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Controlled Release of 2,4-D from Granule Matrix Formulations

Based on Six Lignins
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Six lignins were used to obtain granular controlled release matrix formulations of the herbicide
2,4-D (2,4-dichlorophenoxyacetic acid). The water insoluble lignins were sourced from sugar cane

(Saccharum officinarum) bagasse and Eucalyptus sp. and Pinus sp. woods.

Each lignin was

characterized by its functional groups and molecular weight distributions. The formulations were
prepared by melting the 2,4-D and mixing in the lignins individually and then granulating (to 0.7—
1.0 mm) the glassy matrix. Release rates determined in static water were correlated to a diffusion-
controlled mechanism according to the square root of time. Principal component regression of the
slopes of these lines showed that these depend inversely on the molecular weight and the total and
aliphatic hydroxyls of the lignins. For the other functional groups (aromatic hydroxyls, methoxyls,
and carbonyls), the higher their contents, the higher the diffusion and release rates.

Keywords: Controlled-release; 2,4-D; lignin; chemical structure; release rates

INTRODUCTION

Delivery of pesticides through controlled release (CR)
systems has gained increased interest, since these can
reduce their environmental impact. Furthermore, the
use of biodegradable polymers in these formulations is
desirable, since no residues of the polymer remain and
consequently no pesticide can persist trapped within the
polymer. Lignin is a degradable macromolecule with
appropriate physical and chemical properties and widely
available at low cost. It is a polyfunctional material that
can protect the pesticide against environmental pro-
cesses such as photodegradation, air oxidation, leaching,
runoff, and biodegradation (Wilkins, 1990).

Lignin has been used as a polymeric matrix for CR
systems with a large number of pesticides (Wilkins,
1990). Most of the work has been focused on a com-
mercially available pine kraft lignin (Indulin AT) or on
other modified pine kraft lignins (Riggle and Penner,
1987, 1988, 1992, 1994; Dellicolli, 1977). Among the
pesticides compatible with lignin is 2,4-D, a widespread
foliar herbicide (in ester and salt forms) used for broad
leaf weed control in cereals, pastures, lawns, parks, and
golf courses. Although not conventionally used as a soil-
applied herbicide, a controlled release granular formu-
lation of 2,4-D based on a kraft lignin matrix has been
developed (Allan and Neogi, 1975). This has been
approved (EPA, 1988) for use in the establishment of
Douglas fir (Pseudotsuga menziesii) through long-term
weed control and growth stimulation of the tree. Ap-
parently, two controlled release mechanisms may oper-
ate in this formulation: the faster by diffusion of the
2,4-D through the solid matrix and a slower by hydroly-
sis of ester links formed adventitiously from the car-
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boxylic group of 2,4-D and the phenolic lignin during
preparation. This provided weed control of 1-2 years
after transplanting in British conditions (Wilkins, 1981).
It is also noteworthy that up to 27% of wood volume
increase could be achieved in a 6 year old plantation
treated with these formulations compared to a mechani-
cally controlled weed-free plantation (Allan et al., 1978).

It is thus likely that the Kinetics of release from such
2,4-D granular formulations may be influenced by the
nature of the lignin. Recently, we have demonstrated
that lignins isolated from various lignocellulosic materi-
als by several methods provide different release profiles
of some herbicides (Cotrim et al., 1993; Silva and
Wilkins, 1992). By assessment of the potential of such
2,4-D formulations for weed control in tropical conifer
plantations, the effect of lignin properties on release
kinetics has been investigated. We report here the
release rates of 2,4-D from matrix granules based on
lignins from various sources and of a range of structural
properties. By assessment of the effects of these prop-
erties on controlled release, they have been correlated
with release kinetics.

MATERIALS AND METHODS

Chemicals. The 2,4-D used in the formulations was of
technical grade. For calibration of the HPLC system, technical
2,4-D was previously recrystallized from toluene solutions to
give a purity higher than 99%.

Six lignins were used: two soda lignins extracted from
steam-exploded sugar cane bagasse, recovered by precipitation
with HCI (SEBL-HCI) and with H,SO, (SEBL-H,S0O,), and
three kraft eucalyptus lignins from the black liquor of the pulp
and paper industry. One of them was precipitated with
H,SO, from kraft liquor containing 14% of solids (KEL 14%-
H,SO,) and the other two precipitated with H,SO, and HCI
from kraft liquor containing 37% of solids (KEL 37%-H,SO,
and KEL 37%-HCI, respectively). For comparison, a com-
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mercial kraft pine lignin (INDULIN-AT) provided by Westvaco
Co. was also used. The lignins used in this work were
characterized, as previously described (Ferraz et al., 1992), by
their carbon, hydrogen, and nitrogen contents (CHN), hy-
droxyl, methoxyl, and carbonyl group contents as well as by
their molecular weight distributions.

Preparation of Lignin-Based Formulations. Formula-
tions were prepared by mixing 2,4-D and lignins in percentages
of 25—45% 2,4-D. The herbicide was melted in stainless steel
cups immersed in a silicone oil bath at a nominal temperature
of 170 °C. Lignin was then added and thoroughly mixed for
10 min. After cooling, the final formulation was ground and
sieved to select a fraction of granule size ranging from 0.71 to
1.00 mm.

FTIR Analysis of Formulations. Fourier transform IR
spectra of 2,4-D, lignin matrix, and lignin-based formulations
were recorded using KBr pellets containing 0.7% sample on a
NICOLET 520 spectrometer. Facilities of the “Advantage”
software were used to obtain subtraction spectra.

Determination of 2,4-D in the Formulations. Matrix
granules (approximately 30 mg) were immersed in 25 mL of
methanol and disrupted for 10 min in an ultrasonic bath. The
suspension was filtered and the filtrate analyzed by HPLC
using a 1.8 mm x 200 mm C-18 column (HP-RP18). 2,4-D
was eluted with a methanol/H,SO, 5 x 1072 M aqueous
solution (70:30) at 1.0 mL min~! and detected at 276 nm.
Releasable 2,4-D was calculated as the amount solubilized in
methanol divided by the initial amount added to the formula-
tion.

Release of 2,4-D in Water Immersion Experiments.
The formulation granules (three replicates) were weighed to
ensure a minimum amount of 25 mg of 2,4-D and kept
immersed in 30 mL of deionized water. The flasks were closed
and maintained at 22—30 °C. In the first 10 days sampling
was performed daily by changing all the water contents of the
flasks. Further sampling was performed at intervals of 3—7
days. The concentrations of 2,4-D in samples were determined
by HPLC as described above. Released 2,4-D was expressed
as a percentage of the initial amount added to the formulation.

An additional experiment was also carried out to estimate
the reproducibility of 2,4-D release from five replicate formula-
tion batches produced with 45% 2,4-D and SEBL. Release
experiments were carried out on each formulation batch in
triplicate. For this set of experiments the flasks were main-
tained in a controlled-temperature chamber at 30 °C.

Principal Component Regression. A data set of func-
tional group contents and average molecular weights of lignins
were analyzed by principal component analysis (PCA) (Mardia
et al., 1979; Sharaf et al., 1986). Before the PCA analysis,
the data were autoscaled to allow treatment of variables with
different units. Scores for each lignin sample calculated by
PCA were regressed against release rate constants by linear
least squares. The principal components were calculated using
software previously described (Scarminio and Bruns, 1989).

RESULTS AND DISCUSSION

Compatibility of 2,4-D and Lignin. 2,4-D was
found to be compatible with all six lignins used in this
work. Totally homogeneous formulations were obtained
by mixing melted 2,4-D and lignin with a 45:55 (w/w)
ratio. Homogeneous formulations were still obtained
at 2,4-D/lignin ratios of 25:75 for kraft lignins from
eucalyptus, 30:70 for kraft pine lignin (INDULIN-AT),
and 35:65 for steam-exploded bagasse lignins. To
ensure the homogeneity of all formulations used in this
work, a 2,4-D/lignin ratio of 45:55 was chosen as the
standard condition to obtain formulations.

Releasable 2,4-D from all the formulations is given
in Table 1. Releasable 2,4-D ranged from 74.1 to 81.1%
of the initial amount used in the formulation. However,
the proportion of herbicide released in the water im-
mersion experiments was around 95% of the initial
amount. This result indicates that some extension of
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Figure 1. Differential FTIR spectrum of SEBL-HCI formula-
tion subtracted from 2,4-D (a) and the spectrum of SEBL-HCI

(b).

Table 1. Releasable Amounts of 2,4-D from Lignin-Based
Formulations

initial 2,4-D methanol-

added to the extracted releasable

formulation 2,4-D 2,4-D

formulation (%) (%) (%)

SEBL-H,SO,4 46.0 34.1 74.1
SEBL-HCI 46.1 37.4 81.1
INDULIN AT 45.8 35.0 76.4
KEL 14%-H,S04 45.3 35.3 77.9
KEL 37%-H,SO4 46.2 36.4 78.9
KEL 37%-HCI 45.9 35.8 77.9

water labile linkages has occurred between the acid
group of 2,4-D and the hydroxyl groups of the lignins.
The formation of ester linkages in lignin-based formula-
tions of 2,4-D has been reported and may result from
the heating process during manufacture (Wilkins, 1990).

Subtracting the FTIR spectra of the formulation from
the one of pure 2,4-D resulted in the spectrum a (Figure
1). This spectrum showed two bands, at 1753 and 1080
cm™1, that were absent in the lignin spectrum b (Figure
1). These bands were assigned, respectively, to carbonyl
and C—O stretching and are typically found in ester
groups (Schrader, 1995). This corroborates with the
formation of ester linkages between 2,4-D and the lignin
matrix.

Kinetics and Reproducibility of 2,4-D release.
The reproducibility of 2,4-D release from lignin-based
formulations was estimated using five replicate batches
of SEBL-HCI formulations containing 45% 2,4-D. The
cumulative release of 2,4-D into water as a function of
time is shown in Figure 2.

Release of pesticides from lignin-based formulations
has been reported to follow a diffusion-controlled mech-
anism in which a linear response of released pesticide
as a function of the square root of time is observed
(Wilkins, 1983). Treatment of data for the release of
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Figure 2. Amount of 2,4-D released into water as a function
of time for five SEBL-HCI formulations containing 45% 2,4-
D.

2,4-D from lignin matrices confirmed that the rate-
determining process is diffusion (Souza, 1994). Equa-
tion 1 (Schwartz et al.,, 1968), which describes the
diffusion-controlled release from an insoluble, inert
matrix is given by

_ De
Q= A 7(2A — C)Ct @

where Q is the amount of active ingredient (Al) released
per unit area (A) of the formulation exposed to the
solvent, D is the Al diffusion coefficient in the solvent,
€ is the porosity of the matrix, 7 is the tortuosity of the
matrix, Cs is the Al solubility in the solvent, and t is
time (Schwartz et al., 1968). This equation can be
reduced to

Q =Kvt (2)
where
Q' = percent amount released = 100 QS/m
m = mass of Al present in the formulation

S = surface area of the granule
K = rate constant = 100[De/(z (2A — €C,)C/)]"*/S/m

A plot of released 2,4-D against the square root of time
is shown in Figure 3. A linear response for up to 65%
of 2,4-D released was observed. A linear regression of
this part of the curve furnished the slope K, the rate
constant for the release process. K values for each
formulation are reported in Table 2 along with the times
required to release 50% of the initial 2,4-D (Tso).

The average rate constant for the five replicate
batches of the 2,4-D/SEBL-HCI formulations was 13 +
2 days~%2, The variance observed for the K values (15%)
was lower than that observed for the Tso values (27%).
As such, the former seems to be a better parameter for
the study of the effect of various lignins on the release
rates of 2,4-D.

Influence of Various Lignins on the Release
Rate of 2,4-D. Cumulative release of 2,4-D into water
from the six formulations obtained with various lignins
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Figure 3. Amount of 2,4-D released into water as a function
of square root of time for SEBL-HCI formulations containing
45% 2,4-D.
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Figure 4. Amount of 2,4-D released into water for six
different formulations: (O) KEL 14%-HCI; (O) KEL 37%-
H,SO4; (2) KEL 14%-H,SO4; (@) INDULIN AT; (W) SEBL-HCI;
(A) SEBL-H,SO,.

Table 2. Rate Constants (K) and Times Required To
Release 50% of 2,4-D (Tso) from Five Replicate
Formulation Batches with Steam-Exploded Sugar Cane
Bagasse Lignin

formulation batch K (days~172) Tso (days)
1 11.5 24.0
2 15.0 17.3
3 15.8 15.0
4 10.2 29.8
5 11.4 24.0
average =+ std 13+2 22+6

is shown in Figure 4. Various 2,4-D release profiles
were observed, indicating that the properties of each
lignin influence the release rate of the active ingredient.
The effect of a number of lignins on release rates from
adhesive matrices of the herbicides ametryn, 2,4-D, and
diuron was also reported recently (Silva and Wilkins,
1992; Cotrim et al., 1993).

The rate constant K and Tsg values for each formula-
tion are shown in Table 3. According to these results,
we can establish an increasing order of 2,4-D release
rates for the formulations based on the lignins: SEBL-
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Table 3. Rate Constants (K) and Times Required To
Release 50% of 2,4-D (Tsp) from Six Different
Formulations with Kraft Eucalyptus Lignins,
INDULIN-AT, and Steam-Exploded Sugar Cane Bagasse
Lignin

formulation K (days~172) Tso (days)
SEBL-H,SO4 12.1 19.6
SEBL-HCI 15.4 13.7
INDULIN-AT 18.2 10.3
KEL 14%-H,SO,4 20.1 7.4
KEL 37%-H,S0O,4 24.7 5.4
KEL 37%-HCI 25.2 4.5

H»S04 < SEBL-HCI < INDULIN < KEL14%-H,SO,4 <
KEL37%-H;SO4 < KEL37%-HCI.

Linear regressions between the functional group
contents and the weight-average molecular weight (M,,)
of each lignin and the release rate constant K of each
formulation were performed by the least-squares method.
The M,, and functional group contents of the six lignins
used in this study are presented in Table 4.

The linear regression results for the K values, the
functional group contents, M,,’s, and F values from the
analysis of variance are given in Table 5. The correla-
tions between K values and the carbonyl and methoxyl
contents were not statistically significant (95% confi-
dence level). The other structural characteristics gave
F-test results higher than those tabulated for the 95%
confidence level (total hydroxyls, My, and aliphatic
hydroxyls) and for the 99% confidence level (aromatic
hydroxyls). Aliphatic and aromatic hydroxyls produced
antagonistic effects on the release rate of 2,4-D, since
slopes of opposite signals were observed.

To correlate the release rates of 2,4-D with all the
structural characteristics of the lignins in a single
model, a principal component regression (PCR) was
performed. Autoscaling of the data presented in Table
4 permitted the treatment of the structural character-
istics of the lignins with different units at the same time.
The principal component analysis (PCA) of the scaled
data showed that the first principal component ex-
plained 81% of the data variance. Regression of K
values as a function of the scores, y, of each lignin
matrix, using only the first principal component, yielded
the following model:

Ferraz et al.
K=19.3 + 4.6y 3)
where

x = +0.4107 (% methoxyl) — 0.4354 (% total OH) —
0.4357 (% aliphatic OH) +
0.4099 (% aromatic OH) + 0.2927 (% carbonyl) —
0.4452 (M,,)

represents the sample scores of the first principal
component.

The F-test result for this regression (16.13) was higher
than the value required for the 95% confidence level
(7.71). Furthermore, the correlation coefficient (r?) of
0.89 demonstrated a good fit to the experimental data.
The low residuals for the experimental and calculated
K values reported in Table 6 show the usefulness of this
model for predicting rate constants for various lignin
matrix formulations. However additional release rate
data for other lignin matrices are necessary to extend
the usefulness of this model.

On the basis of the coeficients (loadings) of the first
principal component, it is possible to predict that
methoxyl, aromatic hydroxyl, and carbonyl groups,
which have positive signals, contribute to an increase
of the diffusion constant values. Nevertheless, carbonyl
groups are less important than the other groups, since
its loading is lower. On the other hand, total hydroxyl,
aliphatic hydroxyl, and weight-average molecular weight,
which have negative coefficients, contribute to a de-
crease in K.

CONCLUSIONS

The release rates of 2,4-D into static water varied
depending on the type of lignin matrix used. The time
for the total release of the herbicide varied from 15 to
40 days, and the increasing release rates followed the
order SEBL-H,SO, < SEBL-HCI < INDULIN <
KEL14%-H,S0O, < KEL37%-H,S0O4 < KEL37%-HCI.

The release of 2,4-D into water showed square root
kinetics (for up to 65% of 2,4-D release) controlled by
diffusion. Based on the diffusion mechanism, the rate
constants for each formulation were calculated. PCR
analysis correlating the structural characteristics of the
lignins and the rate constant values demonstrated that

Table 4. Weight-Average Molecular Weight (M,,) and Functional Group Contents of the Lignins Used as Matrices for

Controlled Release Formulations of 2,4-D2

functional group contents (%, w/w)

lignin matrix My (Da) methoxyl total hydroxyl aromatic hydroxyl aliphatic hydroxyl carbonyls
SEBL-H,SO4 4364 14.7 £ 0.9 13+2 29403 104+ 2 3.3+0.1
SEBL-HCI 3999 14 +1 13+1 29+0.3 10+1 24 +0.1
INDULIN-AT 4032 13+1 13+2 40+0.1 9+2 3.2+03
KEL 14%-H,S0, 932 17.7 £ 0.7 1142 4540.1 6+2 3.6+0.1
KEL 37%-H,SO,4 940 19+1 11+2 46 +0.4 7+2 40+0.1
KEL 37%-HCI 1057 17+1 11+2 5.7+0.2 5+2 3.2+0.1

a For use in eq 3, all the values in this table have to be firstly autoscaled.

Table 5. Linear Regression Equations of Rate Constants as a Function of Structural Characteristics of Lignins2

structural characteristics equation r2 F statistics
% methoxyls K =1.6(% OCHgs) — 5.8 0.74 4.64
% total hydroxyls K= —4.1(% OHyor) + 68.3 0.84 9.38
% aromatic hydroxyls K = 4.5(% OHaro) + 1.0 0.92 23.28
% aliphatic hydroxyls K = —2.3(% OHaiiph) + 37.1 0.91 18.94
% carbonyls K =5.1(% C=0) + 2.5 0.54 1.36
weight-average molecular weight (Da) K = —-0.026(My) + 25.9 0.87 13.1

aF41,005 = 7.71.
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Table 6. Experimental and Calculated Rate Constant
Values of 2,4-D Released from Six Different Controlled
Release Formulations

exptl Kvalue calcd K value  deviation

formulation (days~12) (days—12) (days—12)
SEBL-H2SO4 121 15.0 —-29
SEBL-HCI 154 14.4 +1.0
INDULIN-AT 18.2 16.0 +2.2
KEL 14%-H,SO04 20.1 22.9 -2.9
KEL 37%-H2SO4 24.7 23.1 +1.6
KEL 37%-HCI 25.2 24.3 +0.9

the higher the total hydroxyl, aliphatic hydroxyl, and
the average molecular weight values, the lower the
diffusion constants. Therefore, the release rates of 2,4-D
are also lower. On the other hand, PCR predicts higher
release rates for higher aromatic hydroxyl, methoxyl,
and carbonyl contents.

ABBREVIATIONS USED

2,4-D, 2,4-dichlorophenoxyacetic acid; CR, controlled-
release; SEBL, steam-exploded sugar cane bagasse
lignin; KEL, kraft eucalyptus lignin; CHN, carbon,
hydrogen, and nitrogen; IR, infrared; HPLC, high-
performance liquid chromatography; PCA, principal
components analysis; PCR, principal components re-
gression; Al, active ingredient; y, score of a principal
component; Q, amount of Al released per unit area; D,
diffusion coefficient; ¢, porosity of the matrix; z, tortu-
osity of the matrix; Cs, Al solubility in the solvent; t,
time; Q', percent amount released = 100 QS/m; My,
weight-average molecular weight; m, mass of Al present
in the formulation; S, surface area of the granule; K,
rate constant; Tso, time required to release 50% of Al;
r2, correlation coefficient; A, surface area of the granule.
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