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ABSTRACT: In this article a nanocomposite based on starch gel, a renewable polymer, and montmorillonite clay (MMT) is proposed

as a host system for the slow-delivery of a hydrophobic herbicide loaded in very high contents (50% in total weight), where the nano-

composite structure controls the release by imposing diffusional barriers to the active compound. The herbicide release rate in water

showed that nanocomposites presented higher retentions than the neat samples (herbicide-loaded starch or MMT), revealing a coop-

erative or synergic effect between the constituents. Biodegradation essays also revealed this cooperative behavior, showing longer bio-

degradation periods for the nanocomposite than the pristine materials. Also, a two-step release was noticed, where the first step was

controlled by starch (short periods) and the second was played by MMT (longer times). The nanocomposite structural analysis

gave evidence that the release behavior is governed by the interaction between the constituents, even at very high herbicide contents.
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INTRODUCTION

The high values currently achieved in agricultural production are

also linked to pesticide use, coupled with factors like favorable

weather and fertilizer application. Generally, a pesticide is any

agent used to kill or control insects, weeds, rodents, fungi, bacteria,

or other organisms.1 According to Arias-Estevez et al.2 60%–70%

of the pesticides used in agricultural fields do not reach the target

surface and this fraction is lost in the environment. Therefore, pes-

ticides have become one of the most important organic pollutants

in water and soil, causing concerns with respect to their effects on

the environment and human life.3 However, the controlled release

of agrochemicals is a key strategy to reduce the applied amount of

these products, reducing their impact on the environment and

human health, besides reducing the agricultural costs.4–6

Pesticide encapsulation into biopolymer starch has received

increasing attention.7–9 At present, the release is mainly governed

by diffusional processes: when starch granules are applied to the

soil, they imbibe water, swell, and the encapsulated compound

diffuses out of the starch matrix.7 Also, its biodegradability will

interfere in the final release, since during this process, the capsule

structure will fall and, consequently, the compound will be

released. However, in this strategy it is difficult to control the

releasing process, since it is solely governed by the matrix proper-

ties and by their interactions with the active compound. Since

starch is a hydrophilic material, poor water-soluble pesticides

may be inadequate for this strategy. This is the case with ame-

tryne, which is a herbicide (pesticide for the control of weeds)

belonging to the triazine group, along with atrazine and simazine,

widely used in sugar cane, rice, corn, and soybean productions.10

Thus, an attractive way to suit this matrix to a wide range of

compounds of interest and modify its diffusional process is to

prepare a nanocomposite where exfoliated clay is used to

impose diffusional barriers to the molecular movement.11 Addi-

tionally, it is well known that starch-based nanocomposites have

better mechanical properties than neat starch.12 The use of exfo-

liated clays as filler materials has received increasing attention

and large numbers of works have been pursued in examining

the preparation and characterization of these nanocomposites,

especially in the modification of diffusional properties. Aspects

such as the internal pore structure and the sorption of the com-

pound to the clay mineral have been taken into account in
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previous studies13,14 although to the best of our knowledge, few

studies using starch and ametryne and clay composites have

been produced.

In the present investigation, nanocomposite based on clay exfo-

liated into a starch matrix and incorporating a significant

amount of ametryne, for the release control of this herbicide

has been studied. The results showed an interesting synergistic

effect, where the starch matrix acts controlling the short time

release and the clay modifies this behavior into longer times.

EXPERIMENTAL

Materials

The raw materials used as basis for the nanocomposite formula-

tions were ametryne (Metrimex 500 SC, NUFARM), montmo-

rillonite clay (MMT) without purification (Bentonita, Drescon

S/A, Drilling Products), and corn starch (Amidex 3001–70%

amylopectin and 30% amylose), kindly supplied by Corn Prod-

ucts Brazil. The clay material (average particle size of 230 nm)

was used as received, and the chemical composition obtained by

X-ray fluorescence spectroscopy (SGS Geosol Laboratorios Ltda,

Brazil) is listed in Table I.

Preparation of Nanocomposites

The nanocomposites were obtained by starch gelatinization (5

wt %), through dispersion in distilled water in a beaker and

mechanical stirring for 15 min. The gelatinization process was

done by keeping the dispersed starch at about 90�C for 30 min

under stirring, until a sticky starch paste was formed. Then, the

temperature was decreased to 70�C and the MMT and/or ame-

tryne were incorporated with the gelatinized starch gel. Surfac-

tants or dispersants were not necessary for the complete

exfoliation, since MMT clay is hydrophilic. The mixed gel was

kept at 30�C with air circulation for at least 72 h to obtain a

solid gel. Subsequently, the materials were obtained as a powder

by milling in ball mill during 24 h (SERVITECH, CT 242). All

the nanocomposites groups were prepared using the same pro-

cedure, at different ratios (w/w basis) of starch gel and MMT as

shown in Table II. For the herbicide encapsulation, the desired

herbicide amount was added at the same moment as the MMT,

adding 50% in mass of ametryne (related to the total mass of

the nanocomposite). Table II describes the details of the formu-

lations prepared. The final water content in the nanocomposites

was 4% (Table III). All the nanocomposites groups were pre-

pared using the same procedure, at different ratios (w/w basis)

of starch gel and MMT as shown in Table II.

Characterization

X-ray Diffraction. X-ray patterns (XRD) were obtained using a

Shimadzu XRD 6000 diffractometer. The relative intensity was

recorded in a diffraction range (2h) of 3�–40�, using a Cu Ka
incident beam (k 5 0.1546 nm). The scanning speed was 1

min21, and the voltage and current of the X-ray tubes were 30

kV and 30 mA, respectively. The corresponding “d” interplanar

basal spacing of the MMT was computed from Bragg’s diffrac-

tion equation, 2d�sinh 5 n�k, “n” (51) being the order of reflec-

tion and “h” the angle of refraction.

SEM Measurements. The morphology and relative elemental

concentration of the samples were analyzed by scanning electron

microscopy (SEM) (JEOL microscope, model JSM 6510)

equipped with an energy dispersive analysis system of X-ray spec-

trometer-EDX (Thermo Scientific NSS coupled or linked). The

sample was dispersed over carbon tape pasted on the surface of a

metallic disk (stub). The disk was then coated with gold in an

ionization chamber (BALTEC Med. 020) and analyzed.

Thermogravimetric Analysis. Thermal degradation was eval-

uated using a TGA Q500 thermogravimetric analyzer (TA

Instruments, New Castle, DE) under the following conditions:

weight 10.00 6 0.50 mg; synthetic air flow 60 mL/min; heating

rate 100�C/min; and temperature range of 25�C–600�C.

Fourier Transform Infrared (FTIR) Measurements. The spec-

troscopic analyses in the infrared region of the polymers and

composites were performed on a KBr disk (5/200 mg) in the

range of 4000–500 cm21. The FTIR spectra data was obtained

using Shimadzu FTIR-8300 instrument.

Water Absorption of the Composites. Water absorption tests

were conducted in accordance with ASTM D570-98.15 The

specimens were dried at 75�C for 4 h, and placed in test tubes

of 25 mL until 2.5 mL of the mark, and the volume was com-

pleted with distilled water. The experiment was conducted at

20�C and filled volume by the samples were recorded at

Table I. Chemical Composition of Montmorillonite Clay

Component % component

SiO2 57.50

Al2O3 18.30

Fe2O3 8.23

CaO 0.71

MgO 2.62

Na2O 2.49

trace 1.89

Loss of ignition 7.18

Table II. Mix Design Used in the Production of Composites

Samples Amount (g)

Starch 15 15 15 15 15 15 15

MMT 0 15 30 60 15 30 60

Amet 15 0 0 0 30 45 75

Designate St/Amet
1 : 1

St/MMT
1 : 1

St/MMT
1 : 2

St/MMT
1 : 4

1 : 1 : 2
Amet

1 : 2 : 3
Amet

1 : 4 : 5
Amet
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different time intervals up to complete 76 h. The water absorp-

tion were determined using the eq. (1):

Water absorption %ð Þ 5 ½ðVt 2 VoÞ=Vo� 3 100 (1)

where Vo is the initial volume (prior to exposure to moisture)

and Vt is the samples volume measured after certain intervals of

time “t” to reach the equilibrium state.

Kinetic Swelling Parameters. For the calculation of kinetic

swelling parameters, time measurements (F 3 t) in solutions

pH 5 7.0 were done, adapted from the method proposed by

Aouada et al.16 For each F 3 t curve, the diffusional exponent

(n) and diffusion constant (k) were calculated using eq. (2):

F 5 Mt=Meq 5 k � tn (2)

where Meq is the mass of nanocomposites at equilibrium swel-

ling and t is the time. k is known as a diffusion constant and

depends on the material and swelling place. According to Rigter

and Peppas17 the eq. (2) can be applied from the early stages to

60% of F 3 t curve. The increased swelling degree with time is

almost linear, and after the 60% stage, the swelling no longer

follows this trend. Generally, the swelling degrees will not suffer

more variation over time (reaching the equilibrium state). In

order to obtain the value of n and k, an ln F 3 ln t graph was

plotted, where the value of diffusional exponent n is the slope

of the curve and ln k is the intercept.

Release Rate of Active Components in Water. A test in aque-

ous medium was performed, adapted from Tomaszewska and

Jarosiewicz18 and Pereira et al.11 where the release rate of ame-

tryne as a function of time at room temperature was compared

for each composite. An apparatus of drug delivery system was

designed, in which a known mass of the material was placed in

a beaker immersed in aqueous medium, with external stirring

of the beaker contents, to ensure that the content of ametryne

measured in the liquid medium corresponded to the diffusion

into the medium and not due to the mechanical action of the

stirrer. The beakers were sealed with plastic wrap to reduce

evaporation losses. Aliquots were collected at different time

intervals, over 6 days. For comparison, a test with pure

ametryne was also performed as a control experiment. The

determination of the ametryne concentration in solution was

done by UV2vis spectrophotometry (Shimadzu-1601PC) based

on a calibration curve previously build in a specific wavelength

(k 5 223 nm). After the measurements at each time, the ali-

quots were returned to the original solution, in order to avoid

system volume changes. Thus, a curve of ametryne concentra-

tion in solution versus release time was obtained. Each experi-

ment was repeated for the three samples of each system, in

simultaneous measurements made under the same conditions

for all the samples.

Biodegradation Tests. About 2.0 g of each sample in a fine

consistency of powder was mixed with 50 g of compost soil

under appropriate conditions in a 500 mL reaction chamber

(respirometer) at 28�C for almost 60 days. The accumulation of

CO2 was monitored, following Brazilian technical standard.19

Each sample was run in triplicates and averaged. Samples were

accompanied by at least triplicate blanks (compost alone) to

measure the background CO2. The carbon dioxide produced

during the microbial activity was captured by a 0.20M KOH

solution (10 mL) located by the side of the biometer flasks.

Periodically, the KOH solution was removed and 1 mL of 0.5M

barium chloride solution was added. The residual KOH was

titrated with 0.1M HCl standardized solution. Details of the

Brazilian standard19 are described in previous articles.20–22

RESULTS AND DISCUSSION

XRD was useful to evaluate the exfoliation and intercalation of

ametryne into montmorillonite and starch, as well as the inter-

lamellar distance of their crystals, monitored by the displace-

ment of the diffraction angle d001, characteristic of basal

separation of MMT, as shown in Figure 1.

According to Bragg’s law, the diffraction angle h and the inter-

planar distance d are inversely proportional, that is, a decrease

in diffraction angle means an increase in the interplanar dis-

tance. As shown in Figure 1(a), a decrease was observed in the

intensity of d001 for all the nanocomposites, meaning that a sig-

nificant part of the montmorillonite underwent exfoliation after

Table III. Stages of Thermoxidative Degradation of Ametryne and Nanocomposites

Samples
Total
loss (%)

Water
content (%)

Tonset (�C)
1st stage

Tonset (�C)
2st stage

Tonset (�C)
3st stage

Ametryne 99 – 178 – –

MMT 12 7 – – 409

MMT/Amet 16 7 175 – –

Starch gel 100 4 – 287 –

St/Amet 1 : 1 100 4 174 281 436

St/MMT 1 : 1 43 7 – 255 –

St/MMT 1 : 2 28 7 – 242 –

St/MMT 1 : 4 32 7 – 225 –

1 : 1 : 2 Amet 55 4 117 228 –

1 : 2 : 3 Amet 52 4 141 246 –

1 : 4 : 5 Amet 53 4 156 266 –
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mixing with the starch. However, it is important to notice that

the exfoliation may be attributed to the starch presence, since in

the sample produced only with ametryne and MMT (MMT/

Amet) a reduction or displacement was not observed in the dif-

fraction peaks, that is, the herbicide did not influence the clay

exfoliation. The exfoliation of layered clay mineral is promoted

by water. However, after drying the material, the lamellar struc-

ture is restored. In the composite preparation, to keep the exfo-

liated structure, the formation of a polymeric network in the

exfoliated state would assure this state. In this study, the forma-

tion of amylose network, present in the starch, is holding

delamination of MMT particles lamellae. Also, almost the same

behavior was observed for the nanocomposites containing ame-

tryne. Figure 1(b) shows that the ametryne is crystalline even in

the nanocomposites, identified by the peaks at 10.3� and 15.3�.

SEM was applied to analyze the morphological aspects of pure

starch gel, MMT, and nanocomposites (Figure 2). In Figure 2(a)

it is observed that the starch gel exhibited a relatively homogene-

ous surface, showing an almost amorphous structure, in accord-

ance with the XRD patterns. Compared with the pure MMT

morphology [Figure 2(b)], was observed morphology changes

after the formation of the composites (SEM images d, e, and f).

Bes€un et al.23 studied the structure of starch and MMT gels,

observing that there is a high affinity of starch and MMT sur-

face. This affinity is due to hydration water of the MMT and

groups hydroxyl of the starch. However, it is possible to verify

the presence of clay platelets when MMT is in higher amount

[Figure 2(f)]. When the clay and the herbicide are incorporated

into the starch gel [Figure 2(g–i)], defects at interface are

observed with the presence of some crystals. These are probably

related to ametryne crystals encapsulated by starch and the

MMT matrix. A good herbicide dispersion is observed across the

nanocomposite surface, furthermore verified the presence of

ametryne crystals. In the figures regarding samples without ame-

tryne, these pores are not observed. This is an indicative that the

herbicide may be encapsulated into the structure, occupying

those void spaces. In order to confirm the ametryne presence,

energy dispersive analysis was performed, verifying the sulfur

peak intensity, present in the ametryne sample [Figure 2(l)].

Figure 3 and Table III show the thermo-oxidative degradation

of the nanocomposites. The final residue in all the cases refers

to the MMT phase, when present. As references for the thermal

transitions, the herbicide characterization evidences that its

mass loss starts at 169�C. The starch gel presents main mass

loss starting at 280�C, where the mass loss in the range 25�C–

220�C are attributed to the evaporation of volatiles, as

water.26,27 A decrease (about 43�C) was observed in the thermal

stability of starch present in St/MMT composites, especially for

the samples with contents higher than 1 : 1. This may be due to

minor interactions between polymer chains intercalated by

MMT. These interactions were confirmed by FTIR (Figure 4).

However, it is observed that the decrease (about 54�C to 1 : 1 :

2 Amet) of thermal stability is more pronounced when ame-

tryne is present in the composite. In this case, it is suggested

that there are interactions between starch and ametryne and

MMT with ametryne, influencing the shift to lower tempera-

tures. Studies14,22,23 shows that MMT addition improves the

thermal stability of composites with polymeric matrix. However,

Ibrahim,24 found that there are limits to the clay content that

can be added to improve these thermal properties, giving that

the amount of MMT used for the preparation of composite

starch–MMT is above this threshold. Another reason for the

decrease in thermal stability is in thermal degradation of the

starch, which can produce small polar molecules (CO, H2O,

CH2O) accelerating ametryne chainsbreakdown.25

Infrared spectroscopy was used to characterize the structural

changes and interactions in the samples studied, as shown in

Figure 4. The starch gel band at 3400 cm21 is attributed to

OAH group stretching and the band at 2935 cm21 to the

stretching of the CAH groups. In the Figure 4(a), it is shown

that the MMT main bands are related to SiAO vibrations in

900 cm21 and OAH stretching in 1650 cm21. In this clay there

are two hydroxyls kinds: there active hydroxyl in 3650 cm21

located in the outer layers of the clay and the non-reactive in

3440 cm21 located with compensation cations. It was verified in

the St/MMT spectrums that the hydroxyl groups of starch are

interacting with their active hydroxyls of MMT due to the dis-

placement of the band at 3400 cm21, attributed to OAH group

Figure 1. X-ray diffraction (XRD) patterns (a) of the starch gel and MMT and of the nanocomposites St/MMT 1 : 1, St/MMT 1 : 2, St/MMT 1 : 4 and

(b) ametryne (Amet) and nanocomposites 1 : 1 : 2 Amet; 1 : 2 : 3 Amet; 1 : 4 : 5 Amet; and St/Amet 1 : 1.
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of starch. It was also observed that the peak at 1640 cm21 of

starch, attributed to stretching of OAH, had been suppressed.

Three characteristic bands can be observed in the pure ametryne

spectrum. The band at 3240 cm21 corresponds to NAH bond

stretching present in the amine functional group of the herbi-

cide molecule, while bands at 2969 cm21 and 1520 cm21 are

related to the alkyl group CAH bond stretching, and angular

deformation of the amine NAH bond, respectively.28 Ametryne

incorporated into the St/MMT nanocomposites shifted the band

at 2969–2975 cm21, which is attributed to CAH groups of ame-

tryne due to the interaction with starch. The band at

1640 cm21 is attributed to rocking vibration of the AOH

groups in starch water, as also observed by Mano et al.29 This

band was shifted to 1600 cm21 in the St/MMT/Amet nanocom-

posites. These displacements indicated possible ionic interac-

tions and hydrogen bonding between both components of the

nanocomposites, due to the negative charges of ametryne with

positive charges of the MMT in the starch gel, according to that

observed in DTG characterization. Bands related to the presence

of free clay were verified in Figure 4(b). Furthermore, due to

the high concentration of clay in the nanocomposite it is

observed a decrease in the band related interactions among the

hydroxyl groups of the composite and reappearance of vibration

NAH band. This result indicates that the ametryne is less linked

Figure 2. SEM micrographs of (a) MMT, (b) starch gel, (c) ametryne, (d) St/MMT 1 : 1, (e) St/MMT 1 : 2, (f) St/MMT 1 : 4, (g) 1 : 1 : 2 Amet, (h) 1

: 2 : 3 Amet, (i) 1 : 4 : 5 Amet, (j) St/Amet 1 : 1, (k) enlarged image of St/Amet 1 : 1, and (l) of energy dispersive X-ray analysis from the sample 1 : 4

: 5 Amet. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4118841188 (5 of 9)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


to starch and possibly linked by adsorption in clay. Senesi and

Testini,30 studying humic acid and triazine interactions,

observed a sharp simultaneous increase and broadening of the

superimposed bands in the 1660–1600 cm21 range, due to the

anti-symmetric stretching of COOA and also partly to the

NAH deformation bending of secondary amino-groups and

C@N stretching vibrations of the heterocyclic ring of adsorbed

s-triazine. According to Wing et al.31 gelatinized starch is cross-

linked through the natural process of retrogradation after herbi-

cide addition. During the gelatinization time, when a starch

granule comes into contact with the surface of montmorillonite

lamellae, it attracts the adsorbed water molecules. In addition,

Figure 3. TGA and DTA results: (a) TGA of starch gel, montmorillonite, and the nanocomposites containing only starch and montmorillonite in differ-

ent contents, monitored at 10�C/min under a synthetic air flow atmosphere (b) DTA of samples in (a), (c) TGA results of ametryne and nanocomposites

containing herbicide and (d) DTA of samples of (c).

Figure 4. FTIR spectra of (a) starch gel, MMT, and the nanocomposites in different contents and (b) ametryne and nanocomposites containing

herbicide.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4118841188 (6 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


it forms hydrogen bonds with the oxygen atoms on the clay

mineral surface. Heating during the gel formation favors water

desorption from the clay mineral surface and the breaking of

the hydrogen bonds in the crystallites within the granules.23

The water uptake test investigated the influence of hygroscopic

properties of the starch and clay nanocomposites. The amounts

of water uptake are shown in Figure 5. All samples have

increased in volume over time, as expected. It can be seen that

there was two different speed of swelling. It is believed that the

first water absorption is related to starch and at longer times,

the hydroxyls on the MMT surface become responsible for the

swelling behavior as seen in Figure 5. This behavior reflects the

influence of the hydroxyl groups present in the components of

the composites, starch, and MMT. Starch gel composite has

great rate swelling, forming a layer of high viscosity in the poly-

mer–water interface. This viscous layer thickness increases as

the swelling progresses, or hydration. As expected, the swelling

behavior increases according to the MMT amount in the com-

posites. The samples that have higher amounts of MMT are

responsible for the higher values of swelling, such as the com-

posites 1 : 2 : 3 Amet and 1 : 4 : 5 Amet, which presented water

uptake around 300% and 294%. Consequently, the diffusion of

the herbicide is also determined by the rate of swelling of the

nanocomposite.

The release curves (Figure 6) were analyzed in order to obtain

information about the possible mechanisms governing the

release process, according to Grillo et al.28 Figure 6(a) shows

the first release stage for all the produced samples, compared

with the ametryne dissolution in water, 90% completed after 3

h. The sample St/Amet 1 : 1 presented behavior closer to neat

ametryne. In just 20 min, the starch granules absorb water

enough to start releasing the ametryne. On the other hand,

when using the material prepared from adsorption of Amet into

the MMT has a high retention of this ametryne, releasing only

40% of the total after 27 h immersed. This indicates that the

use of only starch or MMT not control the release of ametryne,

once the ideal behavior intermediate is between the two

extremes mentioned. However, at higher release times (up to

160 h), it was observed that the amount released by the MMT/

Amet material was almost stable, indicating that the retention

mechanism is a single step process, probably associated to the

ametryne adsorption on the MMT lamellae. In those conditions,

it is noteworthy that the (1 : 1 : 2, 1 : 2 : 3, and 1 : 4 : 5 Amet)

nanocomposites showed a two-step process, that is, after 22 h; a

Figure 5. Results of the analysis of water absorption for montmorillonite and nanocomposites containing ametryne (a), and (b) illustration of the

experiment.

Figure 6. Release rate of ametryne as a function of time for pure ametryne and each of the composites at pH 7 and room temperature, first stage (a)

and full curve (b).
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second releasing mechanism was shown. It may be related to

the hydration of the starch chains, since this biopolymer is

highly hydrophilic, leading to its dissolution. Then, in this case,

the herbicide retained by the encapsulation would be free to

solubilize in the aqueous medium, and the final retention

observed would be related only to the MMT effect. In order to

understand the release mechanisms, experiments to estimate the

diffusion behavior were done, according to those proposed by

Singh et al.14 The release of a compound associated with nano-

particles involves several mechanisms, including desorption

from the surface of the polymeric matrix, diffusion of active

ingredients through the pores of the polymer matrix or the

polymer wall, the disintegration of the nanoparticles and subse-

quent release of the active ingredients and dissolution and ero-

sion of the polymer matrix or wall. Figure 7 shows the slope of

ln (Mt/Meq) 3 ln t at pH 7.0 for nanocomposites containing

ametryne, which is useful to determine the diffusional exponent

(n) and diffusion constant (k), according to the equation pro-

posed by Serra et al.32 [eq. (2)].

Rigter and Peppas17 described mathematical models to analyze

the release characteristics of substances in polymeric systems.

Generally this equation is often employed in the absence of

information on the delivery system mechanism. The adjusted

values, as shown in Table IV, reveal that the releasing constant

(k) does not change significantly with the MMT addition. It is

noteworthy that the samples with ametryne showed a higher k

value, which is expected, since in its dissolution the water diffu-

sion into the structure will be facilitated. Small variations in the

diffusional exponent (n) were observed for the St/MMT nano-

composites, which may indicate that the starch swelling is the

mechanism governing the diffusion.

However, it is worth mentioning that in the St/MMT/Amet

nanocomposites, n reduced in higher contents of MMT, indicat-

ing that the dispersed clay imposed a restriction for the diffu-

sional water movement in the nanocomposite. This result is

very important, since it shows that the MMT effect is mainly

associated to the herbicide, and not to the starch. Finally, this is

important to show the cooperative association of starch and

MMT in those releasing systems (Table IV).

The influence of MMT incorporation on the biodegradation of

starch gel and ametryne was investigated. Figure 8 shows the

temporal CO2 evolution in a compost soil. The degradation

extension was quite similar among the samples in the initial

period. The differences were observed after 20 days of compost-

ing: MMT addition retarded the starch and ametryne biodegra-

dation since neat ametryne and neat starch present higher CO2

evolution than St/MMT 1 : 1 or 1 : 1 : 2, 1 : 2 : 3, and 1 : 4 : 5

Amet nanocomposites. This event is due to possible van der

Waals interactions between starch and ametryne and the clay

and ametryne, such as observed in the FTIR results.

CONCLUSIONS

In summary, nanocomposite based on MMT exfoliated into a

starch matrix and incorporating a high amount of ametryne

(50% in herbicide mass weight) was studied, in order to control

the release of this herbicide. The good interactions between

both components of biodegradable nanocomposite of starch/

montmorillonite/ametryne show that it is possible to use starch

(matrix) and montmorillonite (load) in a synergistic way,

obtaining a processable system. By results obtained from the

release rate of active components in water it was possible to

observe both components in the nanocomposite playing a role

in the herbicide release. The nanocomposite structural analysis

gave evidence that the release behavior is governed by the

Figure 7. Results of the analyses of 1 : 1 : 2, 1 : 2 : 3, and 1 : 4 : 5 Amet

nanocomposites containing ametryne, using the mathematical model of

Peppas.

Table IV. Release Constants (k), Correlation Coefficient, and Diffusion

Exponent Obtained by Adjusting the Curves of the Release Kinetics of the

Herbicides Encapsulated in the Nanocomposites

Parameters
1 : 1 : 2
Amet

1 : 2 : 3
Amet

1 : 4 : 5
Amet

Release
constant (k)

0.5191 s21 0.7070 s21 0.6161 s21

Diffusional
exp. 3 1022

12.52 6.99 0.91

Correlation
coefficient

0.9432 0.9918 0.9372

Figure 8. Evolution of CO2 for starch gel (St), ametryne (Amet) and

nanocomposites containing ametryne.
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interaction between the constituents, even at very high herbicide

contents. The nanocomposite biodegradation also confirms the

potential of this material for practical applications.
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