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In two separate studies, the herbicide cyanazine was microencapsulated within the following
polymers: cellulose acetate butyrate (CAB); ethyl cellulose of two different viscosities (EC22 and
EC100); low and medium molecular weight poly(methyl methacrylate) (PMML and PMMM); poly-
(R-methylstyrene) (PMS). Pesticide efficacy studies on five weed species (barnyardgrass, smallflower
morningglory, crowfootgrass, Florida beggarweed, and Palmer amaranth) were conducted under
greenhouse conditions over a period of 12 weeks for study 1 and 25 weeks for study 2, using the
commercial formulation Bladex 90 DF for comparison purposes. In both studies, the poly(R-
methylstyrene) formulations were consistently comparable or superior to the commercial formulation
in long-term control.
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INTRODUCTION

In the last two decades, there has been increased
concern over the contamination of groundwater and
surface water by pesticides (Wauchope, 1978; Squillace
and Thurman, 1992; Pereira and Hostettler, 1993). In
1986, the U.S. Environmental Protection Agency dis-
closed that at least 17 pesticides used in agriculture had
been found in groundwater in 23 states (Cohen et al.,
1986). According to a 1988 interim report, 74 different
pesticides have been detected in the groundwater of 38
states from all sources. Contamination attributable to
normal agricultural use was confirmed for 46 different
pesticides detected in 26 states (Williams et al., 1988).

The herbicides atrazine, cyanazine, simazine, metri-
buzin, alachlor, and metolachlor have been frequently
implicated in groundwater and surface water contami-
nation (Cohen et al., 1986; Williams et al., 1988;
Squillace and Thurman, 1992; Pereira and Hostettler,
1993). According to the National Alachlor Well Water
Survey (Holden et al., 1992), within the targeted ala-
chlor use area, alachlor was detected in 0.78% of the
private rural domestic wells, atrazine in 11.7%, cyana-
zine in 0.28%, metolachlor in 1.02%, and simazine in
1.60%. It was estimated that the following amounts of
the five major herbicides were discharged into the Gulf
of Mexico in 1991: atrazine, 160 metric tons (t); cyana-
zine, 71 t; metolachlor, 56 t; alachlor, 18 t; simazine,
10 t (Pereira and Hostettler, 1993).

Controlled-release technology, particularly microen-
capsulation, should be useful in reducing environmental
contamination (Bahadir and Pfister, 1990; Riggle and
Penner, 1990; Seaman, 1990; Williams, 1984; Scher,
1977). Microencapsulated pesticides should be safer to

handle, reduce the total amount of pesticide used, and
have reduced potential for leaching in the soil profile
while maintaining effective biological activity. For
example, Petersen et al. (1988) reported that microen-
capsulated formulations of alachlor and acetochlor
exhibited increased persistence in the soil in comparison
to emulsifiable concentrate formulations. Fleming et
al. (1992) presented similar findings for microencapsu-
lated alachlor. Huang and Ahrens (1991) and Green
et al. (1992) reported that microencapsulated alachlor
prolonged weed control, persisted longer in the soil, and
reduced leaching in comparison to an emulsifiable
concentrate formulation. Previously, we reported the
preparation of â-cyclodextrin complexes of atrazine,
metribuzin, and simazine and evaluation of their ef-
ficacy as herbicides under greenhouse conditions (Dailey
et al., 1990).

The chief objectives of our research are to develop
herbicide formulations that will maintain or increase
efficacy on target weeds and that will not adversely
impact on the environment. We are investigating a
number of methods for the microencapsulation of her-
bicides. Among these is the solvent evaporation process
which yields microcapsules of herbicide incorporated
within a polymer matrix. We have reported the prepa-
ration and evaluation of polymeric microcapsules of
atrazine, metribuzin, alachlor, and metolachlor (Dailey
et al., 1993; Dailey and Dowler, 1995a). In this paper,
we will describe the preparation of polymeric microcap-
sules of cyanazine and the evaluation of their effective-
ness in controlling weeds in the greenhouse, as con-
ducted in two separate studies. We have made a
preliminary report on the results of the first of these
studies (Dailey and Dowler, 1995a,b). The greenhouse
studies constitute an initial step in evaluating these
polymeric microcapsules as a potential new source of
controlled release formulations.
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MATERIALS AND METHODS

Chemicals and Reagents. Technical cyanazine (97.2%)
was provided by Du Pont, Wilmington, DE, and was used
without further purification. Samples of the 88% hydrolyzed
poly(vinyl alcohol)s Airvol 205 (low viscosity) and Airvol 523
(medium viscosity) were provided by Air Products and Chemi-
cals, Inc., Allentown, PA. Stock 0.5% solutions of Airvol 205
and 523 were prepared by adding the poly(vinyl alcohol) in a
steady stream to the vortex of cold stirred water followed by
heating at 85 °C for 30 min. The following polymers were
purchased from Aldrich Chemical Co., Inc.: cellulose acetate
butyrate, butyryl content 17%, Tm 235 °C (CAB); ethyl cel-
lulose, ethoxyl content 48%, viscosity (5% solution in 80/20
toluene/ethanol) 22 centipoises [EC22]; ethyl cellulose, ethoxyl
content 48%, viscosity 100 cps (EC100); poly(methyl meth-
acrylate), low molecular weight (PMML); poly(methyl meth-
acrylate), medium molecular weight (PMMM); poly (R-meth-
ylstyrene), medium molecular weight (PMS).

Preparation of Polymeric Microcapsules. In a typical
microcapsule preparation for study 1, a solution of 2.50 g of
cyanazine and 10.0 g of polymer in 200 mL of dichloromethane
was added slowly to the vortex of 1000 mL of a 0.25% Airvol
205 or 523 solution, stirred at 350 rpm. A Lightnin Labmaster
variable-speed high-torque mixer (Mixing Equipment Co., Inc.)
equipped with a 5.0-cm diameter six-bladed turbine impeller
was used for all stirring. Stirring at 350 rpm was continued
for 24 h, at which time evaporation of the organic solvent was
complete. After the stirring was halted, the microcapsules
were allowed to settle (1.0-1.5 h). The supernatant liquid
(including floating solids) was decanted, 1000 mL of distilled
water was added, and the mixture stirred for 0.5-1.0 h. After
settling, the microcapsules were filtered, allowed to air-dry,
and finally dried in a vacuum desiccator until a constant
weight was obtained. The microcapsules for study 2 were
prepared at 60% of the scale used for study 1.

In subsequent discussions, a polymeric microcapsule for-
mulation will be referred to in abbreviated form, such as CAB-
205, indicating the use of the polymer cellulose acetate
butyrate and the emulsifier Airvol 205.

The herbicidal content of all the polymeric microcapsules
prepared for study 1 was determined on the basis of nitrogen
and chlorine microanalyses (Galbraith Laboratories, Inc.). The
cyanazine content of all the polymeric microcapsules prepared
for study 2 was determined by reverse-phase high performance
thin-layer chromatography with densitometry (Dailey and
Johnson, 1995). Based upon the amounts of materials used,
each of the polymeric microcapsule formulations should con-
tain 20% active ingredient.

Greenhouse Studies. A 10-10-10 fertilizer was thor-
oughly mixed at the rate of 1000 kg/ha into an air-dried Tifton
loamy sand top soil (fine-loamy, siliceous, thermic, Plinthic
Paleudults) with 83% sand, 10% silt, 7% clay, and 1.0% organic
matter) and placed in 20 × 35 × 9 cm deep galvanized steel
flats. The soil was then uniformly moistened by sprinkler from
the top and allowed to equilibrate for 24 h. The indicator crop
(corn) and the selected weed species were then planted in rows
3 cm apart (15-20 seeds per row) in each flat. The flats were
again lightly moistened with overhead sprinklers and the
herbicides applied preemergence to crops and weeds. The
commercial cyanazine formulation Bladex 90 DF was applied
with an enclosed chamber sprayer using a Tee Jet 80067 flat
fan spray tip, operating at 160 kPa which delivered a volume
of 187 L/ha at 0.45 m/s. Spray height was 46 cm. The
polymeric formulations were weighed for each individual flat,
placed in a small paper envelope, and spread evenly over the
soil surface by hand. The treated flats were placed in a
greenhouse with day length maintained at approximately 14
h by natural or supplemental fluorescent lighting (80-W double
fluorescent tubes 8 feet in length) and the temperature ranging
from 20 to 34 °C. The experimental design was a randomized
complete block with four replications.

The weed species used in these experiments were barn-
yardgrass [Echinochloa crus-galli (L.) Beauv.], crowfootgrass
[Dactyloctenium aegyptium (L.) Willd.], smallflower morning-

glory [Jacquemontia tamnifolia (L.), Griseb.], Florida beggar-
weed [Desmodium tortuosum (Sw.) DC], and Palmer amaranth
(Amaranthus palmeri S. Wats). These species were chosen
for their extensive occurrence in the southeastern United
States and for their different levels of tolerance to cyanazine
(Weed Survey, 1989).

There were two series of greenhouse efficacy studies for
cyanazine. In each study, the herbicides were applied at the
rate of 1.7 kg/ha. The first study involved nine polymeric
cyanazine formulations (CAB-205, CAB-523, EC22-205, PMMM-
205, PMMM-523, PMS-205, PMS-523, EC100-205, and PMML-
205) and the commercial formulation Bladex 90 DF. The
initial planting date and date of herbicide treatment (week 0)
was November 2, 1993. Efficacy on selected weeds was
measured by visually estimating control compared to the
untreated check 20-21 days after each planting. Percent
control was recorded based on 0 ) no effect and 100 ) complete
kill. The flats were then allowed to air-dry, the tops of dead
plants carefully removed without disturbing the soil, and the
same crop and weeds replanted 4, 12, and 25 weeks after initial
treatment in order to determine herbicide persistence or
release. The second study involved eight polymeric cyanazine
formulations (CAB-205, CAB-523, EC22-205, EC22-523, EC100-
205, EC100-523, PMS-205, and PMS-523) and Bladex 90 DF.
The initial planting date and date of herbicide treatment (week
0) was August 29, 1995. Efficacy on selected weeds was
measured by visually estimating control compared to the
untreated check 20-21 days after each planting. After
removal of dead plants, the same crop and weeds were
replanted 4, 8, 12, 18, and 25 weeks after initial treatment in
order to determine herbicide persistence or release. As part
of this study, blanks consisting of polymeric microcapsules
containing no active ingredient were applied to the flats. None
of the polymers had any effect on any of the weed species.

Statistical Analysis. Duncan’s Multiple Range Test was
employed for comparison of all treatments with cyanazine
formulations. The significance level was chosen to be P ) 0.05.

RESULTS AND DISCUSSION

For study 1, the cyanazine content of the polymeric
microcapsules ranged from 7.9% to 19.2% (theoretical
amount: 20%). For study 2, the amount of active
ingredient ranged from 6.85% to 19.2% (theoretical
amount: 20%).

To estimate the particle size distribution of the
microcapsules, representative samples of dried material
were examined under an Olympus research microscope
equipped with a Polaroid camera. The following particle
size distributions (diameter of microcapsules measured
in microns) were determined: CAB-205 (60-160 range,
125 mode); CAB-523 (30-225, 200); EC22-205 (25-175,
125); EC22-523 (20-175, 125); EC100-205 (40-240,
175); EC100-523 (120-425); PMS-205 (20-250); PMS-
523 (25-225, 100); PMMM-523 (25-80).

For study 1, the results of the greenhouse studies are
illustrated by the bar graphs in Figures 1-5. The
results of the Duncan’s Multiple Range Test are shown
in each figure. The commercial and polymeric formula-
tions all exhibited very low or no activity after 25 weeks;
accordingly, only percent control data for 0, 4, and 12
weeks after initial treatment were used. Data for
PMMM-205 and PMML-205 are not shown. Formula-
tion PMMM-205 consistently showed very low or no
activity for all weed species; PMML-205 was inactive
at 0 and 4 weeks, but gave 23-50% control after 12
weeks. The following order of herbicidal activity was
observed: Bladex 90DF ) EC22-205 ) PMS-205 )
PMS-523 > CAB-523 ) EC100-205 > CAB-205 >
PMMM-523 > PMMM-205 ) PMML-205. Both poly-
(R-methylstyrene) formulations and EC22-205 exhibited
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high activity comparable to the commercial formulation
throughout the 12 weeks. Formulation CAB-523 ex-
hibited high activity comparable to Bladex 90 DF
through the entire 12 weeks against smallflower morn-
ingglory and Palmer amaranth but only for the first 4
weeks against the other weed species. For CAB and
PMMM formulations, microcapsules prepared using
Airvol 523 consistently exhibited higher activity than
those prepared using Airvol 205. In previous studies
(Dailey et al., 1993; Dailey and Dowler, 1995b), the
emulsifier used generally did not have any significant
effect on herbicidal activity.

In our previous studies of polymeric microcapsules of
atrazine, metribuzin, alachlor, and metolachlor, CAB

and EC formulations have consistently exhibited con-
trolled-release properties and herbicidal activity equal
to or greater than the commercial formulations; whereas
microcapsules prepared with PMS initially exhibited
high activity, but activity dropped dramatically after 4
or 8 weeks.

The unprecedented high activity observed in the PMS
formulations in study 1 prompted the performance of
a second study in order to confirm this activity. For
study 2, the results are illustrated in Figures 6-10. The
results of the Duncan’s Multiple Range Test are shown
in each figure. There was no significant difference
among the formulations when letter designations are
not shown. The four polymers which gave the best

Figure 1. Efficacy of polymeric cyanazine formulations on
barnyardgrass: study 1.

Figure 2. Efficacy of polymeric cyanazine formulations on
smallflower morningglory: study 1.

Figure 3. Efficacy of polymeric cyanazine formulations on
crowfootgrass: study 1.

Figure 4. Efficacy of polymeric cyanazine formulations on
Florida beggarweed: study 1.

Figure 5. Efficacy of polymeric cyanazine formulations on
Palmer amaranth: study 1.

Figure 6. Efficacy of polymeric cyanazine formulations on
barnyardgrass: study 2.
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results in study 1 were used for these studies: cellulose
acetate butyrate (CAB); ethyl cellulose of two different
viscosities (EC22 and EC100); and poly(R-methylsty-
rene) (PMS). No data are shown for CAB-523, which
exhibited the lowest activity against all the weeds except
Palmer amaranth. Formulation EC100-523 also con-
sistently exhibited low activity, and data are shown only
for barnyardgrass (Figure 6). No data are shown for
week 25 for barnyardgrass since all formulations except
EC100-205 were inactive at this time. Formulation
EC100-205 showed the greatest efficacy against barn-
yardgrass and Palmer amaranth (Figure 10). Formu-
lation PMS-205 showed the greatest efficacy against

smallflower morningglory (Figure 7). In general sum-
mary, the following order of herbicidal activity was
observed: EC100-205 g PMS-205 g EC22-523 g
PMS-523 ) Bladex 90 DF > CAB-205 ) EC22-205
>EC100-523 g CAB-523.

CONCLUSIONS

In previous studies (Dailey et al., 1993; Dailey and
Dowler, 1995b) of polymeric microcapsules of atrazine,
metribuzin, alachlor, and metolachlor, CAB and ethyl
cellulose formulations have consistently exhibited con-
trolled-release properties and herbicidal activity over
time equal to or greater than the commercial formula-
tions, whereas microcapsules prepared with poly(R-
methylstyrene) initially exhibited high activity, but
activity dropped dramatically after 4 or 8 weeks. In
both of our studies of cyanazine formulations, the PMS
formulations were consistently comparable or superior
to the commercial formulation in herbicidal activity over
time. In both studies, CAB formulations were less
active than the commercial formulation. For EC100 and
CAB formulations, microcapsules prepared using Airvol
205 consistently exhibited higher activity than those
prepared using Airvol 523 in study 2, whereas CAB-
523 consistently exhibited higher activity than CAB-
205 in the first study. In studies of polymeric micro-
capsules of other herbicides, the emulsifier used generally
did not have any significant effect on herbicidal activity.

ACKNOWLEDGMENT

We thank Steven J. Barbe and Julio C. Mayorga for
technical assistance and Dr. Richard Johnson for as-
sistance in preparing the graphs. Microanalyses were
performed by Galbraith Laboratories, Inc., Knoxville,
TN.

LITERATURE CITED

Bahadir, M.; Pfister, G. Controlled Release Formulations of
Pesticides. In Controlled Release, Biochemical Effects of
Pesticides, Inhibition of Plant Pathogenic Fungi; Haug, G.,
Hoffmann, H., Bowers, W. S., Ebing, W., Martin, D., Wegler,
R., Eds.; Springer-Verlag: Berlin, 1990; pp 1-64.

Cohen, S. Z.; Eiden, C.; Lorber, M. N. Monitoring Groundwater
for Pesticides. In Evaluation of Pesticides in Groundwater;
Garner, W. Y., Honeycutt, R. C., Nigg, H. N., Eds.; ACS
Symposium Series 315, American Chemical Society: Wash-
ington, DC, 1986; pp 170-196.

Dailey, O. D., Jr.; Dowler, C. C.; Glaze, N. C. Evaluation of
Cyclodextrin Complexes of Pesticides for Use in Minimiza-

Figure 7. Efficacy of polymeric cyanazine formulations on
smallflower morningglory: study 2.

Figure 8. Efficacy of polymeric cyanazine formulations on
crowfootgrass: study 2.

Figure 9. Efficacy of polymeric cyanazine formulations on
Florida beggarweed: study 2.

Figure 10. Efficacy of polymeric cyanazine formulations on
Palmer amaranth: study 2.

3826 J. Agric. Food Chem., Vol. 46, No. 9, 1998 Dailey and Dowler



tion of Groundwater Contamination. In Pesticide Formula-
tions and Application Systems: 10th Volume, ASTM STP
1078; Bode, L. E., Hazen, J. L., Chasin, D. G., Eds.;
American Society for Testing and Materials: Philadelphia,
1990; pp 26-37.

Dailey, O. D., Jr.; Dowler, C. C.; Mullinix, B. Polymeric
Microcapsules of the Herbicides Atrazine and Metribuzin:
Preparation and Evaluation of Controlled-Release Proper-
ties. J. Agric. Food Chem. 1993, 41, 1517-1522.

Dailey, O. D., Jr.; Dowler, C. C. Herbicidal Evaluation of
Polymeric Microcapsules of Cyanazine. Preprints of Papers
Presented at the 209th ACS National Meeting 1995a, 35-
(1), Division of Environmental Chemistry, American Chemi-
cal Society, Paper 190, pp 315-318.

Dailey, O. D., Jr.; Dowler, C. C. Polymeric Microcapsules of
Selected Herbicides: Preparation and Efficacy. In Trends
in Organic Chemistry, 5; Council of Scientific Information:
Trivandrum, India, 1995b; pp 83-102.

Dailey, O. D., Jr.; Johnson, R. M. Quantitative Analysis of
Alachlor and Atrazine in Polymeric Microcapsules Deter-
mined by Reverse-Phase High Performance Thin Layer
Chromatography with Densitometry. J. Liq. Chromatogr.
1995, 18(5), 873-885.

Fleming, G. F.; Wax, L. M.; Simmons, F. W.; Felsot, A. S.
Movement of Alachlor and Metribuzin from Controlled
Release Formulations in a Sandy Soil. Weed Sci. 1992, 40,
606-613.

Greene, L. C.; Meyers, P. A.; Springer, J. T.; Banks, P. A.
Biological Evaluation of Pesticides Released from Temper-
ature-Responsive Microcapsules. J. Agric. Food Chem. 1992,
40, 2274-2278.

Holden, L. R.; Graham, J. A.; Whitmore, R. W.; Alexander,
W. J.; Pratt, R. W.; Liddle S. K.; Piper, L. L. Results of the
National Alachlor Well Water Survey. Environ. Sci. Technol.
1992, 26, 935-943.

Huang, L. Q.; Ahrens, J. F. Residues of Alachlor in Soil after
Application of Controlled Release and Conventional For-
mulations. Bull. Environ. Contam. Toxicol. 1991, 47, 362-
367.

Pereira, W. E.; Hostettler, F. D. Nonpoint Source Contamina-
tion of the Mississippi River and Its Tributaries by Herbi-
cides. Environ. Sci. Technol. 1993, 27, 1542-1552.

Petersen, B. B.; Shea, P. J.; Wicks, G. A. Acetanilide Activity
and Dissipation as Influenced by Formulation and Wheat
Stubble. Weed Sci. 1989, 37, 710-723.

Riggle, B. D.; Penner, D. The Use of Controlled-Release
Technology for Herbicides. Rev. Weed Sci. 1990, 5, 1-14.

Scher, H. B. Microencapsulated Pesticides. In Controlled
Release Pesticides; Scher, H. B., Ed.; ACS Symposium Series,
53, American Chemical Society: Washington, DC, 1977; pp
126-144.

Seaman, D. Trends in the Formulation of PesticidessAn
Overview. Pestic. Sci. 1990, 29, 437-449.

Squillace, P. J.; Thurman, E. M. Herbicide Transport in
Rivers: Importance of Hydrology and Geochemistry in
Nonpoint-Source Contamination. Environ. Sci. Technol.
1992, 26, 538-545.

Wauchope, R. D. The Pesticide Content of Surface Water
Draining from Agricultural FieldssA Review. J. Environ.
Qual. 1978, 7, 459-472.

Weed Survey 1989. Southern Weed Science Society Proc. 1989,
42, 408-420.

Williams, A. The Controlled Release of Bioactive Agents.
Chem. Br. 1984, 20, 221-224.

Williams, W. M.; Holden, P. W.; Parsons, D. W.; Lorber, M.
N. Pesticides in Groundwater Data Base: 1988 Interim
Report.; U.S. E.P.A., Office of Pesticide Programs, Environ-
mental Fate and Effects Division: Washington, DC, 1988.

Received for review October 2, 1997. Revised manuscript
received June 24, 1998. Accepted July 1, 1998. Mention of a
trademark, proprietary product, or vendor does not constitute
a guarantee or warranty of the product by the U.S. Depart-
ment of Agriculture and does not imply its approval to the
exclusion of other products or vendors that may also be
suitable.

JF970856W

Polymeric Microcapsules of Cyanazine J. Agric. Food Chem., Vol. 46, No. 9, 1998 3827


