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Mobility and efficacy of 2,4-D herbicide from slow-release
delivery systems based on organo-zeolite
and organo-bentonite complexes

MEHRAN SHIRVANI!, EDRIS FARAJOLLAHI!, SOMAYEH BAKHTIARI!

and OLADELE A. OGUNSEITAN?

' Department of Soil Science, College of Agriculture, Isfahan University of Technology, Isfahan, Iran
2Program in Public Health, Department of Population Health & Disease Prevention, University of California, Irvine,

California, USA

This research aimed to develop slow-release formulations (SR Fs) of 2,4-dichlorophenoxyacetic acid (2,4-D) using zeolite and bentonite
minerals modified with cetyltrimethylammonium (CTMA) surfactant. Adsorption—desorption, greenhouse bioassay and column
experiments were carried out to assess the potential of the SRFs to control weeds while reducing the herbicide leaching losses to
deep layers of soil. The results showed that only 6.5 mmol 2,4-D kg~! was retained by Na-bent, and the herbicide was not adsorbed
by Na-zeol at all. The surface modification with CTMA surfactant, however, improved the 2,4-D adsorption capacity of the zeolite
and bentonite up to 207.5 and 415.8 mmol kg~!, respectively. The synthesized organo-minerals slowly released the retained 2,4-D
discharging 22 to 64% of the adsorbed 2,4-D to the solution phase within 7 days. The SRFs significantly (P = 0.05) reduced the
herbicide mobility within the soil columns keeping a great portion of the herbicide active ingredient in the upper 5 cm soil layer.
The SRFs were significantly (P = 0.05) as effective as the free technical herbicide in weed control without harming the ryegrass as

the main plant. Therefore, the synthesized SRFs could be considered as useful tools for weed control in sustainable agriculture.

Keywords: Dichlorophenoxy acetic acid, bentonite, zeolite, modification, herbicide.

Introduction

The extensive use of herbicides in agriculture has con-
tributed to significantly expand food production. Never-
theless, this has resulted in serious environmental pollution
and ecological issues, because more than 95% of applied
herbicides never reach the intended target, leading to soil,
water, air, and food contamination.[l-?
2,4-dichlorophenoxyacetic acid (2,4-D) is a systemic her-
bicide widely used to control broad-leaf weeds.]*! 2,4-D is
anionic with low sorption efficiency to soil particles; con-
sequently, it has a high potential mobility in wet soils.[*!
Therefore, residues of 2,4-D have been detected repeatedly
in ground and surface waters in various regions of the
world.>7! Short-term exposure to 2,4-D can cause dam-
age to the nervous system, while long-term exposure can
be harmful to the liver and kidneys.[’! Nevertheless, U.S.
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EPA recently denied the petition filed by the Natural Re-
sources Defense Council to revoke all tolerances and to
cancel all registrations of 2,4-D. EPA confirmed previous
finding that the 2,4-D tolerances are safe and decided not
to ban 2,4-D.F

To overcome the adverse impacts of herbicides on the
environment, slow-release formulations (SRFs) have been
developed to gradually deliver the herbicide active ingre-
dients to limit the amounts immediately available for off-
site transport and degradation processes.”! Substrates such
as starch,l'% chitosan,!'!! lignin,['? alginate [}/ and syn-
thetic polymers [’ have been examined for producing SRFs.
Clays have also been investigated for SRFs synthesis due to
their stability, adsorptive capacity and low cost.[*13] De-
spite these favorable characteristics, natural clay minerals
are ineffective adsorbents for hydrophobic and anionic or-
ganic compounds because their negatively charged surfaces
electrostatically retain hydrated inorganic cations and repel
anions and nonpolar substances.['>!”l To enhance sorption
capacity of the clays for hydrophobic and anionic herbi-
cides, the mineral surfaces can be pretreated with organic
cations such as alkylammonium surfactants that have a
positively charged head group and a hydrophobic tail.[16-18]
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Adsorption of these organic cations changes the mineral
surface character from hydrophilic to hydrophobic and the
net charge from negative to positive which increases adsorp-
tion capacity of the modified-clays for anions and nonpolar
molecules particularly when surfactant amount is greater
than the CEC of the clay.l'®!

Various surfactant-mineral complexes have been tested
for preparing SRFs of different herbicides such as norflu-
razon,!'?2% acetochlor,?! fenuron,!?2! metolachlor 23 and
diuron.”* Very few attempts have been made to synthesize
and evaluate SRFs of 2,4-D using organo-minerals. For
instance, Hermosin et al.¥l used organo-montmorillonite
as support to produce SRFs of 2,4-D. They showed that
the SRFs reduced herbicide losses through leaching and
biodegradation, while maintained a herbicidal efficacy sim-
ilar to that of the free (technical) 2,4-D. But there are
no further comparative studies to assess the characteris-
tics and performance of preemergence applied SRFs de-
veloped using readily available mineral deposits. Therefore,
this study was carried out to: (i) evaluate adsorption and
desorption patterns of 2,4-D on/from Iranian zeolite and
bentonite minerals modified with CTMA surfactant, (ii)
develop SRFs of 2,4-D herbicide based on the synthesized
organo-mineral complexes and (iii) assess the efficacy of
the SRFs in weed control and reducing herbicide leaching
within soil columns.

Materials and methods

Materials

Bentonite and zeolite minerals from Mehrejan (33°36'7” N,
55°10'4” E) and Aftar (35° 38’ 31” N, 53° 20’ 39" E) mines,
respectively, were used in this study. Chemical composition
(%) of the bentonite sample (%) was: SiO; 66.37, Al,O3
13.24, Fe,03 2.04, MgO 2.37, CaO 1.79 and Na,O 1.69
based on a XRF analysis. According to XRD analysis, the
bentonite was composed of 86.5% montmorillonite, 9.5%
quartz, 2.5% illite and 1.5% calcite.l>’) Chemical composi-
tion (%) of the zeolite was: Si0, 61.91, Al,O3 11.02, Fe, 05
0.99, Mg0O 0.79, Ca0O 0.32 and Na,O 6.75. The zeolite was
composed of 82.6% clinopetilolite, 8.6%. quartz, 5.3% illite
and 3.5% feldspar.

The clay samples were homogenized to pass through a
50 um size (mesh #270) sieve. The clays were then satu-
rated with Na* using 0.1 M NaCl and washed free of salts
with distilled, deionized water. Finally, the Na-saturated
bentonite and zeolite (hereafter named Na-bent and Na-
zeol, respectively) were dried and crushed to <50 um. The
cation exchange capacity (CEC) of the Na-bent and Na-
zeol was 66 and 114 cmol, kg™!, respectively, as determined
by ammonium acetate method.[¢]

Cetyltrimethylammonium (CTMA) bromide from
Sigma-Aldrich (St. Louis, MO, USA) was used to modify
the mineral surfaces and 2,4-D (purity 98%) from Merck
(Darmstadt, Germany) was used as the model herbicide.

Shirvani et al.

Preparation of the organo-mineral complexes

To prepare the organo-minerals, 10 g of each mineral was
treated with 100 mL of an ethanol/water (50:50) solution
containing an amount of CTMA™ equal to 100% or 200%
of the CEC of the mineral. The suspensions were stirred
constantly at 25°C for 48 h, centrifuged and washed with
distilled water until the eluents were free from bromide ions.
The produced organo-minerals were freeze-dried, ground
(<50 um) and kept in polystyrene tubes at room tempera-
ture until used.

Characterization of the organo-minerals

The organic carbon (OC) content of the minerals and
organo-minerals was determined using a Skalar PrimacsS™¢
(Skalar Analytical BV, The Netherlands) carbon analyzer
to estimate actual loading of the surfactant expressed as
the percentage of the CEC of the mineral occupied by the
organic cations.

X-ray diffraction (XRD) analysis was performed using
a Philips PANalytical X Pert High Score diffractometer
(Almelo, The Netherlands) with CuK,, radiation to assess
the intercalation of cationic surfactants in the clay galleries.
For this purpose, the Na- and CTMA-minerals were dis-
persed in the deionized water, dropped on the glass slides
and air-dried. XRD patterns were recorded between 2 and
40° (26) at a scanning speed of 2°/min.

Fourier transform infrared spectroscopy (FT-IR) was
carried out to identify the attached organic cations on
the surface of the clays and the functional groups of the
organo-minerals surfaces. The Na and CTMA-mineral sur-
faces were scanned with a JASCO 460 spectrophotometer
in KBr pellets (1 wt%) (JASCO International Co., Ltd.,
Tokyo, Japan).

Herbicide adsorption and desorption experiments

Adsorption isotherms of 2,4-D on the Na- and organo-
minerals were obtained by batch equilibration technique
using 100 mL centrifuge tubes. Triplicate 0.2 g of each
sorbent, were equilibrated with 50 mL of 0.01 M sodium
chloride solutions containing 2,4-D with initial concentra-
tions from 0.1 to 1.5 mM in an incubator shaker at 25°C for
24 h. After equilibration, the suspensions were centrifuged
and the equilibrium concentrations of the herbicide (C.)
were determined in the supernatants by a 6505 UV-Visible
spectrophotometer at wavelength of 282 nm. The amount
of herbicide adsorbed was calculated in each instance from
the difference between initial (C;) and final concentration
(C,) in solution.

Desorption of 2,4-D from the organo-minerals was mea-
sured immediately after adsorption at the greatest ini-
tial concentration using successive dilution method. After
shaking of the herbicide-sorbent mixtures at 25 £+ 0.5°C for
24 h, the supernatants were separated by centrifugation at
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3,500 rpm for 20 min. Then, 25 mL of the supernatant was
removed to determine 2,4-D concentration and replaced
with 25 mL of the 0.01 M NaCl. This desorption cycle was
repeated seven times. Desorption isotherms were prepared
by plotting the 2,4-D remained on the organo-minerals af-
ter each desorption cycle vs. the corresponding equilibrium
2,4-D concentrations in solution.

Preparation of 2,4-D slow-release formulations

A strong association complex was prepared according the
method described by Hermosin et al.l! by adding 10 mL
of methanol to 1 g of organo-mineral-herbicide mixture
(4% herbicide content), followed by a 24 h shaking and
air-drying. The amount of 2,4-D in all formulations cor-
responded to a 4% content in active ingredient (a.i.). All
solids were then thoroughly ground in an agate mortar and
stored at 4°C until used.

Herbicide batch release experiments

Release of 2,4-D from the SRFs to water was conducted
by suspending triplicate of 5 mg of 2,4-D (a.i.) as free tech-
nical product or air-dried powder of the SRFs in 250 mL
distilled water in glass bottles lined with screw caps. At se-
lected times after herbicide application (from 0 to 168 h),
the bottles were hand-shaken, allowed to settle for 10 min,
and then 2 mL of the supernatant solution was removed and
centrifuged. The 2,4-D concentration was subsequently de-
termined in the filtrates. The time-dependent 2,4-D release
data were then tested to be described by some kinetic mod-
els among which the pseudo first-order model (Eq. (1))
showed the best fits:

C=C (1-e™) o

where C; and C. (LM) are the 2,4-D concentration set up
by the SRFs at time t and at equilibrium, respectively, and
ki (min~') is the pseudo first-order rate constant.

Herbicide leaching experiment

The method described by El-Nahhal et al.?” was used for
herbicide leaching studies. Columns made of polyethylene
tubes (surface area of 113.04 cm?, 30 cm height) were filled
with <2 mm portion of a soil containing 50.2% clay, 45%
silt and 4.8% sand. The soil was sampled from the sur-
face 5 cm of an agricultural field at Isfahan, Iran. The
soil surfaces were then sprayed with the field rate (1.40 a.i.
kg/ha) of 2,4-D suspension soil either as free technical or
SRFs. The columns were carefully irrigated with 500 m?/ha
(50 mm) water, applied in portions during 3-5 h with
20-min intervals and left for 2448 h for equilibration. Then
each column was sliced along its length, forming two pots
representing different soil depths and garden cress (Lep-
idium sativum) seeds (0.80 g m~2) were sown uniformly in
each pot. Four weeks after sowing, plant shoot dry weight

was determined to estimate herbicide presence at different
soil depths in the columns. The experiment was set up in
a completely randomized factorial design with four repli-
cates. Data were analyzed using a one-way analysis of vari-
ance (ANOVA) and the means were compared using least
significant differences (LSD) at P < 0.05.1%]

Bioassay

In order to test the weed controlling efficacy of the 2,4-D
SRFs, plant experiments were carried out by sowing white
clover (Trifolium repens) and ryegrass (Lolium perenne)
seeds as weed and main plants, respectively, in 0.5 L pots in
triplicates. Lolium perenne is the most widely used ryegrass
for turf purposes and trifolium repens is the most common
turf weed. Therefore, it is important that the herbicide for-
mulation can kill the weeds without serious injury to the
turfgrass.

The pots were filled with the soil and 20 seeds of white
clover and 0.5 g seeds of ryegrass were sown at a depth of
approximately 0.5 cm. The soils in the pots were sprayed
with the free technical and SRFs at a rate of 1.4 kg ha™!
a.i. one day after sowing and before germination. In order
to achieve homogeneity in such small pots, the herbicide
was dissolved in 10 mL of water and the solution was uni-
formly sprayed on soil surface of each pot. Three pots were
left without herbicide addition as control. The fresh and
dry weights of both plants were determined 40 days af-
ter treatment. The optimal conditions for growth (light,
temperature and fertilizer) were made and the plants were
irrigated with 30 mL of deionized water daily. The effect of
formulations type on plant dry weight were analyzed using
a ANOVA and the means were compared using LSD at
P < 0.05.128

Results and discussion

Surfactant loading of the organo-minerals

The amount of CTMA surfactant loading of the modified
minerals was determined from the OC content of the sam-
ples. The OC contents of the clays modified with CTMA™ in
amounts equal to 100% and 200% of the clay CEC were re-
spectively, 10.5% and 16.93% for the organo-bentonites and
2.8% and 4.37% for the organo-zeolites showing the greater
surfactant loading of the modified bentonites. Treatment
of the bentonite with CTMAT™ at an initial concentration
corresponding to 100% of the CEC resulted in the occupa-
tion of 70% the exchange sites by the surfactant. However,
regarding the bentonite sample treated with CTMA™ at ini-
tial concentration equal to 200% of the CEC, the mineral
surface was saturated with the organic cation equivalent to
113% of the CEC.

When zeolite treated with CTMA equal to 100% and
200% of the clay CEC, the exchange sites were actually
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Fig. 1. X-ray diffractograms of: (a) Na-bent and organo-
bentonites (CTMA gp-bent and CTMA,-bent), and (b) Na-
zeol, and organo-zeolites (CTMA go-zeol and CTMAy-zeol).

Shirvani et al.

saturated with the organic cation equal to 10.8% and
16.8% of the CEC, respectively. The dimensions of the
open channels in zeolite are probably not sufficiently large
to accommodate CTMA head groups;!* therefore, the
sorption of the CTMA cations was only limited to the
external surfaces of zeolite resulting in CTMAT loading
of zeolite to be much lower than its CEC.

X-ray diffraction patterns

The CTMA cations were intercalated in the interlayer space
of the bentonite. The d(001) values of Na-bent was at
12.2 A°, while CTMA g-bent showed the main peak at
21.9 A° which may reflect a paraffin-type monomolecular
arrangement of surfactant within the clay galleries.’% The
intercalated surfactants enlarge the clay interlayer spacing
to make room for the herbicide to penetrate into the gallery
space during the preparation of the SRFs.

Three peaks were observed at 12.2, 19.9 and 30.1 A°
in the X-ray diffractogram of CTMAy-bent (Fig. 1a).
The pseudotrilayer arrangement of CTMA cations can
well explain the basal reflection at 19.9 A° and paraffin-
type monolayer arrangement is the best for 30.9 A°.Bl
The broadened peaks may suggest that there may be sev-
eral phases coexisting. Zhu et al.l*' also observed 19.8 and
30.5 A° peaks when a montmorillonite clay was treated
with concentration of CTMA™ equal to 2CEC.

The XRD analyses did not show obvious differences be-
tween Na-zeol and its CTMA-modified products (Fig. 1b).
As expected, modification of zeolite by CTMA did not
change the clay structure.

(ﬁ) w7 (b) w7

1840 2848

LU I D

1444
140?

e Lm'be‘m

1448

%1
2851 CTMAue-zeol
P,
CTMAsm-bent

Na-zeol ’_/_/\,/

Na-bent
[t L o o 4]
3000 2500 2000 1400 3000 2500 2000 1400
‘Wavenumber{cm-1) ‘Wavenumber(cm-1)

Fig. 2. FT-IR spectra of pure CTMA, Na- and CTMA-modified
bentonite (a) and zeolite (b).
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Fig. 3. Adsorption—desorption Freundlich isotherms of 2,4-D on
Na- and organo-bentonites (a) and Na- and organo-zeolites (b).
Bars represent standard errors of triplicate samples.

FT-IR spectra

Marked changes occurred in the surface properties of the
minerals when the Na® was replaced with CTMA™ as
verified by FT-IR spectra shown in Fig 2. The intense
bands in the spectrum of the pure CTMA in the range of

2,800-3,000 cm~! which is related to asymmetric and sym-
metric vibration of methylene group (-C-H) of aliphatic
carbon chain 13>33 can be observed in the organo-minerals
spectra, as well. FT-IR bands of the sorbed CTMA on ze-
olite, however, slightly shifted toward greater wave number
which can be attributed to a crystal-field effect from the
clay.’3* The bands centered at 1,472 and 1,486 cm™! in the
pure CTMA spectrum related to scissoring and bending vi-
brations of methylene groups of CTMA, respectively,*>-3]
were also found in CTMA g-bent and CTMA,g-bent
spectra at 1,469 and 1,468 cm™!, respectively, showing sig-
nificant changes in the methyl deformation region (Fig.
2a).3%37 The surfactant methyl groups have probably lost
their free rotation due to adsorption onto the mineral in-
terlayer spaces. From the IR spectral bands related to the
surfactant only a band at 1,486 cm™! was seen for the two
modified zeolites which may probably be related to little
CTMAT loading on the zeolite (Fig. 2b).

Adsorption/ desorption isotherms

Comparative 2,4-D sorption/desorption patterns on/from
the organo-clays are shown in Fig 3. Both Langmuir and
Freundlich equations adequately (P < 0.01) described 2,4-
D sorption by CTMA-modified bentonite and zeolite, the
latter equation being slightly superior (Table 1).

Only slight amount of 2,4-D was retained by Na-
bent, and the herbicide was not adsorbed on Na-zeol
at all. This may be due to the repulsion of the 2,4-
D anions by the negatively charged hydrated surface of
the minerals. The surfactant-modified bentonites and ze-
olites, however, displayed much greater capacity to re-
tain 2,4-D compared to the unmodified minerals and the
capacity of the organo-minerals for 2,4-D sorption in-
creased by increasing the loading of the surfactant on
the clay surfaces (Table 1). Based on the Qn.x values cal-
culated from the fitted Langmuir equations, the follow-
ing sequence of sorption capacities were observed for the
sorbents:

CTMA,y — bent > CTMAy — zeol > CTMA ¢y — bent
> CTMA ) — zeol >> Na — bent > Na — zeol

Table 1. Isothermal constants for 2,4-D sorption onto the sorbents.

CTM A jp9-zeol CTM Ajyp-zeol Na-bent CTM A g9-bent CTM Ajyp-bent

Fitted Langmuir

Omax 121 (18.38)* 207.5 (51.71) 6.5 (1.26) 164.5 (10.45) 415.8 (26.34)

Ky 3.416 (1.33) 1.726 (0.79) 1.73 (0.75) 10.44 (2.42) 13.56 (2.12)

R? 0.79** 0.84** 0.75** 0.91** 0.92**
Fitted Freundlich

Kg 103.7 (5.94) 139.4 (8.55) 4.16 (0.23) 186.9 (6.68) 620.4 (60.55)

N 0.49 (0.06) 0.56 (0.07) 0.54 (0.09) 0.38 (0.26) 0.46 (0.04)

R? 0.85** 0.89** 0.75** 0.96** 0.84**

4Data in parentheses show standard error of replicates.
**Significant at 0.01 probability level.
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Fig. 4. Kinetics of 2,4-D release from different formulations. Lines
represent modeled results using the pseudo-first-order equation
and bars represent standard errors of triplicate samples.

The sorption of 2,4-D on the modified minerals is prob-
ably due to hydrophobic interactions as well as electro-
static, Van der Waals and H bindings.*®! Hermosin and
Cornejo B also studied binding mechanisms of 2,4-D
by decylammonium-modified montmorillonite and vermi-
culite. They suggested weak lyopbilic (ring-tail) bonding
on external surfaces of organo-montmorillonite and hy-
drogen bonding between carbonyl group of 2,4-D and am-
monium group of the interlayer organic cations of organo-
vermiculite as the main mechanisms involved in the 2.4-D
adsorption. Greater adsorption capacity of CTMA-bent
suggests that this organo-mineral can be used superiorly for
preparing slow release systems of 2,4-D.

The results of desorption experiments showed that a
portion of the herbicide was irreversibly retained by all
modified minerals within the period of the experiment. As
shown in Figure 3, 86 (31%), 59 (37%), 44 (48%) and 54
(45%) mmol 2,4-D kg~! were desorbed from CTMA ;-
bent, CTMA ¢o-bent, CTMAyy-zeol and CTMA (o-zeol,
respectively, after five cycles of desorption. In other words,
desorption of 2,4-D from the sorbents showed hysteresis
with different strength, which can be due to strong interac-
tions between 2,4-D anions and the CTMA cations on the
mineral surfaces.

Table 2. Pseudo-first-order kinetic parameters for 2,4-D release
from different formulations.

Formulation C, k; R’

CTMAp-bent 19.04 0.10 0.93**
CTMA go-bent 59.68 0.35 0.94**
CTMA-zeol 51.17 0.38 0.87**
CTMA po-zeol 57.67 0.57 0.97**
Free technical 90.42 2.84 0.99**

#Data in parentheses show standard error of replicates.
**Significant at 0.01 probability level.

Shirvani et al.

Herbicide release kinetics

The release of 2,4-D from different formulations with time
is presented in Figure 4. Desorption of 2,4-D from the free
technical product was great and fast in the way that al-
most total active ingredient was released in the first hours.
Formulation of 2,4-D with organo-minerals, however, con-
siderably reduced both the quantity and the rate of the her-
bicide entered the solution phase after the defined times.
For instance, at the end of the experiment, i.e. after 168 h,
22%, 60%, 62% and 64% of the adsorbed 2,4-D released
from the CTMA,-bent, CTMA po-bent, CTMA ¢9-zeol
and CTMAgo-zeol, respectively (Fig. 4).

Kinetic parameters for 2,4-D release from different for-
mulations are represented in Table 2. The pseudo first-order
rate constant (k;) varied from 0.1 to 2.84 min~' and the
2,4-D concentration maintained by the SRFs at equilib-
rium (C¢) was ranged from 19.04 to 90.42 uM. The great-
est 2,4-D release kinetic parameters were calculated for the
free technical herbicide. Both the extent and rate of 2,4-D
release, however, decreased after formulation of the her-
bicide with the organo-mineral complexes. The lowest Ce
and k; values were observed for the CTMA,-bent. As
deduced from the sorption parameters represented in Ta-
ble 1, CTMAg-bent forms the strongest interactions with
2,4-D anions among the organo-minerals studied. This
might markedly retard the release of herbicide from this
organo-bentonite. Hermosin et al.*! also investigated dif-
ferent HDTMA-montmorilonite organo-clays as carriers
of 2,4-D and reported that the final release proportion of
the retained herbicide after 7 days was from 10% to 75%
depending on the methodology used for the preparation of
the complexes.

Based on the observed herbicide release pattern, it seems
that the organo-modified minerals used in this study are
suitable supports for preparing SRFs, because they reduced
the amount of herbicide immediately available for rapid
transport losses in a given period of time.

Herbicide leaching

In order to find whether the SRFs can diminish herbicide
mobility, the column leaching experiment was conducted
in a greenhouse. Statistical analysis of the data showed sig-
nificant differences (P = 0.05) among means of shoot dry
matter production of garden cress (test plant) at different
soil depths in the columns (Fig. 5). 2,4-D applied as the
free technical product disappeared from the top soil and
accumulated in a deeper soil layers, where it caused ger-
mination inhibition of the test plant. The greatest activity
of the free herbicide was observed in the 10-25 cm soil
depth indicating more leaching of 2,4-D from this formu-
lation. Regarding the SRFs, however, the maximum herbi-
cidal activity were measured in the 0-5 cm soil layer which
clearly demonstrate the effectiveness of the organo-mineral
complexes in retaining 2,4-D herbicide in the topsoil and
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Fig. 5. Leaching of the free technical product and slow-release for-
mulations of 2,4-D applied at 1.40 kg ha'! followed by irrigation
of 500 m> ha~! using garden cress as a test plant. Means followed
by the same letter at a representative depth are not significantly
different at 0.05 level.

reducing the herbicide leaching through the soil column.
Therefore, all of the organo-mineral complexes synthesized
in this study can reduce the downward mobility of 2,4-D
in soils. EI-Nahhal et al.?*! also showed that BTMA-clay
formulations produced slow release of alachlor to the envi-
ronment, maintaining the herbicidal activity in the top soil
as assessed by a bioassay using green foxtail and wheat as
test plants.
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Fig. 6. Germination inhibition of clover (a) and shoot dry matter
production of ryegrass (b) grown in soils sprayed with different
2,4-D formulations. Means followed by the same letter are not
significantly different at 0.05 probability level.

Weed controlling efficiency of the herbicide formulations

Figure 6a shows the germination inhibition of the weed
plant (clover) and shoot dry matter production of the main
plant (ryegrass) as a result of 2,4-D application in different
formulations. The results showed that all of the organo-
mineral formulations applied preemergence were statisti-
cally as effective as the free herbicide in controlling of the
test plant. The surfactant did not have any inhibitory effect
on germination and growth of the plants as can be seen
in Figure 6b. Hermosin et al.*l also showed that SLFs of
2,4-D developed based on organo-montmorillonite applied
postemergence were nearly as efficient as the free herbicide
formulation in weed control.

Figure 6b shows shoot dry matter production of ryegrass
grown in pots sprayed with different 2,4-D formulations. It
can be seen that the addition of 2,4-D not only did not re-
duce but also improved the ryegrass growth as compared to
the control. Enhancement of dry matter production treated
with some 2,4-D formulations can be due to plant growth
regulatory character of 2,4-D or eliminating the compe-
tition of the clover with ryegrass after the herbicide ap-
plication. Therefore, the synthesized 2,4-D SRFs can be
satisfactorily used to control clover weeds in lawns, golf
courses, athletic fields and parks without making serious
injury to the ryegrass plants.

Conclusions

Sorption-desorption as well as column leaching and bioas-
say experiments were conducted to understand whether
CTMA-modified bentonite and zeolite can be practically
used as support for slow release formulation of 2,4-D.
The modified clays prominently retain 2,4-D herbicide and
gradually release it to the liquid phase. It makes these
organo-minerals suitable candidates for SRF of this her-
bicide. Data from bioassay experiments revealed that the
amount of 2,4-D released from all of the formulations is
sufficient to kill clover weeds in the early stages of seed ger-
mination without harming the ryegrass. Leaching studies
revealed that the SR Fs reduce the herbicide mobility within
the soil columns keeping a great portion of the herbicide
active ingredient in the upper soil layer. Therefore, using
these slow release formulations can improve weed control
efficacy and reduce frequencies of 2,4-D application, which
is important from an economical and environmental per-
spectives.
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