrbchloric acid and dilute to 1 litre in

a volumetric flask with distilled water. Store irpalythene bottle.

Potassium: 1000 mg/I

Dissolve 1.9070 g of dry potassium chloride inidet water. Dilute to | litre in a volumetric
flask with distilled water. Store in a polythenetts

Sodium: 1000mg/I

Dissolve 3.6973g of dry sodium carbonate in distillvater and dilute to 1 litre with distilled

water in a 1 litre volumetric flask. Store in a ytblene bottle.

(i) Intermediate Stock Solution for Ca. Mg, K and N

To prepare an intermediate stock solution whicht@ios 50 ppm Ca, 10ppm Mg, 10 ppm K
and 5 ppm Na, take 5 ml of 2000 ppm Ca, 1 ml of01pdm Mg, 1 ml of 2000 ppm K and 0.5
ml of 1000 ppm Na into 100 ml volumetric flask dritto the mark with distilled water.

(i) Working Standards for Ca, Mg, K and Na

Put 0, 2, 4, 6, 8 and 10 ml, of intermediate steckition in 100 ml volumetric flask, add 2.0
ml Mehlich 3 Extractant and fill to the mark withrantium or lanthanum solution. The
standards will contain O, 1, 2, 3, 4 and 5 ppm@4#.2, 0.4, 0.6, 0.8, and 1.0 Mg; 0, 0.2, 0.4,
0.6, 0.8 and 1.0 ppm K and 0, 0.1, 0.2, 0.3, (d,@&5 ppm Na, respectively.

(b) Stock Solution for Fe, Cu, Mn and Zn

Iron: 1000 mg/L
Dissolve 1.000 g of iron powder or granules in 20frb M hydrochloric acid and dilute to 1
litre with distilled water. Keep in a polythene thet

Copper: 1000mg/L
Dissolve 1 .000 g of copper metal in 50 ml of S5Nriniacid. Dilute to 1 litre in a volumetric

flask with distilled water. Keep in a polythene tbat
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Manganese: 1000 mg/L

Dissolve 1.000 g of manganese metal in 50 ml oft§Mrochloric acid. Dilute to 1 litre in a
volumetric flask with distilled water. Keep in ptigne bottle.

Zinc: 1000 mg/L

Dissolve 1.000g of zinc metal in 30 ml of 5M hydntaric acid. Dilute to 1 litre in a

volumetric flask with distilled water. Keep in alpthene bottle.

(i) Intermediate Stock Solution: Zn, Cu, Fe and Mn.

To prepare an intermediate stock solution of 40 pn, 400 ppm Fe, 8 ppm Zn and 4 ppm
Cu, put 40 ml, 40 ml, 0.8 ml and 0.4 ml of 1000 ppoiutions of Mn, Fe, Zn and Cu
respectively in 100 ml volumetric flask. Fill toettmark with distilled water.

(i) Working Standards for Zn, Cu, Fe and Mn

Put 0, 2.5, 5.0, 7.5, and 10 ml of intermediatelstolution in 200ml volumetric flask and fill
to the mark with Mehlich 3 Extractant and the stdd will contain 0, 10, 20, 30 and 40 ppm
Mn; 0, 10, 20, 30, and 40 ppm Fe; 0, 0.2, 0.4,a0\@% 0.8 ppm Zn and 0, 0.1, 0.2, 0.3 and 0.4

ppm Cu respectively.

Determination of cations
Take 0.5 ml working standard extract and dilute2® ml with strontium or lanthanum
solution and pass on AAS for calcium and magnesinchon flame photometer for potassium

and sodium. Pass the extracts on AAS for Fe, MmthCu determination.

4.4.2 Detection of Phosphorous (Murphy-Riley methd)

Reagents

Murphy Riley solution

(1) Dissolve 0.291 of antimony potassium tartrat@®0 ml distilled water.

(2) Dissolve 12g ammonium molybdate in 200 m| dediwater.

(3) In a 2 litre volumetric flask, add | litre watand then add140 ml concentrated sulphuric
acid and add antimony potassium tartrate and amumomnolybdate solutions. Fill to the
mark with distilled water and mix well.

Murphy- Riley Working Solution

Take 100 ml Murphy Riley solution, add 500ml| weadad 0.526 g ascorbic acid and mix well.
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Standard phosphorus solutions

(1) Stock Solution for phosphorus

Dissolve 4.3940g of potassium dihydrogen orthophasp (KHPQOy,) in 250 ml of distilled
water. Dilute to 1 litre in a volumetric flask. Kgen a polythene bottle. The solution will
contain 1000 mg/l of P.

(2) Intermediate Stock Solution for phosphorus
Put 20ml of the above stock solution into 100mlwwoétric flask and fill to the mark with

distilled water. The solution will contain 200 mofiP.

(3) Working Standards for phosphorus

Take 0, 1, 2, 3, 4 and 5 ml of the intermediatelssmlution into 100ml volumetric flask, add
10 ml Mehlich 3 Extractant, and fill to the marktvidistilled water, and these will contain O,
2,4,6,8,and 10 ppm P.

Phosphorus determination on a ULTRA-VIOLET-Specdtapmeter
Take 1 ml aliquot of working standard or soil ektraadd 9 ml Murphy Riley working

solution and mix them. Pass at 882 nm after 15 magiu

45 Determination of soil pH

The pH value of an aqueous solution is rigidly dedi in terms of the concentration of &hd

OH  ions in solution. The concept of "soil pH" is vagiut usually refers to the pH registered
by a pH meter whose electrodes are immersed inspessgion of the soil in water or in
suitable salt solution. However, the value obtaidedends on the salt used, and on the soil:
solution ratio, so that these experimental detailst always be specified. Distilled water and

a soil: solution ratio of 2:5 is normally used.
Apparatus

1. pH meter with universal glass electrode.

2. 4 oz extraction bottles
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Reagents:
Buffer solutions at PH 4.0, 7.0 and 9.0, made ugibgolving the appropriate buffer tablets in
water (I tablet per 100 ml: dissolve in a littlet weater, allow solution to cool, then make up

to volume).

Procedure:

1. Weigh out 20 g of soil into a 4 oz extractioritleo

2. Add 50 ml distilled water. Screw on the lid astthke for | minute, 3 times, during the
course of 30 minutes on a mechanical shaker.

3. Standardize the pH meter against the buffertisois.

4. Shake the bottle a final time, remove the linfj ¢hen lower the washed electrode into the
suspension. Set the range switch to the "0-14 piditipn. Twist the bottle a little to ensure
adequate mixing. Take the reading to the near&sufit as soon as the reading is stable
(about 30 to 60 seconds).

Switch back to the “7pH" position after taking treading. Wash the electrode free from all
solid particles, and then touch it gently with aqa of filter paper to remove the main drips. If
large number of samples is being done, rechecksagaibuffer solution after every 10 to 15
samples. After use, leave the electrode immerse@.iN HCI. Avoid scratching, or even
touching the electrode with anything other than theer paper. Leave the instrument

switched on always.

4.6 Soail particle size (mechanical) analysis (Bouyoucos or Hydrometer method)

Principle

The particle size analysis of a soil estimatespreentage sand, silt and clay contents of the
soil and is often reported as percentage by weafluven-dry and organic matter-free soil.
The analyses are usually performed on air-dry €alsed on the proportions of different

particle sizes, a soil textural category may bégassl to the sample.

The first stage in a particle size analysis is dmgpersion of the soil into the individual
particles. These are the sand (2.00 - 0.05) mhh),0s05 - 0.002 mm) and clay (< 0.002 mm)
fractions. Individual soil particles are often bduimto aggregates hence the requirement for

dispersion.
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The hydrometer method of silt and clay measurenmai@s in the effects of particle size on
the differential settling velocities within a wateplumn. The settling velocity is also a
function of liquid temperature, viscosity and sfiecigravity of the falling particle.
Theoretically the particles are assumed to be sgleand to have a specific gravity of 2.65.
If all other factors are constant then the settme¢pcity is proportional to the square of the
radius of the particle (Stoke's law). In practitesrefore, we must know and make correction
for the temperature of the liquid. Greater tempees result in reduced viscosity due to liquid

expansion and a more rapid descent of falling gagi

Reagents and apparatus:

1. Calgon (sodium hexametaphosphate) solution, Ti%solve 100 gm of calgon in 1 litre of
distilled water. This solution should not be kepeoone month, when too old it losses its
dispersing efficiency because it will be converi@énother compound.

2. Amyl alcohol

3. Hydrometer with Bouyoucos scale in g/litre

4. Soil dispersing stirrer, a high speed electiices with a cup receptacle.

Procedure:

1. Weigh out 50g of air-dry <2 mm soil (100g in easf very sandy soil) into a 400 ml
beaker.

2. Saturate the soil with distilled water and a@dl of 10% Calgon solution. Allow to stand
for 10 minutes.

3. Transfer the suspension to the dispersing cdmaake to the mark in the cup with distilled
water.

4. Mix the suspension for 2 minutes with an eledtigh speed stirrer. Use ordinary bottles if
no cup is available. Shake the suspension overifigbtstirrer is available.

5. Transfer the suspension into a graduated cyliffdéth a 1130ml mark) and rinse
remaining soil into the cylinder with distilled veait Insert the hydrometer into the suspension
and add water to 1130 ml, then remove the hydramete

6 Cover the cylinder with a tight-fitting rubberrogyiand mix the suspension by inverting the
cylinder carefully ten (10) times. Note the time.

7 Quickly add 2 - 3 drops of amyl alcohol to thd saspension in order to remove froth and
after 20 seconds place the hydrometer gently macolumn.

8 At 40 seconds, take a hydrometer reading andune#ise temperature of the suspension.
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9 Repeat step 6 (mixing of the soil suspensionidt@d) and allow the cylinder to stand
undisturbed for 2 hours.
10 After two hours, take both hydrometer and terajpee readings.

11 Make the necessary temperature corrections ¢ 133)l

Table 38: Temperature correction for hydrometer reading of soil texture

Temperature®C) | Hydrometer correction
(g/litre)
15 -2.0
16 -1.5
17 -1.0
18 -1.0
19 -0.5
20 0.0
21 +0.5
22 +1.0
23 +1.0
24 +1.5
25 +2.0

Temperature affects the hydrometer readings arause the hydrometer has been calibrated
at 68F (20C). Either correction factors must be applied ce tetermination should be

conducted in a temperature controlled room, maiirigithe 268C temperature.

Calculations:

% Sand

After 40 seconds, the sand has settled and themgter reading reflects the grams of silt +
clay in 1 litre of the suspension. To calculate @®ount sand present in 1 litre of the
suspension, subtract this value from the originangle weight. For example, if the
hydrometer reading after 40 seconds correctedefopéerature is 18.0 g/litre, then silt + clay
weigh 18.0 g in the 1 litre soil suspension. Themefthe sand weighs 50.0 — 18.0 =32.0 g in

the 1 litre suspension (of the original 50.0g ai-g8oil sample). The percentage sand is
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calculated by dividing the sand content (32 g) tog total (50 g) and multiplying by 100 as

follows:

32x100
% sand = 50 - 64%
% Clay

After 2 hours, the silt has settled. The hydrometading now reflects the clay content of the
original suspension. For example, if hydrometedmsg after temperature correction is 4.7
g/litre, then the percentage of clay in soil is:

4.7x100
5C

% clay = =9.4%

% Silt

The silt content is calculated by subtracting then ©f the clay and sand contents from 100%
or:

%Silt = 100 - (9.4% clay + 64% sand) = 26.6%

Soil texture
Once the sand, silt and clay distribution is meaduthe soil may be assigned to a textural
class based on the patrticle size distribution uthiegsoil textural triangle (Figure 23).

Sli_ty_t% N 70

90 80 70 60 50 40 30 20 10

Sandl\

Figure 23: Soil Textural Triangle
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Within the textural ‘triangle’ are various soil texes which depend on the relative
proportions of soil particles. Users simply obtétie appropriate texture on the particle size
distribution. In the example above (64%'sand, 'Aifvand 9% clay), the corresponding soil

texture is a sandy loam.

Procedural notes:

1 Cylinders for particle size analysis are calibdadepending upon the volume of the
hydrometer in use. At NARC Muguga, the calibratizri130 ml, indicating the final volume
of the soil suspension with the hydrometer inserted

2. Many laboratories have developed their own teatpee conversion tables depending on
the exact procedure and working conditions.

4.7 Water holding capacity

Field capacity is defined as the maximum amounivafer the freely drained soil can hold
and is estimated after a saturated soil has béawed to drain without allowing its moisture
stores to be depleted by evaporation. The methad fsllows:

1. Build an earth bund around a 1 m x 1 m areafifwith water.

2. Refill with water as necessary so that approsetya50 cni of water has soaked into the
soil.

3. Cover the area with a plastic sheet in ord@réwent evaporation and leave for 2 days.

4. Bulk 4 replicated 0- 10 cm soil samples fromrrtba centre of the area.

5. Put about 250 g of the wet soil in a moisture esaknown weight (W, weigh (W), dry
the soil at 108C for 48 hours and cool.

6. Weigh the cooled dry soil with the moisture ¢@ry).

Calculation:

(W, —w,)x100
% soil moisture at field capacity (W, -w,)
3 1

The Lower Limit of Plant Available Water
This value is sometimes known as wilting point @dften equated to the soil water content

at 15 bar (or 1.5 Mpa) water potential. This vakiebtained as follows:
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1. Distribute rubber sample rings or metal ringthvaheesecloth fastened to one end with a
rubber band around a pre-soaked 15 bar ceramie. Mé&igh container (MY

2. Fill each ring with soil. Do not compress or pdke soil into the ring. Prepare triplicate
samples.

3. Place the plate in a large tray and slowly agdvtater until the water is about half way to
the top of the sample rings. Soak the samples adrn

4. Seal the outflow tube on the ceramic plate wittlamp. Carefully drain excess fluid out of
the tray. A syringe or siphon works well.

5. Place the plate (with sample) in the pressuwmiter. Connect the outflow tube of the
ceramic plate to the fitting on the inside of th@mber. Connect another tube to the fitting on
the outside of the chamber, and place the freeoétice tube in a beaker of water. Unclamp
the outflow tube so that water may flow freely frahe ceramic plate to the beaker on the
outside of the chamber.

6. Place a damp cloth over the samples in the chamobmaintain high humidity while the
samples are equilibrating. Close the chamber, émtihe ring nuts, and slowly apply air
pressure to the chamber until 15 bars is reached.

7. Allow the samples to equilibrate for 2 to 4 da¥ke longer time is for soils with high clay
contents.

8. Before releasing air pressure, clamp the outflole so that water may not re-enter the
ceramic plate.

9. Release pressure slowly. Open the chamber amaveethe samples and weigh themxW
10. Dry the soils at 188 for 48 hours, cool and weigh gV

Calculation

- . (Wz _Ws)
The lower limit of plant available water (%) (W W )><1OO
3 1

where WI = weight of container (g), W2 = weightaointainer + wet soil (g) and W3 = weight

of container + oven dry soil

Plant Available Water Capacity (PAWC)
The amount of water which a given soil horizon store for plant use is estimated from the
difference between the field capacity and loweiitliof plant available water for the horizon.

It is expressed as an equivalent depth of water)(rand is calculated as follows:
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PAWC = (field capacity —lower limit) x Dsoil x Z, lvere Dsolil is the bulk density of the

horizon and Z is the thickness of the horizon in.mm

The total PAWC is the sum of the PAWC of all hongodown to effective rooting depth.
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