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The temperate to subtropical climate of Florida is an ideal environment for 
weed growth. Herbicides have been and will continue to be used for 
effective and economical weed control in citrus. The majority of herbicides 
are applied directly to the soil for residual weed control. Bromacil [5- 
bromo-6-methyl-3-(1-methylpropyl)-2,4-(1H,3H) pyrimidinedione], diuron 
[N'-(3,4-dichlorophenyl)-N,N-dimethylurea], norflurazon [4-chloro-5- 
(methylamino)-2-(3-(trifluoromethyl)phenyl)-3(2H)-pyridazinone], and 
simazine [6-chloro-N-N'-diethyl-l,3,5-triazine-2,4-diamine] are soil-applied 
herbicides widely used for weed control in Florida citrus groves. Bromacil, 
an acidic herbicide, has high water solubility (815 mg LI), while simazine, 
a basic herbicide, has low water solubility (3.5 mg LI). The distribution 
coefficient on organic carbon (Ko~) is 72 and 140 mL g-1 for bromacil and 
simazine, respectively (Rao et al. 1985; Hornsby et al. 1990). Diuron and 
norflurazon are nonionic herbicides with a water solubility of 42 and 28 mg 
L -1 and Ko~ of 480 and 248 mL g-l, respectively (Rao et al. 1985; Hornsby 
et al. 1990). 

Movement of herbicides below the plant root zone depends on the nature 
of soil, including inorganic and organic components, as well as the chemical 
nature of the herbicide (Bailey and White 1970). Herbicide mobility in soil 
is both an agronomic and an environmental concern. Soil-applied 
herbicides that readily move in the soil can fail to control target weeds due 
to  dilution effect or can become a potential groundwater contaminant due 
to leaching through the soil profile. Soil-applied herbicides in citrus groves 
of Florida have a greater potential for leaching through the soil profile due 
to high application rates, porous nature of soils with low organic matter 
content (Carlisle et al. 1989), and high annual rainfall (135 cm). Several 
herbicides have been detected in groundwater as a result of normal 
herbicide use. In a 1990 groundwater monitoring study, simazine 
concentration of 13/tg L 1 and bromacil concentration of 952/~g L "1 has 
been detected in groundwater of Florida (T. C. McDowell, Florida Dept. 
Agric. and Consumer Services, Tallahassee). 
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Controlled release technology has some potential to prolong herbicide 
efficacy for weed control and to minimize leaching of soil-applied 
herbicides. With a controlled release formulation, the herbicide is either 
chemically attached to or physically entrapped within another substance 
such as a polymer to modify herbicide release. Controlled release 
formulations include various shapes of porous and nonporous monoliths, 
pliable beads, coated granules, microcapsules, water insoluble mixtures, 
films, salt mixtures, and adjuvants (Schreiber et al. 1987; Riggle and Penner 
1990). A pine kraft lignin (PC940C) effectively controlled the release of 
metribuzin and alachlor (Riggle and Penner 1988). Starch encapsulation 
of EPTC (Schreiber et al. 1988), trifluralin (Trimnell et al. 1981), and 
chloramben (Raboy and Hopen 1982) resulted in slow release of herbicides. 
Activated charcoal and humic acid substances have been used as adjuvants 
to modify herbicide release (Madhun et al. 1986; Alva and Singh 1991). 
Surfactants such as Aliquat 204 (dilauryl dimethyl ammonium chloride) and 
Aliquat 221 (dicoco dimethyl ammonium chloride) reduced diuron mobility 
(Bayer 1967). Synthetic polymers have also been used as adjuvants for 
controlled release of herbicides. Hydrosorb (Alva and Singh 1991) and 
STAY-TEC (Jain and Singh 1992) polymers have increased the sorption 
and decreased the mobility of simazine. 

The objectives of this research were: 1) to examine the leaching 
characteristics of bromacil, diuron, norflurazon, and simazine in a sandy soil 
under citrus production and 2) to evaluate the effectiveness of three acrylic 
polymer adjuvants for minimizing leaching of these herbicides in soil 
leaching columns. 

MATERIALS AND METHODS 

Soil from 0-30, 30-60, 60-90, and 90-120 cm depth was collected from 
abandoned citrus groves at the Davenport Research Farm of the Citrus 
Research and Education Center, Lake Alfred, Florida. The soil used in the 
study was Candler fine sand (Typic Quartzipsamment). This soil represents 
a typical deep, well-drained, ridge soil in the citrus belt of central Florida. 
The physicochemical properties for the four depths of Candler fine sand 
have been reported by Alva and Singh (1990). Briefly, the top 30 cm soil 
had 97% sand and 1.1% organic matter with a pH 6.4. 

Leaching behavior of bromacil, diuron, norflurazon, and simazine was 
studied in soil leaching columns. Soil from only surface 30 cm was used in 
the leaching studies. Leaching was evaluated using clear acrylic columns 
of 8-cm long and 7-cm inner diameter. The bottom of the column was 
constructed using a thin nylon mesh above the perforated acrylic plate. This 
allowed free water movement while maintaining soil column integrity. The 
columns were packed by adding small amounts of soil to the column while 
it was agitated on a vortex shaker. The columns were packed to attain a 
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bulk density of 1.5 g crn -s. Each column was saturated with deionized water 
from the bottom of the column by capillary force and allowed to drain for 
18 hr. Herbicide solutions were prepared in distilled water using 33.8% 
water soluble liquid formulation of bromacil, 80% dispersible granular 
formulation of diuron and norflurazon, or a 41.9% liquid formulation of 
simazine. Herbicide solutions were then spiked with 14C-herbicide. The 
14C-herbicides used were [Carbononyl-2-14C] bromacil (specific activity = 
7.1/tCi//~mole, purity = 98%), [Phenyl (U)- 14C] diuron (specific activity 
= 10.3 #Ci/#mole, purity = 99%), [4,5- 14C] norflurazon (specific activity 
= 41.1/~Ci//~mole, purity = 99.8%), and [A-14C] simazine (specific activity 
= 4.56/tCi//~mole, purity = 97.1%). A one mL aliquot of final treatment 
solution contained 1.925 mg of herbicide with a radioactivity of 50,000 dpm. 
One mL treatment solution per column was applied to the soil surface 
uniformly as several drops. This was equivalent to a herbicide rate of 5 kg 
ai ha x. Immediately after herbicide application, a filter paper was placed 
on the soil surface and deionized water was applied using a peristaltic 
pump at a rate of 2.5 cm hr -1. The leachate was collected at each pore 
volume up to a total of 10 pore volumes. Each pore volume was equivalent 
to 117 mL (= 3.0 cm rainfall). One mL of leachate in duplicate for each 
pore volume was pipetted into a vial containing 10 mL scintillation cocktail 
(ScintiVerse II, Fisher Scientific Company, 711 Forbes Avenue, Pittsburgh, 
Pennsylvania) and radioactivity quantified by a liquid scintillation counter 
(LS 1800, Beckman Instruments Company, Brea, California). Scintillation 
counts were corrected for background and counting efficiency by the 
external standard method. The radioactivity at each pore volume was 
expressed as a percent of 14C-herbicide applied. The experiment was 
conducted in a randomized complete block design with four replications. 
The data was subjected to analysis of variance and means were separated 
at the 5% level of significance using Fisher's protected LSD test (Little and 
Hills 1978). 

Effect of acrylic polymer adjuvants on movement of bromacil, diuron, 
norflurazon, and simazine was studied in soil leaching columns. The 
adjuvants tested were ASE-95 (Primal ASE-95 with 18% acrylic copolymer), 
ASE-108 (Acrysol ASE-108 with 18% acrylic copolymer), and G-110 
(Acrysol G-110 with 22% ammonium salt of acrylic polymer). The adjuvants 
were supplied by Rohm and Haas Company, Independence Mall West, 
Philadelphia, Pennsylvania. PVC columns of 130-cm long and 10-cm 
diameter were split longitudinally into two equal halves. At every 15 cm 
from bottom, a ridge of silicone (clear, 100% silicone rubber, General 
Electric Company, Waterford, New York) was placed on the inside wall of 
each half to prevent 'edge flow' of water along the soil-wail interface. The 
two halves were joined by waterproof tape to form a column. A PVC end- 
cap with a small drain hole was fitted to the bottom of the column. 
Columns were packed with soil from respective four depths of soil profile. 
Soil packed columns were kept in an upright position on a specially made 
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wooden frame. Soil in the columns was saturated with water from the top 
and allowed to drain for 18 hr. Treatments consisted of commercial 
formulations of herbicides (5 kg ai ha 1 or 3.928 mg/column) alone, 
herbicide + ASE-95 or ASE-108 or G-110 (5 kg ai ha -1 or 3.928 
mg/column), and untreated control. Herbicide solutions were prepared in 
distilled water using commercial formulations as described above. A 2-mL 
aliquot of final treatment solution contained 3.928 mg of herbicide alone 
or in combination with 3.928 mg of adjuvant. Two mL solution of each 
treatment was applied per column uniformly on the soil surface as several 
drops using a pasteur pipet. Columns were leached by applying deionized 
water at 2.5 cm hr 1 flow rate over filter paper placed on the soil surface. 
The filter paper was used to ensure uniform distribution of water on soil 
surface. The amount of water used for leaching was equivalent to 5 cm 
rainfall for bromacil and 12.5 cm rainfall for diuron, norflurazon, and 
simazine. After leaching, the columns were allowed to drain about 18 hr 
and split longitudinally into two halves. Each half was planted with 
ryegrass in rows 5 cm apart. Shoot fresh weight for each 15 cm interval (3 
rows) was recorded 3-4 weeks after planting. Data from two halves was 
combined. Data are presented as percent shoot fresh weight reduction for 
each herbicide compared to untreated control. The experiment was 
conducted in a randomized complete block design with three replications. 
Analysis of variance was performed separately for each herbicide. Means 
were separated at the 5% level of significance using Fisher's protected LSD 
test (Little and Hills 1978). 

RESULTS AND DISCUSSION 

Leaching of bromacil was rapid and significantly higher than that of 
simazine, norflurazon, and diuron (Figure 1). The amount of bromacil 
leached increased from 30% in the first pore volume to a peak of 43% in 
second pore volume and sharply decreased thereafter. Over 97% of 
bromacil leached within the first four pore volumes and 100% in a total of 
five pore volumes. The amount of simazine leached ranged from 9% in the 
first pore volume to a peak of 33% in the second pore volume. Over 77% 
was leached in the first four pore volumes. Norflurazon and diuron 
leaching was slow and the amounts leached in the first pore volume were 
negligible. Norflurazon and diuron leaching was maximum in the third 
pore volume. Overall, in the first four pore volumes, the amount of 
norflurazon (58%) and diuron (51%) leached was considerably lower than 
that of either bromacil or simazine. An early peak of leaching for bromacil 
and simazine compared to either norflurazon or diuron indicates higher 
mobility of bromacil and simazine. Bromacil was much more mobile than 
simazine. Norflurazon was more mobile than diuron. 

Differences in amounts leached in a total of five pore volumes (equivalent 
to 15.2 cm rainfall) were significant among the herbicides (Figure 2). 
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Figure 1. Herbicide in leachate at each pore volume. Leached 
continuously with 10 pore volumes of deionized water. Fisher's LSD 
values for comparing herbicide means within each pore volume are 11.0, 
13.3, 3.1, 1.9, 1.9, 1.4, 1.0, 0.6, 0.4, and 0.4 for pore volumes 1 to 10, 
respectively. 
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Figure 2. Total amount of herbicide leached in five pore volumes 
(equivalent to 15.2 cm rainfall). Means followed by different letter are 
significant at the 5% level as determined by Fisher's LSD test. 
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Bromacil completely leached followed by simazine (82%), norflurazon 
(67%), and diuron (62%) in a total of five pore volumes. A similar trend 
was observed when leaching continued up to 10 pore volumes. Leaching 
of simazine, norflurazon, and diuron in 10 pore volumes was 88, 81, and 
78%, respectively (data not shown). The relative leaching of herbicides in 
decreasing order was: bromacil > simazine > norflurazon > diuron. Alva 
and Singh (1990) have proposed a similar ranking of leachability of these 
four herbicides in previous herbicide sorption studies. Differences in 
herbicide leaching were due, in part, to differences in water solubility and 
distribution coefficient on organic carbon (Ko~). Obviously, the lower the 
herbicide sorption on soil, the greater the amount available for leaching. 
The relative sorption of these herbicides in decreasing order was: diuron 
> nofflurazon > simazine > bromacil in several sandy soils of Florida 
(Alva and Singh 1990; Reddy and Singh 1992a; 1992b; Jain and Singh 
1992). Bromacil is the most mobile among the four herbicides studied. 

The results indicate that leaching potentials of bromacil and simazine 
would be considerably greater than that of norflurazon and diuron. A 
rainfall of 3 cm following herbicide application would leach over 30% of 
bromacil below 8 cm of the soil surface as compared to less than 9% of 
simazine and negligible amounts of norflurazon and diuron. 

As ryegrass shoot flesh weight was inversely proportional to the herbicide 
concentration in the soil, a greater percent of shoot fresh weight reduction 
would indicate higher concentration of herbicide. Overall, adjuvants 
reduced movement of herbicides in soil columns as evident from smaller 
shoot fresh weight reduction in the presence of adjuvants compared to 
herbicide alone (Figure 3). In the absence of adjuvants, the distance 
herbicides moved in soil columns ranged from 30 cm for diuron to 105 cm 
for bromacil. When water equivalent to 5 cm rainfall was applied, bromacil 
moved to a depth of 105 cm; however, amount of bromacil moved was 
significantly reduced in the presence of adjuvants. ASE-95 and ASE-108 
reduced bromacil movement to 90 cm compared to 105 cm in bromacil 
alone columns. Since simazine, norflurazon, and diuron were less mobile 
than bromacil (Figures 1 and 2) a higher amount of water (12.5 cm) was 
used for leaching. Simazine with 12.5 cm water moved to a depth of 60 cm. 
ASE-108 and G-110 reduced the amount of simazine moved compared to 
simazine alone. Norflurazon, like simazine, also moved up to 60 cm depth 
with 12.5 cm water. ASE-95 and ASE-108 reduced the movement of 
norflurazon. Diuron, relatively less mobile than the three herbicides, moved 
to a depth of 30 cm and the adjuvants had no significant effect on 
movement. 

The results of this study indicate adjuvant specificity for specific herbicides. 
Among the four herbicides studied, the effect of the adjuvant for decreasing 
leaching was more apparent for bromacil and least for diuron. Several 
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Figure 3. Effect of acrysol adjuvants on movement of bromacil, diuron, 
norflurazon, and simazine in soil columns as determined by ryegrass 
bioassay. Columns leached with water equivalent to 5 cm rainfall for 
bromacil and 12.5 cm rainfall for diuron, norflurazon, and simazine. 
Shoot fresh weight recorded at 3 weeks after planting for bromacil, 
norfiurazon, and diuron and at 4 weeks after planting for simazine. 
Data are presented as percent shoot fresh weight reduction compared to 
untreated control. * = Fisher's LSD test significant within the depth. 
The LSD for bromacil: at 60 cm, 20; at 75 cm, 22; at 90 cm 16; for 
simazine: at 30 cm, 14; for norflurazon: at 45 cm, 24. 
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workers have reported adjuvant specificity. STAY-TEC, a polymer 
adjuvant, was specific to simazine rather than to bromacil, diuron, and 
norflurazon (Jain and Singh 1992). Activated charcoal and humic acid 
substances were specific to simazine than bromacil or dicamba (Alva and 
Singh 1991). Overall, adjuvants had marked effects in reducing movement 
of bromacil, the most mobile of the four herbicides studied. ASE-95 and 
ASE-108 may have some potential to reduce movement of these herbicides 
in soil. However, mere reduction in movement of these herbicides is 
unacceptable unless herbicides bound to the adjuvant are slowly released 
for effective weed control. These adjuvants need to be tested under field 
conditions for their efficacy in reducing herbicide movement without 
compromising weed control. 
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