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Low molecular weight polylactic acid (LMW PLA) was used as a matrix to formulate biodegradable
matrix granules and films with bromacil using a melt process. The compatibility of the PLA with bromacil
was evaluated. The release characteristics of the formulations were investigated in vitro. The
degradation and erosion of the formulations were monitored by pH and gravimetric analysis during
the course of release. Various granules and films had similar biphasic release patterns, a delayed
release followed by an explosive release. The release rates were independent of bromacil content in
the matrix, but varied with the geometry of matrices. The mechanisms of diffusion and erosion were
involved in the release. The delayed release of the formulations was dominantly governed by the
degradation and erosion of PLA. LMW PLA underwent bulk erosion. LMW PLA-based matrix
formulations could thus be useful for the application of pesticides to sensitive targets such as seed
treatment.
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INTRODUCTION other polylactide polymers (and related polyesters) for the
controlled release of agrochemicals has been rather limited due
4o their high cost. High molecular weight (HMW) PLA (formed
by catalyzed addition af,L-lactide dimers) has been evaluated
for the controlled release of a fertilizer (urea) and herbicides
(sodium salt of 2,4-D and diuron) (8). The release of the
entrapped active agent from HMW PLA-based CR formulations
is typically controlled by the rate of diffusion of the active agent
through the PLA matrix. The attractiveness of polylactic acid
as a matrix lies in hydrolytic degradation under aqueous
conditions and its breakdown to lactic acid metabolite widely
distributed in nature and hence very safe in environmental terms.
The hydrolytic degradation products of oligomeric and mono-
meric lactic acids were also found to contribute to the plant

rowth regulation of LMW PLA (3500 Da) for soybeah().

ore importantly, the use of LMW PLA as a matrix for the

Biodegradable polymers have been extensively used as
matrix for the controlled release (CR) of a variety of pesticides.
The main focuses have been on the naturally occurring
biodegradable polymers such as starch, cellulose, chitosan
alginate, and lignins and their derivatives due to their low cost
and ease of processing as well as nontoxicity to the environment
(1—7). The release mechanism is primarily dominated by
diffusion in such biodegradable polymer-based matrix formula-
tions, which is characterized by the decrease of the overall
release rate with time. However, there remain many applications
in agriculture where a rapid burst of release of active agent after
a certain time lag is required or, in other words, where initial
release is not desirable. For example, as a result of plant growth
and other losses there is actually a need for more active agen

D et scqgonflls rlease of sgroceical coud be ustfed by s
’ - P . gen %eduction in the cost of PLA production using thermal poly-
and where pesticide delivery needs to match the growing plant. d . ia dehvdrati f lacti i ith th
However, if release occurs too soon, the germinating seed itself €O ensation (V'a. ehydration) of lactic acil or with t N
' ! aid of microorganisms. However, LMW PLA has been little

Vn\;:iy rﬁe(rﬁw)edélhggg ;2% ?Sﬁi;g;ﬁl ddﬁfﬁslégvgsmgalfﬁglarstudied as a matrix in pesticide CR formulations, but it has been
9 oty shown to undergo autocatalytic hydrolysi®}, and thus a film

Characterstos. n comparison o he extenaive study of naturally O MW PLA cah be used as a degradable barr3,44). I
i P y Y this paper, we report the use of LMW PLA as a matrix for the

occurring biodegradable polymers in pesticide CR formulations, . o
o delayed release formulations. The release characteristics and the
the use of synthetic biodegradable polymers such as PLA and - ;
release mechanisms of the model compound bromacil were

investigated for the matrix formulations based on LMW PLA
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8 Beijing University of Chemical Engineering. ments or other applications.

10.1021/jf0480400 CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/19/2005



Delayed Release of Pesticides J. Agric. Food Chem., Vol. 53, No. 10, 2005 4077

Table 1. Composition and Characterization of Bromacil-PLA Matrix Formulations

composition (%) bromacil content (% + SD) physical property
bromacil/PLA granule film solubility appearance handling
10/90 10.4+0.10 10.3+0.13 soluble glassy, clear good
20/80 19.3+0.15 19.7+1.72 mostly soluble glassy, clear good
30/70 28.7+0.30 29.0£1.29 crystallizes glassy, milky good
40/60 37.9+0.68 37.1+£0.70 crystallizes glassy, opague good
50/50 48.1+0.18 46.3£0.79 crystallizes glassy, opaque good
MATERIALS AND METHODS investigated by weighing the dried matrix formulations. A separate

experiment was performed using a broma&lLA matrix (100 mg)
coated on a microscope slide cover slip= 19 mm) to establish the
relationship between PLA erosion determined by gravimetric analysis
and PLA degradation determined by pH analysis. The PLA weight loss
was calculated according to eq 2

Materials. Polylactic acid (MW= 900 by end-group analysis) was
kindly provided by Croda Bowmans Chemicals Ltd. Lactic acid was
of analytical grade and purchased from BDH, Poole, U.K. Bromacil
[5-bromo-6-methyl-3-(1-methylpropyl)-2,4(1H,3H)-pyrimidine] (purity
= 97%) was obtained from Griffin Corp. (Valdosta, GA). Bromacil
standard (purity= 98%) was purchased from Greyhound (Birkenhead,
U.K.). All analytical grade solvents were obtained from Fisher W= W — (W + W) @
Scientific, U.K., and used as received without further purification. toss W, x (1—C)

Methods. Preparation of LMW PLA-Based Matrix Formulations.
Bromacil and PLA powder (total amount of 5 g; the proportions of the
two ingredients are listed ifiable 1) were thoroughly mixed and then
melted on a hot plate at 15@ for 10 min. After it was cooled, the
blend was either granulated and sieved to the granule size eR284
mm or recast into the films with a dimension of X010 x 1 mm. FX
or G-X was used as the code for the formulations, where F and G
represent film and granule, respectively, aadias the percentage of
bromacil by weight (w/w) in the formulations. The formulations were
analyzed for bromacil (ai) content by extraction with acetone (sonicated)
in quadruplicate, filtered through a nylon membrane, and analyzed on
GC-FID (Perkin-Elmer AutoSystem) using a SUP-Herb fused silica RESULTS AND DISCUSSION

capillary column (column i.d= 0.53 mm, column length= 15 m, Characterization of LMW PLA-Based Matrix Formula-

film thickness= 0.50.m) (Supelco U K., Dorset, U.K.). The conditions  jons, The characteristics of various matrix formulations are
were as follows: He carier gas, 15.7 mL/min; air, 450 mL/min; g, ymarized ifTable 1. Microscopic study of the morphology
hydrogen, 45 mL/min; injector temperature, 230; column temper- of the matrices indicated that the matrix formulations were

ature, 210°C; and detector temperature, 280. A split mode was
used at the ratio of carrier gas flow to split vent flow of 1/20. The homogeneous at the 10 and 20% levels. No crystals were

whereW, is the initial weight of matrix (mg)Wk is the amount of
bromacil released)\; is the dry weight of the matrix at each sampling
time (mg), andC is the bromacil (ai) content of the matrix.

Observation of LMW PLA-Based Matrix FormulationEhe mor-
phology of various bromacitPLA matrices before the release of
bromacil and the matrix formulations collected at the end of the release
experiment was observed with light microscopy (Wild M5 stereomi-
croscope x 100 magnification).

retention time for bromacil was 1.6 min. observed for 10% formulations, and some very fine crystals were
Measurement of Pesticide ReleaBzomacil release from matrix ~ S€en for 20% formulations. With increasing bromacil content
granular formulations (50 mg, ai) was studied at°80in 250 mL of of the formulations (a> 30%), more and larger crystals were

deionized water. Bromacil release from matrix film formulations (100 suspended in the matri¥igure 1). The handling property was
mg) was investigated at 3T in 50, 100, 150, 200, and 250 mL of  good for all five matrices. The actual percentage of bromacil

deionized water for 10, 20, 30, 40, and 50% bromacil contents, (aj) in the formulations was used when the percentage of
respectively. All of the release studies were performed in an environ- promacil released in water was calculated.

mentally controlled incubator shaker at 150 rpm. Immersion water was Release of Bromacil from LMW PLA-Based Matrix

collected at intervals and replaced with fresh deionized to maintain Formulations. Effect of Bromacil ContenThe release profiles

“sink” conditions. The samples collected were analyzed using a UV - . .
vis spectrophotometer at 278 nm. Three replicates were used forOf bromacil from various LMW PLA-based matrix granules and

granules and four replicates for film. The average values were used films are shown irFigures 2and3, respectively. The release
for further data treatment and plotting. patterns were similar for both granules and films with various
Degradation of LMW PLA-Based Matrix FormulatioriEhe deg- bromacil contents, being a slow release followed by a rapid
radation of bromaci#PLA matrices was investigated by analyzing the release. The cumulative release of bromacil was low at the early
amount of lactic acid end product appearing in the immersion water stage of release, with-8.7% of bromacil released in 23 days
by means of the change in pH values. The amount of PLA degradation and 16—21% of bromacil released in 16 days for granules and
products was cglcgla?ed using eglon the a_ssumption t_hat the hydrolysisfiims with bromacil contents ranging from 10 to 50%, respec-
of pol){lactlc acid is irreversible, resulting in lactic acid end product tively. Then, the release rate was dramatically increased and
and oligomers kept almost constant until the device was exhausted of active

M x W, agent.
D (%)= —kN x 100 1) To investigate the release mechanisms, the release data were
M > N> We respectively fitted to Fickian and zero-order models for the early

) o ) and late stages of release, with the resulting constants shown
whereD is the percent of polylactic acid degradegis the molecular i, Tapje 2 The correlation coefficients of fitting data to models
welght of pqulactlc amplWL is the amount of Iact!c apld released into were high, suggesting that the release was governed by two
the immersion watem is the degree of polymerization of polylactic . . T . .
acid, m_ is the molecular weight of lactic acid, arl, is the initial lndgpgndgnt mechanisms: diffusion followed by erosion. Sqme
amount of polylactic acid in the matrix. variation in the release rate constants was found for various

Erosion of LMW PLA-Based Matrix Formulatiori€he erosion of formulations with different bromacil contents at the early stage
bromacil-PLA matrices was characterized by the PLA weight loss due Of release. However, as the cumulative release of bromacil was
to degradation. The weight loss due to the degradation of PLA was very low in all cases €20%), the influence of bromacil (ai)
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Figure 1. Photomicrographs of (a) 30% bromacil-PLA matrix and (b)

50% bromacil-PLA matrix (x100 magnification).
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Figure 2. Release of bromacil from various bromacil-PLA matrix
granules: G-10 (#); G-20 (O); G-30 (a); G-40 (x); G-50 (@). (Error
bars represent the standard deviation of three replicates. The error bars
are smaller than the symbols where the bars are not shown.)
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Figure 3. Release of bromacil from various bromacil-PLA matrix films:
F-10 (#); F-20 (O); F-30 (a); F-40 (x); F-50 (m). (Error bars represent
the standard deviation of three replicates. The error bars are smaller than
the symbols where the bars are not shown.)

Table 2. Constants from Fitting Fickian and Zero-Order Models to the
Release Data

Fickian model zero-order model
(M{Me = kyj2 £5)2 (MiMo = A + kot)?

matrix ki + SE re ko + SE A+SE rd

G-10 131+£0.05 0933 359+006 -70.72+239  0.966
G-20 189+010 0997 351+009  -5841+298  0.951
G-30 202+005 0998 380+0.09  —6571+£298  0.943
G-40 302+005 0994 360+0.07 —6313+271 0.984
G-50 337+010 0962 342+016  —6250+5.00  0.984
F-10 316052 0998 239+0.06 -1443+262 0981
F-20 277022 0976  237+0.12 -1425+366  0.995
F-30 186+0.04 0973  219+0.06 -298+268 0971
F-40 282+007 0997 286+004 2710111  0.992
F-50 441+023 0994  246+0.03 -1341+099 0978

@ The release of bromacil at the early stage (<16 days) was fitted to the square
root of time model, where ky, is the release rate constant. ? The release of bromacil
at the late stage (>16 days) was fitted to the zero-order model, where A is a
constant and kg is a release rate constant. ¢ The correlation of data versus model
was significant at P = 0.001 except for G-10 at P = 0.02. 9 The correlation of
data versus model was significant at P = 0.01 for the granules and significant at
P = 0.001 for the films.

Varying Geometry of the Matrice3he release profiles of
bromacil from 50% bromacitPLA granules and films are
compared irFigure 4. At the early stage of release 16 days),
bromacil released slightly more quickly from the film (20
10 x 0.89 mm) than from granules (2.38.80 mm), as
indicated by its highek;, of 4.41units compared to the lower
ka2 of 3.37 units Table 2). However, the release rates of the
granules were-1.4 times that of the film in the following release
period as indicated by thie) values. Similar results were also
found for the other films from which the release of bromacil
was slower compared to the granules with the same bromacil
content during the late release stage (Table 2). The results

contents on the overall release could be minimal. The releasesuggested that the geometry of the LMW PLA-based formula-
rates were independent of bromacil content for both LMW PLA- tions had a considerable effect on the release rates of bromacil
based granules and films at the late stage of release4@3  at different release stages.

days), as indicated by the similar release rate constants. The Degradation of LMW PLA-Based Matrix Formulations.
release rates, therefore, might be mainly controlled by erosion The degradation profiles of PLA, which were obtained by pH
at the late stage of release. The results suggested that bromac#nalysis, are compared for various broma€iLA granules and
content in the matrices had little influence on the release ratesfilms in Figures 5and6, respectively. Not surprisingly, biphasic

of bromacil from LMW PLA-based matrix formulations. degradation patterns were obtained for granules and films with
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Figure 6. Degradation of PLA from various bromacil-PLA matrix films:
F-10 (®); F-20 (O); F-30 (a); F-40 (x); F-50 (m). (Error bars represent
the standard deviation of three replicates. The error bars are smaller than
the symbols where they are not shown.)

Elapsed time (days)
Figure 4. Release of bromacil from 50% bromacil-PLA matrix granules
and film: G-50 (@); F-50 (m). (Error bars represent the standard deviation
of three replicates. The error bars are smaller than the symbols where

the bars are not shown.)
As PLA degradation is autocatalytic, the hydrolysis rate of

PLA was found to be inversely proportional to the pH of the

80 degradation mediumlg). The lactic acid end products formed
during chain cleavage and then entrapped in the matrix may
70 - : . - o o .
result in relatively strong acidic conditions inside the matrix,
60 - thus accelerating the hydrolytic degradation. The acidity of
9 bromacil was weaker than that of lactic acid, as indicated by
= 50 the pk; values of 9.27 for bromacillg) and 3.86 (25C) for
g lactic acid (L7). The presence of dissolved bromacil in the
2 401 imbibed water could probably dilute the concentrated solution
< 30 - of lactic acid and oligomer degradation products inside the
& matrix, slowing further degradation of PLA. As a result, more
20 oligomers could be produced as major degradation products in
the matrix with higher bromacil content than with lower
10 1 bromacil content. The release of degraded PLA oligomers from
0 4 ‘ the matrices was facilitated by the developing porous structure,
0 10 20 30 2 50 which was formed after bromacil crystals dissolved and were
Elapsed time (days) released from the matrix, due to the presence of bromacil crystals
in the PLA-based matrix with high bromacil content (Figure
Figure 5. Degradation of PLA from various bromacil-PLA matrix 1). This release of more oligomers into water would result in a
granules: G-10 (®); G-20 (O); G-30 (a); G40 (x); G-50 (@). (Error lowered reduction in pH values of the immersion water, leading
bars represent the standard deviation of three replicates. The error bars to lower cumulative amount of degraded PLA obtained from
are smaller than the symbols where the bars are not shown.) the pH analysis (Figures &and6).

Degradation of PLA from 50% bromaeiPLA matrix
various bromacil contents, being a very slow initial degradation granules (2.36—2.80 mm) is compared with that from 50%
followed by a dramatic increase in degradation, which would bromacil—PLA matrix films (10x 10 x 0.89 mm) inFigure
account for the biphasic release profiles discussed above. The7, The degradation of PLA was slow at the early stagé§
cumulative amounts of PLA degraded were small and ranged days), being faster for the films than for the granules (4.97%
from 0.77 to 9.61% and from 6.26 to 11.05% of initial PLA  compared to 2.18% of PLA degraded). In addition, the slow
being degraded in 16 days of immersion for granules and films, degradation operated for a longer period of time for the granules
respectively. Thus, the release of bromacil from the matrices than for the film, with only 3.59% of degraded PLA being
was primarily governed by diffusion at this release stage. This released into water at-23 days. This slow degradation
was followed by the beginning of the rapid degradation of the suggested that diffusion dominated a longer period of release
matrix at 16 days, resulting in the replacement of the diffusion- for the granules than for the films. At the late stage of release
controlling with the degradation-controlling step. (degradation-dependent release), however, the degradation of

The results of the PLA degradation after 23 days of immersion PLA was faster in the granules than in the films, which was

showed that the PLA degradation decreased with increasingprobably due to the carboxylic end groups of PLA chains that
bromacil content in the matrix. This reduction may be due to are entrapped in the matrix and thus accelerated the cleavage
reduced water uptake of the bromadiLA matrices (observed  of the main-chain ester bonds by autocataly$s) (In the case
for 10, 30, and 50% bromacil—PLA matrices, data not shown) of large devices, autocatalytic cleavage of ester bonds is greater
and the inhibitory effect of bromacil on the autocatalytic inside than outside, leading to the formation of a highly degraded
hydrolysis of PLA, with increasing bromacil content. The center surrounded by a slowly degrading membrane (18). The
reduction in water uptake could retard the hydrolysis of PLA diffusion of hydrolytically degraded fragments is slow compared
in the matrices. to ester hydrolysis1(9). The distance from the highly degraded
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Figure 7. Degradation of PLA from 50% bromacil-PLA matrix granules
and film: G-50 (@); F-50 (M). (Error bars represent the standard deviation
of three replicates. The error bars are smaller than the symbols where
the bars are not shown.)
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Figure 8. Comparison of the cumulative amount of PLA degraded and
eroded for the bromacil-PLA matrix granules and films. PLA erosion was
determined by gravimetric analysis (GA) for bromacil-PLA matrix G-GA
(@) granules and F-GA (M) films. PLA degradation was determined by

pH analysis for bromacil-PLA matrix G-pH (O) granules and F-pH (O)
center to the slowly degraded surface is smaller for the film films (F). (Error bars represent the standard deviation of three replicates.
(10 x 10 x 1 mm) than for the granules (2.32.80 mm). In The error bars are smaller than the symbols where they are not shown.)
addition, the surface area of the film was slightly higher than
that of the granules, being 236 rrfor film (thickness= 0.89
+ 0.01 mm, 97.6k 0.60 mg) compared to 200 nirfor granules
(diameter= 2.51 4+ 0.04 mm, 100.6+ 0.55 mg). Due to the

Table 3. Ratios of PLA Erosion to PLA Degradation for Bromacil-PLA
Matrix Granules and Films

ratio of PLA erosion ratio of PLA erosion

short diffusio_n pathway and large surface area of the film, the  patix o PLA degradation® matrix to PLA degradation?
releasg of ollgomgrs and even parts of the polymer buII.< pould 610 117+ 001 F10 1252008
be facilitated provided the degradation products are sufficiently 3 1.24+0.08 F-20 1.39 +0.03
small to be soluble. The pH value in the immersion water would  G-30 153+0.04 F-30 1.63+0.03
be higher that that of the highly degraded center in the matrix.  G-40 1.68+0.09 F-40 1.97+0.06
G-50 210£0.11 F-50 240+0.13

The degradation of oligomers could be slowed after they release
from the matrix into the immersion water. Therefore, less rapid
degradation was found for the films than for the granules.
Erosion of LMW PLA-Based Matrix Formulations. Deg-
radation of polymers is followed by the release of degradation by the reduction of pH values resulting from the end degradation
products, leading to the weight losses of the matrices that areproducts (lactic acid) in the immersion water, would be
characteristic for erosioril). In this study, the PLA weight  underestimated in such cases because of dimers or oligomers
losses (in percentage of the original amount of PLA in the of PLA rather than lactic acid released into the water. The results
matrix) were defined as the cumulative erosion of PLA. imply that incomplete degradation of PLA would likely occur
The cumulative amount of PLA eroded was measured for for the matrices with high bromacil content and for films rather
various bromacitPLA granules and films at the end of the than granules.
release experiment and compared with the cumulative amount To confirm the assumption of incomplete degradation of PLA
of PLA degradation products calculated on the pH of immersion and to establish the relationship between the PLA erosion and
water collected during the course of releabég(res 5-7). the PLA degradation, an independent experiment was conducted
Figure 8 shows the plots of the PLA degraded or eroded versus to determine PLA erosion by gravimetric analysis and PLA
the bromacil content of the granules and films. The cumulative degradation by pH analysis during the course of bromacil
amounts of PLA eroded were very similar for the granules or release. The cumulative amount of PLA eroded was plotted
films with various bromacil contents. Interestingly, the cumula- against the cumulative amount of PLA degraded at the same
tive amounts of PLA degraded were remarkably lower than that time intervals inFigure 9, with the curve-fitting results ifable
of the cumulative amounts of PLA eroded. Moreover, as 4. As shown by the slopes, the erosion of PLA was faster than
indicated by the ratio of PLA erosion to PLA degradatidalfle the degradation of PLA, and the difference in rates between
3), the difference between the PLA erosion and PLA degradation PLA erosion and degradation increased with bromacil content.
increased with increasing bromacil content, and the greater The results here are in agreement with the previous findings
difference was found for films than for granules. The results that the PLA degradation decreased with bromacil content,
supported the previously proposed contention that the degradawhereas the PLA erosion remained almost constant for the
tion of PLA and release of PLA degradation products could be granules and films (Figure 8Table 3).
associated with the bromacil content and the geometry of the The erosion of PLA correlated very well with the degradation
matrices. As previously discussed, more PLA oligomers would in a linear relationship, as indicated by the high correlation
release from the matrices with greater bromacil content, or more coefficient (Table 4), suggesting that the ratio of PLA eroded
from films than from granules, leading to the similarity in PLA  to PLA degraded was constant for each bromaILA matrix
erosion of various bromacil—PLA matrices. However, the but varied with the bromacil content in the matrix. Therefore,
cumulative amounts of PLA degraded, which were determined the PLA erosion could be predicted from the PLA degradation

2 The ratio was calculated by dividing the cumulative amount of PLA eroded by
the cumulative amount of PLA degraded (data taken from Figure 8).
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Figure 9. Plots of the cumulative amount of PLA eroded versus the
cumulative amount of PLA degraded for bromacil-PLA coatings: C-50
(m); C-30 (a); C-10 (®). (Error bars represent the standard deviation of
three replicates. The error bars are smaller than the symbols where they
are not shown.)
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Figure 10. Erosion of PLA in various bromacil-PLA matrix granules: G-10
(®); G-20 (O); G-30 (A); G-40 (x); G-50 (®@). (Error bars represent the

standard deviation of three replicates. The error bars are smaller than
the symbols where they are not shown.)

Table 4. Constants from Fitting a Linear Regression Equation, y =
mx + ¢, to the Plots of the Erosion Data of PLA versus the
Degradation Data of PLA for Bromacil-PLA Matrix Coatings

y=mx+c
code m+ SE c+SE ra
C-PLA 1.40 +0.03 -0.34£0.19 0.9991
C-10 1.44 £0.10 0.27£0.49 0.9908
C-30 1.87 £0.02 -0.16 £ 0.09 0.9998
C-50 2.85+0.09 0.08+£0.34 0.9980

by calculating the product of the cumulative amount of PLA
degraded and the ratio of PLA eroded to PLA degraded.

The erosion profiles of PLA (Figure 1Gand 11) were
obtained by using the ratios of PLA eroded to PLA degraded
(Table 3) and degradation dat&igure 5 and6). Not surpris-
ingly, the erosion profiles of granules and films containing
various bromacil contents were biphasic, showing very slow
initial erosion followed by a dramatic increase in erosion. The
erosion rates did not significantly vary with bromacil content

at the rapid erosion stage. However, the erosion rates of PLA
were greater for the granules than for the films at this stage.
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Figure 11. Erosion of PLA in various bromacil-PLA matrix films; F-10
(®); F-20 (O); F-30 (A); F-40 (x); F-50 (m). (Error bars represent the
standard deviation of three replicates. The error bars are smaller than
the symbols where they are not shown.)

The morphological changes of eroding polymers occur
concomitantly with erosion but vary with the type of either
surface (or heterogeneous) or bulk (or homogeneous) erosion
(15). The matrix geometry of bulk eroding polymers normally
does not change for a substantial time peri@D)( For
bromacil—PLA matrices, the extent of change in geometry
varied with the bromacil content in the matrix. The higher the
bromacil content, the longer the geometry remained intact. For
40 and 50% bromacitPLA films, the matrix geometry re-
mained intact at 46 days when bromacil was almost completely
released. The photomicrographs of the matrix morphology
(Figure 12) suggest that the LMW PLA underwent bulk erosion.

Conclusions: Correlation of Degradation and Erosion of
PLA with Release of Bromacil. The degradation and erosion
characteristics of LMW PLA-based films were correlated well
to the biphasic release profiles of those formulations, indicating
that two release mechanisms are involved, that is, diffusion and
erosion. The very slow PLA degradation and erosion at the early
stage of bromacil release suggested that the release was governed
by diffusion, which was in good agreement in the curve-fitting
results of bromacil releas&#éble 2). The significant weight
losses of PLA from the matrices indicated the beginning of rapid
erosion as a result of rapid degradation of PLA and release of
degradation products, suggesting that the release is mainly
controlled by erosion at the late stage of release. PLA started
rapid degradation and erosion at 23 and 16 days from the
bromaci-PLA matrix granules and films, respectively, implying
that the diffusion-controlling step operated for a longer time in
the granules than in the films. The similarity of the rates of
PLA erosion strongly supported the evidence that release of
bromacil was independent of bromacil content of LMW PLA-
based granules and films at the late stage of release. Similarly,
the rates of PLA erosion of granules were greater than that of
films and accounted for the faster release of bromacil from
granules than from films at this stage. It should be mentioned
that there were some variations in the release of bromacil at
the early stage of release for LMW PLA-based matrices.
However, the cumulative release of bromacil was much lower
at the early diffusion-controlling stage than at the late erosion-
controlling stage Figures 2 and 3). Therefore, the release of
bromacil was dominantly controlled by degradation and erosion
of PLA for the matrix formulations based on LMW PLA.

In conclusion, LMW PLA was proved to be a promising
matrix for the delayed release of pesticides in both particle
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Figure 12. Photomicrographs of (a) 40% bromacil-PLA film and (b) 50%
bromacil-PLA film after 39 days of release (x60 magnification). The porous
morphology of the bromacil-PLA matrix indicated the erosion of the PLA
polymer.

(granule) and film conformers. The properties of initially slow
followed by rapid release (delayed or lag-burst release) is not
common in polymeric pesticide formulations but has been
demonstrated for lignin matrix granules, where there is also
release of a low molecular weight fractioB)( The unique
biphasic release pattern of the LMW PLA-based matrices could
find application to sensitive targets such as seed treatments base
on both particulate and film geometries.
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